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Abstract: Cultured Schwann cells under exposure to high glucose and methylglyoxal (MG) have been individually em-

ployed for studying diabetic neuropathy; however, similarities and differences between these two culture models have not 

been studied. We investigated the effects of high glucose and MG on viability, polyol pathway activity, and expression of 

oxidative stress markers (4-hydroxy-2-nonenal (4HNE), acrolein (ACR), and hexanoyl lysine (HEL)) in immortalized 

adult mouse Schwann cells (IMS32 cell line) in culture. Western blot and immunocytochemical analyses revealed that ex-

pression of aldose reductase (AR), 4HNE, ACR, and HEL in IMS32 was induced by exposure to both high glucose (30 

mM) and MG (0.5 mM) for 48 h. Treatment with MG (0.1, 0.2, and 0.5 mM) induced cell death in a concentration-

dependent manner, whereas high glucose environments (30 mM and 56 mM) did not impair cell viability. In contrast, in-

tracellular sorbitol and fructose levels were significantly increased by high glucose, but not by MG. Taking these findings 

together, IMS32 cell line under high glucose conditions appears to be useful for studying oxidative stress in relation to the 

polyol pathway hyperactivity in diabetes. MG is capable of causing more detrimental damage to IMS32 than high glucose, 

but MG-induced upregulation of AR is unlikely to accelerate the polyol pathway activity. 

Keywords: Diabetic neuropathy, immortalized Schwann cells, methylglyoxal, apoptotic cell death, oxidative stress markers, 
pol yol pathway. 

INTRODUCTION 

 In addition to retinopathy and nephropathy, peripheral 
neuropathy is one of the most common complications of 
diabetes mellitus. Although the pathogenesis of diabetic neu-
ropathy remains largely unknown, metabolic alterations in 
cellular components (mainly neurons and Schwann cells) 
and microvascular abnormalities are thought to play major 
roles in its development [1]. Schwann cell abnormalities due 
to hyperglycemia can cause nerve dysfunction such as re-
duced nerve conduction velocity, axonal atrophy, and im-
paired axonal regeneration [2, 3]. The role of Schwann cells 
in diabetic neuropathy is often discussed in relation to polyol 
pathway hyperactivity. Aldose reductase (AR: EC 1.1.1.21), 
the first enzyme in the polyol pathway, is localized to 
Schwann cells in the peripheral nerves [4], and the activation 
of AR and the subsequent accumulation of sorbitol in 
Schwann cells under hyperglycemic conditions can affect 
nerve functions through various mechanisms [1]. In addition 
to the accelerated polyol pathway, other consequences of 
hyperglycemia in Schwann cells (e.g., non-enzymatic glyca-
tion, oxidative stress, and impaired neurotrophin production) 
are likely to be involved in the development and progression 
of diabetic neuropathy [5]. 
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 Culture systems of Schwann cells appear to be useful for 
precise investigation of polyol pathway hyperactivity and 
other metabolic changes under diabetic conditions [6]. A cell 
line from rat Schwannoma, JS1 [7], and primary cultured 
adult rat Schwann cells [8] have been introduced to study 
polyol metabolism; however, these cells did not display in-
tracellular sorbitol accumulation or enhanced AR expression 
and enzyme activity under high glucose (25-30 mM) condi-
tions, unless hyperosmotic stress (greater than 100 mM) was 
applied. In contrast to those studies, we recently observed 
increased AR expression and marked accumulation of sorbi-
tol and fructose in an immortalized adult mouse Schwann 
cell line (IMS32) cultured under a high glucose (30 mM) 
condition [9]. IMS32 showed distinct phenotypes of mature 
Schwann cells and gene expression profile similar to that of 
primary cultured Schwann cells; mRNA of neurotrophic 
factors (NGF, BDNF, NT-3, and GDNF) and polyol path-
way-related enzymes (AR and SDH) were expressed in both 
IMS32 and cultured adult rat or mouse Schwann cells [10, 
11]. High glucose environments up-regulate AR mRNA ex-
pression in IMS32 [9], but not in adult rat Schwann cells 
[11]. Thus, IMS32 culture under high glucose conditions is 
thought to be a suitable in vitro model for studying polyol-
pathway-related abnormalities in diabetes. Research suggests 
that high glucose conditions also influence viability and/or 
proliferation activity of cultured Schwann cells [12, 13]. The 
oxidative damage induced by mitochondrial dysfunction 
under hyperglycemic conditions can activate the apoptotic 
cascade [14]; however, it is controversial whether hypergly-
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cemia is a potent inducer of apoptosis in cultured Schwann 
cells [12, 13]. In addition to the exposure to high glucose 
environments, glycated products have been applied to 
Schwann cells for studying diabetic neuropathy [15-17]. 
Methylglyoxal (MG) is a reactive dicarbonyl precursor of 
advanced glycation end products (AGEs) and has been 
shown to induce apoptotic cell death of both primary cul-
tured rat Schwann cells [16] and IMS32 [17]. The concentra-
tion of MG was found to increase in tissues and blood of 
streptozotocin-induced diabetic rats [18] and patients with 
diabetes [19]. Moreover, a recent clinical study by 
Beisswenger et al. [20] showed the correlation of the levels 
of plasma and urinary MG with the progression of diabetic 
nephropathy. These findings appear to suggest a possible 
involvement of MG in the pathogenesis of diabetic compli-
cations. Thus far, Schwann cells under exposure to high glu-
cose and MG have been individually employed as in vitro
models of diabetic neuropathy. However, similarities and 
differences between the two culture models have not been 
studied. In this study, we examined the effects of high glu-
cose and MG on cell viability, expression of AR and oxida-
tive stress markers (4-hydroxy-2-nonenal (4HNE), acrolein 
(ACR), and hexanoyl lysine (HEL)), and polyol metabolism 
in IMS32, and discussed the advantages and problems of 
these two culture models for studying diabetic neuropathy. 

