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ABSTRACT 41 

Glycolaldehyde (GA) is a highly reactive hydroxyaldehyde and one of the 42 

glycolytic metabolites producing advanced glycation endproducts (AGEs), but its 43 

toxicity toward neurons and Schwann cells remains unclear. In the present study, we 44 

found that GA exhibited more potent toxicity than other AGE precursors 45 

(glyceraldehyde, glyoxal, methylglyoxal and 3-deoxyglucosone) against immortalized 46 

IFRS1 adult rat Schwann cells and ND7/23 neuroblastoma × neonatal rat dorsal root 47 

ganglion (DRG) neuron hybrid cells. GA affected adult rat DRG neurons and ND7/23 48 

cells more severely than GA-derived AGEs, and exhibited concentration- and 49 

time-dependent toxicity toward ND7/23 cells (10 < 100 < 250 < 500 µM; 6 h < 24 h). 50 

Treatment with 500 µM GA significantly up-regulated the phosphorylation of c-jun 51 

N-terminal kinase (JNK) and p-38 mitogen activated kinase (p-38 MAPK) in ND7/23 52 

cells. Further, GA-induced ND7/23 cell death was significantly inhibited due to 53 

co-treatment with 10 µM of the JNK inhibitor SP600125 or the p-38 MAPK inhibitor 54 

SB239063. These findings suggest the involvement of JNK and p-38 MAPK signaling 55 

pathways in GA-induced neuronal cell death, and that enhanced GA production under 56 

diabetic conditions might be involved in the pathogenesis of diabetic neuropathy. 57 

 58 
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Diabetic neuropathy; Sensory neurons; Schwann cells; Viability; Glycolytic 60 

metabolites; Mitogen activated protein kinase signaling. 61 
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INTRODUCTION 63 

Diabetic peripheral neuropathy (DPN), one of the most common complications of 64 

diabetes mellitus, severely affects patient’s quality of life. Although the pathogenesis of 65 

DPN remains obscure, impaired insulin actions and subsequent hyperglycemia and 66 

dyslipidemia appear to play a major role in metabolic and vascular abnormalities in the 67 

peripheral nervous system (PNS) (Grisold et al., 2017). Under long-term hyperglycemic 68 

conditions, saturation of the glycolytic pathway and augmentation of the polyol and 69 

other collateral glucose-utilizing pathways accelerate the formation of advanced 70 

glycation endproducts (AGEs) and free-radicals, diminish the levels of nitric oxide and 71 

taurine, and alter the protein kinase C activity. These changes appear to be harmful to 72 

PNS constituents, especially neurons, Schwann cells, and blood vessels (Yagihashi, 73 

2016). 74 

AGEs are produced exogenously and endogenously via non-enzymatic reactions 75 

of amino acids/proteins and glucose or glycolytic metabolites such as glycolaldehyde 76 

(GA), glyceraldehyde (GLA), glyoxal (GO), methylglyoxal (MG), 3-deoxyglucosone 77 

(3-DG), and fructose (Takeuchi et al., 2015). Daily injection of AGEs into normal rats 78 

for 12 weeks resulted in increased serum AGE levels and reduced motor nerve 79 

conduction velocity, and nerve Na+-K+-ATPase activity (Nishizawa et al., 2010). 80 

Cytotoxic activity of AGEs against cultured neurons (Cellek et al., 2004), Schwann 81 

cells (Sekido et al., 2004), and microvascular endothelial cells (Shimizu et al., 2011) 82 

have also been reported. These findings suggest that production and accumulation of 83 

AGEs is one of the principal contributors to DPN. In addition to AGEs, their precursors, 84 

mainly MG and 3-DG, have been shown to impair the viability and function of neurons, 85 

Schwann cells, and endothelial cells (Suzuki et al., 1998; Kikuchi et al., 1999; 86 

Fukunaga et al., 2004; Ota et al., 2007; Tsukamoto et al., 2015; Navarrete Santos et al., 87 

2017). It is noteworthy that increases in plasma MG level under diabetic conditions can 88 

evoke depolarization of nociceptive neurons, thereby causing hyperalgesia in DPN 89 
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(Bierhaus et al., 2012). In contrast to a considerable number of studies regarding the 90 

neurotoxic effects of MG and 3-DG, much less attention has been given to GA, a 91 

reactive α-hydroxyaldehyde. A single intravenous administration of GA was found to 92 

reduce anti-oxidant enzyme activity and enhance lipoperoxidation and protein 93 

carbonylation in kidneys, heart and liver of normal rats (Lorenzi et al., 2010a; 2010b; 94 

2011). In addition, GA has been found to increase apoptosis in human breast cancer 95 

cells through inactivation of glycolytic and anti-oxidant enzymes (Al-Maghrebi et al., 96 

2003), and increased cell death and protein carbonylation in rat hepatocytes (Yang et al., 97 

2011). However, no studies addressed GA neurotoxicity until Sato et al. suggested the 98 

involvement of multidrug-resistance-associated protein (MRP-1) and endoplasmic 99 

reticulum (ER) stress in GA-induced injury and death of primary cultured Schwann 100 

cells (Sato et al., 2013; Sato et al., 2015). Schönhofen et al. briefly reported GA-induced 101 

death of SH-SY5Y human neuroblastoma cells (Schönhofen et al., 2015), but the 102 

underlying mechanisms remain unclear. 103 

In the present study, we found that GA exhibited more potent cytotoxicity than 104 

other AGE precursors and GA-derived AGEs toward cultured neurons and Schwann 105 

cells, and that c-jun N-terminal kinase (JNK) and p-38 mitogen activated kinase (p-38 106 

MAPK) signaling pathways are involved in GA-induced neuronal cell injury and death. 107 

 108 

MATERIALS AND METHODS 109 

Materials 110 

Three-month-old female Wistar rats were purchased from CLEA Japan, Inc. 111 

(Shizuoka, Japan). Isofluorane was from Abbott Japan (Tokyo, Japan), Dulbecco’s 112 

Modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and serum-free B27 113 

supplement were from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Collagenase 114 

Class III was from Worthington Biochemicals (Freehold, NJ, USA). GA, GLA, MG, 115 

trypsin, poly-L-lysine (PL) and anti-β-actin antibody [A5316] were purchased from 116 
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Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). GO was from Nakalai Tesque Inc. 117 

(Kyoto, Japan), 3-DG was from Toronto Research Chemicals Inc. (North York, Canada), 118 

and GA-bovine serum albumin (GA-BSA) was from Cosmo Bio Co., LTD. (Tokyo, 119 

Japan). Percoll and the ECL plus Western blotting detection kit were from GE 120 

Healthcare Bio-Sciences Corp. (Piscataway, NJ, USA). The c- JNK inhibitor SP600125 121 

and the p-38 mitogen activated protein kinase (MAPK) inhibitor SB239063 were from 122 

Calbiochem (La Jolla, CA, USA). Anti-JNK antibody [9252], anti-phospho-JNK 123 

antibody (Thr183/Tyr185) [4668], anti-p-38 MAPK antibody [8690], and 124 

anti-phospho-p-38 MAPK antibody (Thr180/Tyr182) [4511] were from Cell Signaling 125 

Technology (Beverly, MA, USA). Horseradish peroxidase (HRP)-conjugated anti-rabbit 126 

IgG and anti-mouse IgG antibodies were from Medical & Biological Laboratories Corp., 127 

Ltd. (Nagoya, Japan). 128 

 129 

Cell culture 130 

Dissociated cell culture of adult rat dorsal root ganglion (DRG) neurons was 131 

performed as previously described (Tsukamoto et al., 2015a). All the experiments were 132 

conducted in accordance with the Guidelines for the Care and Use of Animals of Tokyo 133 

Metropolitan Institute of Medical Science (2011). Prior to the dissection, rats were 134 

anesthetized for euthanasia with 3% isofluorane for 3 min (Niimi et al., 2018). DRGs 135 

from the cervical to the lumbar level were dissected from each animal, incubated at 136 

37°C with 0.2% collagenase for 2 h and 0.25% trypsin for 15 min, and then subjected to 137 

density gradient centrifugation (5 min, 200 g) with 30% Percoll to eliminate the myelin 138 

sheaths. This procedure resulted in a yield of > 5 × 104 neurons with a small number of 139 

non-neuronal cells. The neurons were suspended in DMEM supplemented with 10% 140 

FBS, and seeded on PL (10 μg/mL)-coated wells of 12-well culture plates. Circles with 141 

a diameter of 0.9 cm were delineated using black thin lines on the bottom of each well, 142 

and the neuronal cell density was adjusted to approximately 500–600 cells within the 143 
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circle. 144 