MATERIALS AND METHODOLOGY 

Cell Culture 

 IMS32 cells were seeded into 75 cm
2
 flasks (Nalge Nunc 

International, Naperville, IL, USA) at a density of 2.5 
10

4
/cm

2
, and cultured in Dulbecco’s Modified Eagle’s me-

dium (DMEM) (Sigma, St Louis, MO, USA) supplemented 
with 5% fetal calf serum [FCS] (Invitrogen, Groningen, 
Netherlands) at 37°C in an air (95%)/CO2 (5%) atmosphere. 
The medium contained 5.6 mM glucose. When the cells 
reached confluency, they were detached from the flasks us-
ing 0.05% trypsin-EDTA (Invitrogen), and re-seeded into 
wells of 8-well chamber slides (Nalge Nunc), 6-well cell 
culture plates (Corning Inc., Corning, NY, USA), or 100-mm 
cell culture dishes (Nalge Nunc) at different cell densities. 
Cell counter plates (Watson Co. Ltd., Tokyo, Japan) were 
used for the calculation and adjustment of cell density. After 
incubation with the serum-containing medium for 48 h, the 
cells were maintained in serum-free medium (DMEM and 
N2 supplement (Invitrogen)) containing 5.6 mM glucose 
[Glc-5.6mM], 30 mM glucose [Glc-30mM], or 0.5 mM MG 
(Sigma) [MG-0.5mM]. The serum-free media suppressed the 
proliferation of IMS32 and made it possible to maintain the 
cultures for up to 7 days without further detachment and re-
seeding of cells. 

Cell Viability Assay 

 IMS32 were seeded into wells of 8-well chamber slides 
(Nalge Nunc) at four different cell densities (2.5, 1.2, 0.8, 
and 0.5  10

4
/cm

2
). The cells were kept in each experimental 

condition ([Glc-5.6mM], [Glc-30mM], or [MG-0.5mM]) for 
2 days, and then positive trypan blue staining under a phase-
contrast microscope identified dead cells. The ratio (%) of 
trypan-blue positive cells was expressed relative to the total 
number of cells counted (approximately 500 per well). 

Detection of Apoptotic Cells by Terminal Deoxynucleoti-
dyltransferase (TdT)-Mediated dUTP Nick end Labeling 

(TUNEL) 

 The cells were seeded into wells of 8-well chamber slides 
at a density of 0.5  10

4
/cm

2
, and kept in each experimental 

condition for 2 and 7 days. Then the cells were fixed with 
4% paraformaldehyde for 15 min at 4°C. Apoptotic cells 
were detected by TUNEL using a commercial kit (Apoptosis 
detection system, Fluorescein; Promega, Madison, WI, USA) 
according to the manufacturer’s instruction [21]. Prior to the 
detection, the cells were stained with 1 g/ml propidium 
iodide (Sigma): propidium iodide stains both apoptotic and 
non-apoptotic cells red, while fluorescein-12-dUTP is incor-
porated in fragmented DNA, resulting in localized green 
fluorescence within the nuclei of apoptotic cells. The ratio 
(%) of TUNEL-positive cells was expressed relative to the 
total number of cells counted (approximately 500 per well). 