Spontaneously immortalized Schwann cells IFRS1 from adult Fischer 344 rats 145 

(Sango et al., 2011) at the 30–40 passage state and ND7/23 mouse neuroblastoma/rat 146 

embryonic DRG neuron hybrid cells (Wood et al., 1990) at the 15–25 passage state 147 

were maintained in DMEM supplemented with 5% FBS, and employed for the 148 

following assays. 149 

 150 

Cell viability assays 151 

After dissociation and overnight incubation in the serum-containing medium, 152 

DRG neurons were maintained for 48 h in DMEM supplemented with B27 in the 153 

presence or absence of 500 μM GA or GA-BSA. Dead neurons were detected using 154 

positive trypan blue staining, and the number of viable (trypan blue-negative) neurons 155 

within the specified area in each well was counted under a phase-contrast light 156 

microscope. The cell viability ratio was calculated as the number of viable neurons / 157 

total neurons within the specified area in each well, and normalized to the percentage of 158 

the average viable neurons in the control (DMEM/B27 with no additive). 159 

The toxicity of AGE precursors (GA, GLA, MG, 3-DG and GO) and GA-BSA 160 

toward ND7/23 and IFRS1 cells was evaluated by using the CellTiter 96® AQueous One 161 

Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA) following the 162 

manufacturer’s instructions. The cells were seeded in each well of 96-well culture plates 163 

at an approximate density of 3 × 104/cm2, and incubated in DMEM supplemented with 164 

5% FBS for 16 h. The cells were then maintained in DMEM supplemented with 1% 165 

FBS in the presence or absence of each AGE precursor or GA-BSA for 6–48 h. After 166 

rinsing with 250 μL FBS-free DMEM, the cells were incubated for 1–2 h at 37°C in 100 167 

μL of FBS-free DMEM with 10 μL of CellTiter 96® AQueous One Solution Reagent. 168 

Absorbance at 490 nm was determined with a plate reader (Varioskan Flash; Thermo 169 

Scientific), and cell viability in each culture condition was expressed as the percentage 170 
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of the absorbance in the control condition (DMEM/1% FBS with no additive) 171 

(Tsukamoto et al., 2015b). 172 

 173 

Western blotting 174 

ND7/23 cells at semi-confluency in 100 mm culture plates were incubated in 175 

DMEM supplemented with 1%FBS in the presence or absence of 500 μM GA for 1 h. 176 

The cells were lysed with 1× sodium dodecyl sulfate (SDS) sample buffer. 177 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 5–20% 178 

SDS-PAGE gel (FUJIFILM, Tokyo, Japan). After electrophoresis, the proteins were 179 

transferred onto a PVDF membrane using an electroblotter (Nihon Eido Co., Ltd., 180 

Tokyo, Japan). The membrane was incubated in PBS with 0.1% Tween 20 (including 181 

5% skimmed milk or 3% BSA) for 1 h at room temperature, and then overnight at 4°C 182 

with anti-JNK antibody (1:1000), anti-phospho-JNK antibody (1:1000), anti-p38 183 

MAPK antibody (1:1000), anti-phospho-p38 MAPK antibody (1:1000), or anti-β-actin 184 

antibody (1:3000). After rinsing with PBS containing 0.1% Tween 20, the membranes 185 

were incubated in a solution of HRP-conjugated secondary anti-rabbit IgG antibody or 186 

anti-mouse IgG antibody (1:2000) for 1 h. After washing, immunocomplexes on the 187 

membrane were visualized with the ECL plus Western blotting detection kit. The signal 188 

intensity was quantified using an Ez-Capture II chemiluminescence imaging system 189 

(Atto Corp., Tokyo, Japan), and the relative signal intensity of each protein was 190 

expressed as the intensity of each protein / intensity of β-actin. The specificity of the 191 

primary antibodies used in the blotting is documented in the following web sites and 192 

articles; 193 

anti-JNK antibody; 194 

https://en.cellsignal.jp/products/primary-antibodies/sapk-jnk-antibody/9252 (Neganova 195 

et al., 2016), 196 

anti-phospho-JNK antibody; 197 
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https://en.cellsignal.jp/products/primary-antibodies/phospho-sapk-jnk-thr183-tyr185-81198 

e11-rabbit-mab/4668 (Bose & Janes 2013), 199 

anti-p38 MAPK antibody; 200 

https://en.cellsignal.jp/products/primary-antibodies/p38-mapk-d13e1-xp-rabbit-mab/869201 

0 (Li et al., 2017), 202 

anti-phospho-p38 MAPK antibody; 203 

https://en.cellsignal.jp/products/primary-antibodies/phospho-p38-mapk-thr180-tyr182-d204 

3f9-xp-rabbit-mab/4511 (Bose & Janes 2013), and 205 

anti-β-actin antibody: 206 

https://www.sigmaaldrich.com/catalog/product/sigma/a5316?lang=en&region=US 207 

(North et al., 1994). 208 

 209 

Statistical analysis 210 

All the data are expressed as means and standard errors (SEM), and the number of 211 

experiments is indicated in the figure legends. Statistical comparison between two 212 

groups was performed using two-tailed Student’s t-test. Data involving more than two 213 

groups were assessed using ANOVA followed by Bonferroni’s post hoc correction. 214 

Statistical analyses were conducted using Ekuseru-Toukei 2010 (Social Survey Research 215 

Information Co., Ltd., Tokyo, Japan). A normal distribution was assumed for all 216 

experimental groups. A value of P < 0.05 was considered as statistically significant. 217 

 218 

RESULTS & DISCUSSION 219 

Formation of AGEs from glucose and glycolytic metabolites including GA is 220 

associated with the development of DPN and other diabetic complications (Brings et al., 221 

2017), as well as Alzheimer’s disease (AD) and other neurodegenerative disorders 222 

(Pugazhenthi et al., 2017). Several articles addressed the neurotoxic effects of 223 

GA-derived AGEs (Luo et al., 2002; Takeuchi et al., 2000; Choei et al., 2004; Bikbova 224 
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et al., 2013), and the toxicity may be attributable, at least partly, to the AGE−receptor 225 

for AGEs (RAGE) axis that triggers intracellular signaling pathways associated with 226 

inflammation and oxidative stress (Yamagishi et al., 2002; Nam et al., 2015). In contrast, 227 

GA per se has not drawn attention as a cause of DPN or AD and it was only recently 228 

that deleterious effects of GA on SH-SY5Y neuroblastoma cells (Schönhofen et al., 229 

2015) and primary cultured Schwann cells (Sato et al., 2013; Sato et al., 2015) were 230 

documented; these reports, especially the latter, suggested possible involvement of GA 231 

in the pathogenesis of DPN and inspired the present study. 232 

We found that under the same concentration (500 µM) and exposure time (24 h), 233 

GA, MG, and GO significantly reduced the viability ratios as compared with control in 234 

both IFRS1 and ND7/23 cells; GLA significantly reduced the viability of ND7/23 cells, 235 

but not IFRS1 cells, whereas no apparent IFRS1 or ND7/23 cell death was induced due 236 

to exposure to 3-DG. Thus, GA was found to be more harmful than other metabolites 237 

(3-DG, MG, GLA, and GO) against IFRS1 and ND7/23 cells (Fig. 1). In agreement 238 

with these findings, significant cell death of primary cultured Schwann cells was 239 

induced due to a 24-h exposure to 500 µM GA, but not 3-DG, MG, or GO (Sato et al., 240 

2013). 241 

Because the detrimental effects of GA on Schwann cells have already been 242 

documented (Sato et al., 2013; Sato et al., 2015), the following experiments were 243 

conducted with a focus on the mechanisms of GA-induced neuronal cell injury and 244 

death. Treatment with 500 μM GA for 24–48 h significantly reduced the viability ratios 245 

of primary cultured DRG neurons and ND7/23 cells compared with control, whereas 246 

GA-derived AGEs (GA-BSA) at the same concentration had less potent toxicity than 247 

GA against the both the neuronal cell types (Fig. 2a, b). Moreover, GA toxicity against 248 

ND7/23 cells was concentration-dependent (10 < 100 < 250 < 500 μM) and 249 

time-dependent (6 h < 24 h) (Fig. 2c). Consistently, the toxicity of 10 mM GA against 250 

rat hepatocytes showed a time-dependency (1 h < 2 h < 3 h) (Yang et al., 2011), 251 
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whereas breast cancer cell death was induced by GA at 500 µM for 24 h, but not at 100 252 

µM for 72 h (Al-Maghrebi et al., 2003). These findings suggest that GA cytotoxicity is 253 

largely dependent on its concentration and exposure duration. GA-AGEs formed and 254 

accumulated in GA-treated cells might be involved in mediating GA toxicity, but the 255 

accumulation of GA-AGEs appears to require incubation of the cells with GA for longer 256 

than 24 h (Yamabe et al., 2013). Because 6-h incubation with GA resulted in significant 257 