Western Blotting 

 The cells were seeded into 100-mm cell culture dishes at 
a density of 2.5  10

4
/cm

2
, and kept in each experimental 

condition for 2 days. Then the cells were rinsed with phos-
phate-buffered saline (PBS, Sigma) and detached from the 
flasks using cell scrapers (Sumitomo Bakelite Co. Ltd, To-
kyo, Japan). These cells were suspended in 2 ml of sterile 
water and collected in sterile tubes for use in Western blot-
ting [22]. Protein was extracted from the cultured cells using 
lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 5 mM 
EDTA, 1% Triton-X-100, 1% NP40 and protease inhibitors: 
aprotinin, benzamidine, leupeptin, pepstatin A, PMSF). 
SDS-PAGE was performed using 10% polyacrylamide gel. 
After electrophoresis, the proteins were transferred onto a 
nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) 
with an electro blotter (Nihon Eido Co., Ltd., Tokyo, Japan). 
The membrane was incubated for preblocking with a blotting 
solution (10 mM Tris, pH 7.4, 150 mM NaCl, 5% skim milk, 
2% bovine serum albumin and 0.1% Tween 20) for 2 h at 
room temperature, and then at 4°C overnight with the fol-
lowing antibodies:  

1. goat anti-AR polyclonal antibody (ALR2 (P-20), 1: 
2,000, Santa Cruz Biotech. Inc., Santa Cruz, CA, 
USA);  

2. mouse anti-4HNE monoclonal antibody (1: 500, Nik-
ken Seil Co., Ltd., Fukuroi, Japan); and 

3. mouse anti- -actin monoclonal antibody (1: 1,000, 
Sigma). 

 After rinsing with PBS, the membrane was incubated in a 
solution of horse radish peroxidase (HRP)-conjugated anti-
goat or anti-mouse IgG (1: 2000, MBL, Nagoya, Japan) for 2 
h. After rinsing, immunocomplexes on the membrane were 
visualized with an ECL plus Western blotting detection kit 
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). 

Immunocytochemistry 

 The cells were seeded into wells of 8-well chamber slides 
at a density of 1-2  10

4
/cm

2
. After 2 days of incubation in 

each experimental condition, the cells were fixed with 4% 
paraformaldehyde for 15 min at 4°C, and treated with 0.1% 
Triton X-100 in PBS for 5 min at room temperature. The  
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fixed cells were incubated with the following antibodies (di-
luted with 20 mM PBS containing 0.4% Block Ace (DS 
Pharma Biomedical Co., Ltd., Osaka, Japan)):  

1. goat anti-AR polyclonal antibody (1: 3,000);  

2. mouse anti-4HNE monoclonal antibody (1: 100);  

3. mouse anti-acrolein (ACR) monoclonal antibody (1: 
100, Nikken Seil);  

4. mouse anti-hexanoyl lysine (HEL) monoclonal anti-
body (1: 100, Nikken Seil); and 

5. rabbit anti-S100 polyclonal antibody (1: 3,000, 
DAKO, Carpinteria, CA, USA). 

 Since IMS32 is a murine Schwann cell line, a MOM im-
munodetection kit (Vector Laboratories Inc., Burlingame, 
CA, USA) was used for the reactions of mouse monoclonal 
antibodies (anti-4HNE, anti-ACR, and anti-HEL) according 
to the manufacturer’s instruction. After rinsing with PBS, the 
cells were incubated for 1 h at 37°C with biotinylated anti-
goat IgG (for AR), anti-mouse IgG (for 4HNE, ACR, and 
HEL), or anti-rabbit IgG (for S100) antibody (1: 100, Vector 
Laboratories). After further incubation for 30 min at room 
temperature with avidin-biotin complex (Vector Laborato-
ries), the immunoreaction was visualized under a light mi-
croscope using 0.01% diaminobenzidine tetrahydrochloride 
(DAB) (Wako Co., Tokyo, Japan) and 0.01% hydrogen per-
oxide in 50 mM Tris buffer (pH7.4) at room temperature for 
15 min. 

Measurement of the Intracellular Contents of Sorbitol 
and Fructose 

 The cells were seeded into wells of 6-well plates (Corn-
ing Inc., Corning, NY, USA) at a density of 5  10

4
/cm

2
 and 

kept in each experimental condition for 7 days. A subset of 
each sample was treated with 1 M of an AR inhibitor, SNK-

860 (Sanwa Kagaku Kenkyusho, Inabe, Japan) for 7 days. 
These culture conditions were termed [Glc-5.6mM/SNK], 
[Glc-30mM/SNK], and [MG-0.5mM/SNK]. Cells under each 
experimental condition were rinsed in ice-cold PBS and ho-
mogenized in 2 ml of cold water with a cell sonicator. Pro-
tein concentrations were determined using a DC Protein As-
say (Bio-Rad) according to the manufacturer’s instructions. 
The polyol level in each lyophilized sample was determined 
as previously described [9]. 

Statistical Analysis 

 All data are expressed as means±S.E.M. Parametric com-
parisons between experimental groups were performed by 
one-way analysis of variance (ANOVA). When ANOVA 
showed a significant difference between groups (P<0.05), 
Bonferroni/Dunn test was used to identify which group dif-
ferences accounted for the significant P value. 

RESULTS 

Viability of IMS32 was Affected by MG, But Not by High 

Glucose 

 IMS32 cells were seeded at high (2.5  10
4
/cm

2
: Fig. 1A-

C) and low cell density (0.5  10
4
/cm

2
: Fig. 1D-F), and were 

kept in [Glc-5.6mM] (Fig. 1A, D), [Glc-30mM] (Fig. 1B, E), 
and [MG-0.5mM] (Fig. 1C, F) for 2 days. At the high cell 
density, a majority of the cells in each culture condition 
showed spindle-shaped morphology under phase-contrast 
microscopy, although we observed atrophic cells with round-
shaped cell bodies more frequently in the presence of MG 
(Fig. 1C) than in the absence of MG (Fig. 1A, B). The num-
ber of atrophic cells was increased at the low cell density; 
however, a large proportion of the cells in [Glc-5.6mM] (Fig.
1D) and [Glc-30mM] (Fig. 1E) retained the spindle-shaped 
appearance. By contrast, more than a half of the cells in 
[MG-0.5mM] became atrophic (Fig. 1F). Consistent with the 

Fig. (1). Phase-contrast micrographs of IMS32 under [Glc-5.6mM] (A and D), [Glc-30mM] (B, E), and [MG-0.5mM] (C and F) at high (2.5 
 104/cm2) (A-C) and low cell density (0.5  104/cm2) (D-F). Most of the cells under [Glc-5.6mM] and [Glc-30mM] at both high and low 

density showed spindle-shaped morphology, whereas cells with atrophic and round-shaped cell bodies were more frequently seen under 
[MG-0.5mM], especially at low cell density. 
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microscopic observations, the ratios (%) of dead cells (iden-
tified as positive trypan blue staining) were significantly 
higher in [MG-0.5mM] than in [Glc-5.6mM] and [Glc-
30mM] at each cell density (2.5, 1.2, 0.8, and 0.5  10

4
/cm

2
)

(Fig. 2). The percentages of dead cells in each culture condi-
tion tended to increase as the cell density declined. 

Apoptotic Cell Death was Induced by MG in a Dose-
Dependent Manner, But Not by High Glucose 

 The cell viability assay revealed that MG induced cell 
death, whereas high glucose did not. Next, we performed 
TUNEL assay to examine whether the exposure to high glu-
cose and MG accelerated apoptotic cell death (Fig. 3). The 

Fig. (2). Ratios (%) of trypan-blue positive cells after 2 days exposure to [Glc-5.6mM], [Glc-30mM], and [MG-0.5mM] at four different cell
densities. Values represent the mean + SEM of 6 experiments. *P<0.05 as compared with [Glc-5.6mM] (by Bonferroni/Dunn post hoc analy-
sis).