ND7/23 cell death (Fig. 2c), reduced viability under exposure to GA appears more 258 

attributable to direct GA toxicity rather than the formation of GA-AGEs. It is also 259 

noteworthy that GA showed more potent toxicity than GA-AGEs (GA-BSA) toward 260 

primary cultured DRG neurons and ND7/23 cells (Figs. 2a, b). Because GA-BSA has a 261 

much higher molecular weight than GA, careful attention should be paid to the 262 

comparisons between the two molecules at the same concentration (500 µM). In a 263 

previous study (Sekido et al., 2004), treatment with GA-BSA for 24 h reduced the 264 

viability of primary cultured Schwann cells in a concentration-dependent manner (10 < 265 

500 < 1,000 µg/mL), but the average viability ratio at the highest concentration (1,000 266 

µg/mL) was nearly 70% of control. In contrast, we and others (Sato et al., 2013) 267 

observed that treatment with the maximum dose (500 µM ≈ 30 µg/mL) of GA for 24 h 268 

diminished the viability of neurons and Schwann cells to a level approximately 40% of 269 

control. These findings allow us to speculate that GA activates the injury signals from 270 

inside and/or outside the cells more rapidly and effectively than GA-AGEs. 271 

Several studies have indicated the involvement of MAP kinase (JNK, p-38 MAPK 272 

and ERK) signaling pathways in apoptotic cell death of DRG neurons under exposure to 273 

neurotoxic substances (Bodner et al., 2004; Scuteri et al., 2010; Agthong et al., 2012). 274 

Western blot analysis showed that treatment with 500 μM GA for 1 h significantly 275 

up-regulated phosphorylation of JNK (Fig. 3a) and p-38 MAPK (Fig. 3b). Consistent 276 

with these findings, GA-induced ND7/23 cell death was significantly inhibited due to 277 

co-treatment with 10 μM of the JNK inhibitor SP600125 or the p-38 MAPK inhibitor 278 
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SB239063 (Fig. 3c). To our knowledge, no other studies have targeted the signaling 279 

molecules and pathways mediating GA cytotoxicity. MAP kinases are key elements in 280 

signal transduction machinery, and they play a major role in various kinds of reactions 281 

associated with cell growth, differentiation and death (Johnson & Lapadat, 2002). The 282 

involvement of MAP kinase signaling pathways in MG-mediated neurotoxicity has been 283 

investigated; it induced neural progenitor cell death through ERK signaling activation 284 

(Chun et al., 2016), Schwann cell death through JNK and p-38 MAPK activation 285 

(Fukunaga et al., 2004; Ota et al., 2007), and increased inflammatory responses in 286 

astrocytes through JNK activation (Chu et al., 2016). Because both GA and MG are 287 

reactive aldehydes generated through the Maillard reaction, we speculated that there 288 

might be some similarities in the neurotoxic actions between the two molecules, and 289 

investigated MAP kinase signaling pathways in the present study. GA up-regulated the 290 

phosphorylation of JNK and p-38 MAPK in ND7/23 cells (Figs. 3a, b), and the JNK 291 

inhibitor SP600125 and the p-38 MAPK inhibitor SB239063 partially but significantly 292 

alleviated GA-induced cell death (Fig. 3c). These findings suggest that both JNK and 293 

p-38 MAPK signaling pathways play a pivotal role in GA-induced neuronal cell death. 294 

The induction of these signals at 1 h after GA exposure supports our notion that GA 295 

rapidly activates injury signals as described above. With regard to the apoptotic signals, 296 

our immunofluorescence and western blot analyses revealed GA-induced up-regulation 297 

of cleaved caspase-3 expression in ND7/23 cells (Akamine et al., personal 298 

communication); however, possible relationship between caspase-3 and JNK or p-38 299 

MAPK signaling pathways remain to be elucidated. It has been reported that ER stress 300 

plays a major role in apoptosis of Schwann cells under GA exposure (Sato et al., 2015). 301 

In our study, treatment with GA tended to up-regulate the expression of some molecules 302 

involved in ER stress (e.g., activation transcription factor 4 and C/EBP homologous 303 

protein) in ND7/23 cells (Akamine et al., personal communication); however, 304 

GA-induced ND7/23 cell death was not rescued due to co-treatment with 305 
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4-phenylbutyric acid, an ER stress inhibitor (Fig. 3c). Although further analyses are 306 

needed, ER stress may not be crucial in GA-induced neuronal cell death. 307 

In conclusion, the findings of the present study suggest the involvement of the 308 

JNK and p-38 MAPK signaling pathways in GA-induced neuronal cell death. Our 309 

ongoing investigation focuses on the signaling molecules downstream of JNK and p-38 310 