Fig. (3). Immunofluorescent micrographs (TUNEL stain) of IMS32 under [Glc-5.6mM] (A, D), [Glc-30mM] (B, E), and [MG-0.5mM] (C,

F) at low cell density (0.5  10
4
/cm

2
). Green fluorescence (A-C) was localized within the nuclei of apoptotic cells, whereas all cells were 

stained red with propidium iodide (D-F).
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ratios of TUNEL-positive cells after 2 and 7 days of incuba-
tion in [MG-0.5mM] (41.8±4% and 51.3±3%) were signifi-
cantly higher than those in [Glc-5.6mM] (12.4±0.3% and 
22.9±1.5%) and [Glc-30mM] (15.6±1.9% and 27.5±1.1%) 
(Fig. 4). Further, we examined dose-response effects of glu-
cose and MG on the apoptotic cell death. The increase in 
glucose concentration to 56 mM slightly raised the percent-
ages of TUNEL-positive cells (28.3±1.8% after 7 days of 
incubation), but we observed no significant differences in the 
ratios between the normal and high glucose conditions. By 
contrast, the percentages of TUNEL-positive cells escalated 
as the MG concentration increased (32.8±2.1% at 0.1 mM, 
42.2±0.7% at 0.2 mM, and 51.3±3% at 0.5 mM), and each of 
these ratios was significantly higher than that in the absence 
of MG ([Glc-5.6mM]). These findings suggest that MG-
induced cell death was dependent on the concentration of 
MG. 

 Treatment with an AR inhibitor, SNK-860, showed no 
significant effects on the percentages of TUNEL-positive 
cells in any culture condition (Fig. 5). 

Upregulated Expression of AR and Oxidative Stress 
Markers Under Exposure to Both High Glucose and MG 

 By Western blot analysis with a monoclonal anti-4HNE 
antibody, the multiple expression bands were identified at 
the level of about 40, 50, 75, and 150 kDa in molecular size 
(Fig. 6, top), with more intense signals in [Glc-30mM] and 
[MG-0.5mM] than those in [Glc-5.6mM]. The multiple sig-
nals imply the formation of 4HNE-protein conjugate in the 
cells [23]. The blot showed more intense signals for AR pro-
tein (a molecular size of about 36 kDa) in [Glc-30mM] and 

[MG-0.5mM] than those in [Glc-5.6mM] (Fig. 6, middle), 
whereas there was no significant difference in the signal in-
tensity to -actin (a molecular size of about 42 kDa) among 
the 3 culture conditions (Fig. 6, bottom). The average values 
of relative expression of AR were 1 in [Glc-5.6mM], 1.53 in 
[Glc-30mM], and 2.23 in [MG-0.5mM], and those of 4-HNE 
(the bottom bands) were 1 in [Glc-5.6mM], 5.01 in [Glc-
30mM], and 12.34 in [MG-0.5mM], respectively. 

 Immunocytochemical analysis revealed that immunore-
activity for HEL (Fig. 7A-C), 4HNE (Fig. 7D-F), ACR (Fig.
7G-I), and AR (Fig. 7J-L) was more intense in [Glc-30mM] 
(Fig. 7B, E, H, K) and [MG-0.5mM] (Fig. 7C, F, I, L) than 
that in [Glc-5.6mM] (Fig. 7A, D, G, J). The highest im-
munoreactivity was observed in [MG-0.5mM], where both 
spindle-shaped and atrophic cells were intensely stained. We 
saw no significant differences in immunoreactivity for S100 
among the 3 culture conditions (Fig. 7M-O). 

Intracellular Polyol Levels Under Exposure to High Glu-
cose and MG 

 The intracellular contents of sorbitol and fructose were 
significantly higher in [Glc-30mM] (151.5±12.7 and 
783.7±133.3 pmol/mg) than those in [Glc-5.6mM] (18.5±4.6 
and 62.1±7.3 pmol/mg) and [MG-0.5mM] (20.9±5.6 and 
52.2±26.2 pmol/mg) (Fig. 8). The application of SNK-860 to 
[Glc-30mM] significantly reduced the contents of sorbitol 
from 151.5±12.7 to 33.9±5.8 pmol/mg, and fructose from 
783.7±133.3 to 360.7±84.6 pmol/mg. SNK-860 had no ef-
fects on the polyol contents in [Glc-5.6mM] and [MG-
0.5mM]. 

Fig. (4). Ratios (%) of TUNEL-positive cells after 2 (upper panel) and 7 (lower panel) days of exposure to each culture condition at low 

cell density (0.5  10
4
/cm

2
). Values represent the mean + SEM of 8 experiments. *P<0.05 as compared with [Glc-5.6mM]. 
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DISCUSSION 

MG is a Potent Inducer of Cell Death in IMS32, whereas 
High Glucose is Not 

 Since the culture media employed in this study (DMEM 
supplemented with N2) lacked serum, Schwann cell survival 
factors such as neuregulins [24], and antioxidants (e.g., glu-
tathione, vitamin E, superoxide dismutase, and catalase), the 
basal condition ([Glc-5.6mM]) itself does not appear to be a 
suitable environment for the survival of IMS32 cells. The 
viability assay revealed the cell-density dependence for sur-
vival after 2 days of exposure to [Glc-5.6mM]: nearly 90% 
of cells survived at the highest cell density (2.5  10

4
/cm

2
 at 

seeding), whereas more than a quarter of cells died at the 
lowest density (0.5  10

4
/cm

2
). These findings are consistent 

with those in a previous study with primary cultured 
Schwann cells [25], which suggested that autocrine survival 
factors are secreted from Schwann cells. It seems plausible 
that the increase in cell density augments production and 
availability of the autocrine factors, thereby leading to an 
improvement in viability. We have detected TGF-  and 
galectin-1 immunoreactivity in the supernatants of IMS32 
[10, 26]. These factors promoted proliferation, migration, 
and/or stabilization of Schwann cells [27, 28], and may act 
as autocrine survival factors. 

 The percentages of TUNEL-positive cells under high 
glucose conditions ([Glc-30mM] and [Glc-56mM]) were 

slightly increased as compared with those under [Glc-
5.6mM], but the changes were not significant. These find-
ings, together with those in a previous study [13], are in con-
trast to the hypothesis of apoptotic response of Schwann 
cells to hyperglycemic conditions [12]. Oxidative damage 
induced by mitochondrial dysfunction under hyperglycemic 
conditions may trigger the apoptotic cascade [14]; however, 
the load of high glucose (30-60 mM) on neurons and 
Schwann cells does not appear to be a sufficient inducer of 
cell death unless subjected to further insults [29]. Consistent 
with this idea, we failed to observe high glucose-induced 
apoptosis of IMS32 by employing MitoCapture

TM
 mitochon-

drial apoptosis detection kit (BioVision, Mountain View, 
CA, USA), which could distinguish between healthy and 
apoptotic cells by detecting the changes in the mitochondrial 
membrane potential (Sango et al., personal data). It is note-
worthy that ischemia-reperfusion injury to peripheral nerves 
of STZ-diabetic rats caused a marked increase in apoptotic 
Schwann cells [30]. In contrast to the load of high glucose, 
treatment with MG impaired viability of IMS32 in cell den-
sity- and concentration-dependent manners. MG is recog-
nized to be a potent source of reactive oxygen species 
(ROS), and has been shown to induce apoptosis of neurons 
[31] and Schwann cells [16, 17]. The findings from viability 
assays (trypan-blue exclusion and TUNEL) in this study 
suggest that MG-induced cell death involves apoptotic and 
necrotic events. Although the precise mechanism of  

Fig. (5). An AR inhibitor, SNK-860, had no effects on ratios (%) of TUNEL-positive cells after 2 (upper panel) and 7 (lower panel) days of 

exposure to each culture condition. Values represent the mean + SEM of 6 experiments. *P<0.05 as compared with [Glc-5.6mM]. 
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Fig. (6). High glucose- and MG-induced upregulation of 4HNE and 

AR by Western blot analysis. The blot incubated with a monoclonal 

anti-4HNE antibody (top) shows 5 major expression bands in each 

experimental group, with more intense signals in [Glc-30mM] and 

[MG-0.5mM] than in [Glc-5.6mM]. Marker molecular masses for 

calibration are indicated on the left. The blot incubated with a poly-

clonal anti-AR antibody (middle) showed more intense signals 

(about 36 kDa in molecular size) in [Glc-30mM] and [MG-0.5mM] 

than in [Glc-5.6mM]. The blot incubated with a monoclonal anti- -

actin antibody (bottom) showed that there was no significant dif-

ference in the intensity of signals (about 42 kDa in molecular size) 

among each experimental group. We observed similar expression 

patterns in 3 experiments with different cell samples. The average 

values of relative expression (band intensity) of AR were 1 in [Glc-

5.6mM], 1.53 in [Glc-30mM], and 2.23 in [MG-0.5mM], and those 

of 4-HNE (the bottom bands) were 1 in [Glc-5.6mM], 5.01 in [Glc-

30mM], and 12.34 in [MG-0.5mM], respectively. 