MAPK, possible cross-talk between the two pathways, and precise cascades leading to 311 

the neurotoxicity, e.g., caspase-3 and other apoptotic signals, oxidative stress and 312 

impaired energy production (Al-Maghrebi et al., 2003; Rodrigo Lorenzi et al., 2010) 313 

(Fig. 4). It is also of critical significance to investigate the GA neurotoxicity using in 314 

vivo systems. Because GA administration induced decreases in the activity of 315 

anti-oxidant enzymes in kidneys, heart and liver of normal rats (Lorenzi et al., 2010a; 316 

2010b; 2011), we plan to assess the oxidative damages of the peripheral nervous tissue 317 

in rats under exposure to similar GA load. In addition, our preliminary study using DRG 318 

neuron–IFRS1 Schwann cell co-culture system (Sango et al., 2011), which mimics in 319 

vivo conditions better than single cell culture systems, revealed that GA induced axonal 320 

degeneration- and demyelination-like changes (Akamine et al., personal 321 

communication). Further studies with these systems may strengthen our hypothesis that 322 

GA is involved in the pathogenesis of DPN. 323 
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FIGURE LEGENDS 528 

 529 

Figure 1. The viability of IFRS1 cells (upper) and ND7/23 cells (lower) after 24 h 530 

exposure to 500 μM of each precursor of AGEs (GA, 3-DG, MG, GLA, or GO); MTS 531 

assay. The optimal density at 490 nm in each well was measured with a plate reader, and 532 

normalized to the percentage of the value at control (DMEM/1% FBS). Data are 533 

expressed as means ± SEM of six experiments (individual values are depicted as circles, 534 

squares, and triangles); **P < 0.01 as compared with control. 535 

 536 

Figure 2. GA showed more potent toxicity than GA-BSA toward cultured adult rat 537 

DRG neurons and ND7/23 cells. (a) Representative phase-contrast micrographs of DRG 538 

neurons (upper) and ND7/23 cells (lower) after exposure to 500 μM GA or GA-BSA. 539 

Dead cells were detected using positive trypan blue staining. (b) The viability ratio of 540 

DRG neurons after 48 h expose to 500 μM GA or GA-BSA (left) was calculated as the 541 

number of viable (trypan blue-negative) neurons / total neurons within the specified 542 

area in each well, and normalized to the percentage of the average viable neurons in 543 

control. Data are expressed as means ± SEM of six experiments; **P < 0.01 as 544 

compared with control. The viability of ND7/23 cells after 24-h expose to 500 μM GA 545 

or GA-BSA (right) was determined using MTS assay, and normalized to the percentage 546 

of the value in control. Data are expressed as means ± SEM of three experiments; *P < 547 

0.05 and **P < 0.01 as compared with control.  (c) GA induced ND7/23 cell death in a 548 

dose-dependent manner (10 < 100 < 250 < 500 μM). The cell viability after 6-h (left) or 549 

24-h (right) exposure to GA was determined using MTS assay, and normalized to the 550 

percentage of the value in control. Data are expressed as means ± SEM of six 551 

experiments; *P < 0.05 and **P < 0.01 as compared with control. 552 

 553 

Figure 3. Treatment of ND7/23 cells with 500 μM GA for 1 h induced phosphorylation 554 
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of JNK (a) and p38 MAPK (b); Western blot analysis. The representative picture of the 555 

blot (upper) and quantitative data (lower) are shown. Data are expressed as means ± 556 

SEM of three experiments; **P < 0.01 as compared with control. (c) GA-induced 557 

ND7/23 cell death was ameliorated due to co-treatment with the JNK inhibitor 558 

SP600125 and the p38 MAPK inhibitor SB239063, but not with the ER stress inhibitor 559 

4-PBA. The viability of ND7/23 cells after 8-h expose to 500 μM GA in the presence or 560 

absence of 10 μM SP600125 (SP), 10 μM SB239063 (SB), or 1mM 4-PBA was 561 

determined using MTS assay, and normalized to the percentage of the value in control. 562 

Data are expressed as means ± SEM of six experiments; **P < 0.01 as compared with 563 

GA with no additive. 564 

 565 

Figure 4. Schematic diagram showing the mechanisms of GA-induced neuronal cell 566 

death based on the present study and possible relationship between the signaling 567 

pathways and pathogenic factors suggested by the previous and present studies. ROS; 568 

reactive oxygen species. 569 
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