Schwann cell death under exposure to MG remains un-
known, research suggests that the signaling pathways 
through the activation of the mitogen-activated protein 
kinases (MAPK) (p38 MAPK [16] and c-Jun N-terminal 
kinase (JNK) [17]) are involved in the apoptotic reactions. 
We observed that treatment with C-peptide induced phos-
phorylation of ERK and ameliorated impaired proliferation 
of IMS32 under high glucose conditions (Kato et al., unpub-
lished data). This finding suggests that insufficient MAPK 
signaling under diabetic state might be associated with de-
creased proliferative activity of IMS32, although further 
studies are needed to clarify this. In contrast, the MAPK sig-
naling activated by MG could lead to Schwann cell death. In 
a recent report by de Arriba et al. [31], MG decreased mito-
chondrial membrane potential and intracellular ATP levels in 
SH-SY5Y neuroblastoma cells. This finding suggests that  

impaired mitochondrial respiration and energy depletion may 
be, at least in part, responsible for MG-induced cell death. 

 The Western blot and immunocytochemical analyses 
revealed that both high glucose and MG induced expression 
of oxidative stress markers such as 4HNE, ACR, and HEL. 
Research suggests that 4HNE and ACR (2-propenal), the 
most toxic byproducts of lipid peroxidation, are involved in 
the pathogenesis of neurodegenerative diseases [32] and tra-
umatic nerve injury [33]. 4HNE, one of the 4-hydroxyalke-
nals generated from hydroxyperoxides, can bind to histidine, 
lysine, and cysteine residues of various proteins, thereby 
altering the protein structure and function. Obrosova et al.
[34] observed increased concentrations of 4-hydroxyalkenals 
in sciatic nerves of STZ-diabetic rats. In a recent study by 
Fernyhough and Zherebitskaya (Society for Neuroscience 
2007, San Diego), 4HNE was localized in the dystrophic 
swellings of regenerating axons from diabetic rat sensory 
neurons. ACR is more reactive than 4HNE, and has exerted 
neurotoxic activities on cultured hippocampal neurons [35]. 
The induction of ACR in the retina [36] and kidney [37] un-
der diabetic state suggests its involvement in the develop-
ment and/or progression of diabetic complications. HEL, a 
novel lipid hydroperoxide-modified lysine residue, is 
thought to be a useful biomarker for the initial stage of lipid 
peroxidation [38]. The urinary HEL from patients with dia-
betes was significantly higher than that from non-diabetics 
[39], but there has been no direct evidence to show implica-
tions of HEL in diabetic neuropathy or other complications. 
The findings in this study suggest that both high glucose and 
MG can accelerate the reactions of lipid peroxidation and the 
production of the oxidative stress markers (4HNE, ACR, and 
HEL) in Schwann cells. However, it appears that the oxida-
tive damage induced by MG is more detrimental to Schwann 
cells than that induced by high glucose. 

MG Induces AR Expression, But Does Not Accelerate the 
Polyol Pathway in IMS32 

 Although a considerable number of studies have investi-
gated the pathological role of AR and the polyol pathway in 
the development of diabetic complications, less attention has 
been paid to the physiological functions of AR (i.e., os-
moregulation, aldehyde detoxification, and steroid and 
catecholamine metabolism) [40]. In particular, AR and other 
aldo-keto reductases catalyze the reduction of reactive bio-
genic aldehydes [41]. The upregulation of AR expression 
under exposure to MG in Schwann cells (the present study) 
and aortic smooth muscle cells [42] indicates that MG is a 
preferred substrate for AR. In contrast, the intracellular sor-
bitol and fructose contents were markedly increased by high 
glucose, but not by MG. It seems reasonable to suppose that 
the amount of glucose available for utilization through the 
polyol pathway under normoglycemic conditions is insuffi-
cient to cause sorbitol accumulation even though AR expres-
sion is increased. However, several studies have shown AR 
activation followed by increase in the polyol pathway activ-
ity in normoglycemic environments. For instance, non-
diabetic rat hearts subjected to ischemia-reperfusion ex vivo
and in situ (coronary ligation) displayed enhanced AR activ-
ity and myocardial sorbitol accumulation [43]. Hyperosmotic 
stress is also known to cause AR activation and sorbitol  
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Fig. (7). High glucose- and MG-induced upregulation of HEL (A-C), 4HNE (D-F), ACR (G-I), and AR (J-L) in IMS32 by immunocyto-

chemistry. The photomicrographs showed more intense immunoreactivity for each marker in [Glc-30mM] (B, E, H, K) and [MG-0.5mM] 

(C, F, I, L) than that in [Glc-5.6mM] (A, D, G, J). Note the intense immunoreactivity for both spindle-shaped and round-shaped cells in 

[MG-0.5mM]. We observed no significant difference in the immunoreactivity to S100 between [Glc-5.6mM] (M) and [Glc-30mM] (N) or 

[MG-0.5mM] (O).
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accumulation in a variety of cells [8, 44]. These findings 
suggest that AR induced by the ischemic and hyperosmotic 
insults can participate in the polyol metabolism, although the 
precise mechanisms for the acceleration of glucose uptake 
and/or utilization as a substrate for AR under those non-
diabetic conditions remain unclear. In contrast to those in-
sults, the exposure to MG is unlikely to activate the polyol 
pathway. Considering that AR is a detoxification enzyme 
that degrades reactive aldehydes, the MG-induced AR 
upregulation in Schwann cells appears to be a consequence 
of cytoprotective reactions, rather than a pathological event 
associated with the polyol pathway hyperactivity. However, 
the efficacy of MG detoxification through AR upregulation 
in IMS32 is thought to be insufficient to prevent cell death. 

 Treatment with AR inhibitors (Sorbinil and Ponalrestat) 
augmented the cytotoxic effects of reactive aldehydes in cul-
tured smooth muscle cells [45] and lens epithelial cells [46]. 
These findings provide evidence to support the protective 
role of AR against the cytotoxic aldehydes in normoglyce-
mic conditions. In contrast to those studies, treatment with 
SNK-860 did not exacerbate the MG-induced Schwann cell 
death in this study. This may be due to the complex meta-
bolic disposal system of MG; several enzymes other than AR 
(e.g., aldehyde reductase (AHR), aldehyde dehydrogenases, 
and glutathione-dependent glyoxalase system) can also cata-
lyze MG detoxification [47, 48]. In addition, SNK-860 has 
exerted more selective inhibition of AR with less effect on 
the activities of AHR than other AR inhibitors [49]. The re-
sults in our previous study suggest that AR inhibition by 

SNK-860 may upregulate AHR to be more active against the 
toxic substances [9]. Further investigations are needed to 
elucidate the role of AR in the detoxification of carbonyl-
containing compounds. 

CONCLUSION 

 Cultured Schwann cells under exposure to high glucose 
and MG have been individually employed as in vitro models 
to study diabetic neuropathy. The present study with immor-
talized adult mouse Schwann cells (IMS32 cell line) revealed 
the following similarities and differences between the two 
culture models:  

1. both high glucose and MG induced upregulation of 
AR and the oxidative stress markers (4HNE, ACR, 
and HEL);  

2. MG induced cell death in cell density- and dose-
dependent manners, whereas high glucose did not; 
and 

3. high glucose increased intracellular contents of sorbi-
tol and fructose, whereas MG did not. 

 The IMS32 culture under high glucose conditions ap-
pears to be useful for studying oxidative stress in relation to 
the polyol pathway hyperactivity in diabetes. By contrast, 
growing evidence against the hypothesis of diabetes-
associated neuronal and Schwann cell death has made it 
problematic to use the Schwann cell culture under exposure 
to MG for studying diabetic neuropathy. However, the MG-

Fig. (8). Intracellular contents of sorbitol (upper panel) and fructose (lower panel) after 7 days of exposure to [Glc-5.6mM], [Glc-30mM], 

and [MG-0.5mM] in the presence or absence of SNK-860 (1 M). Values represent the mean + SEM of 6 experiments. *P<0.01 as compared 

with [Glc-5.6mM] and # P<0.01 as compared with [Glc-30mM]. 
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exposed culture may be valuable to elucidate functional roles 
of AR in the detoxification of reactive aldehydes. 

ABBREVIATIONS 

ACR = Acrolein 

AHR = Aldehyde reductase 

AR = Aldose reductase 

FCS = Fetal calf serum 

HEL = Hexanoyl lysine 

4HNE  = 4-Hydroxy-2-nonenal 

MG = Methylglyoxal 

SDH = Sorbitol dehydrogenase 

TUNEL = Deoxynucleotidyltransferase (TdT)-mediated  
   dUTP nick end labeling 
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