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Mild MPP+ exposure-induced 
glucose starvation enhances 
autophagosome synthesis and 
impairs its degradation
Shuichiro Sakamoto1, Masatsugu Miyara1,2, Seigo Sanoh1, Shigeru Ohta1 & Yaichiro Kotake1

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder, mainly characterised by the 
progressive loss of dopaminergic neurons. MPP+ has been widely used as a PD-related neurotoxin, 
and their reports suggested the several hypotheses for neuronal cell death. However, most of these 
hypotheses come from the studies about the acute MPP+ exposure. We previously revealed that 
mild MPP+ exposure (10 and 200 μM), which induces gradual cell death, impairs autophagosome 
degradation at 48 h. In the present study, we further investigated the specific events of mild MPP+ 
exposure and revealed that mild MPP+ exposure causes the cell death through glucose starvation, but 
not acute toxic model (2.5 and 5 mM). At 36 h after mild MPP+ exposure, autophagosome synthesis 
was enhanced owing to glucose starvation and continued to enhance until 48 h, despite impaired 
autophagosome degradation. Inhibition of autophagosome synthesis reduced mild MPP+-induced cell 
death. In conclusion, we clarified that glucose starvation-enhanced autophagosome synthesis occurs at 
an earlier stage than impaired autophagosome degradation and is important in mild MPP+ toxicity.

Parkinson’s disease (PD) is the second most common neurodegenerative movement disorder characterised by 
resting tremor, slowness of movement, postural instability and muscle rigidity. The most prominent pathological 
features of PD are the loss of dopaminergic neurons in the substantia nigra pars compacta and the appearance of 
protein inclusions, known as Lewy bodies.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), known to induce irreversible motor abnormalities 
in humans and primates, has been extensively studied as an etiologic model of PD. The neurotoxic effects of 
MPTP are attributable to its metabolite 1-methyl-4-phenylpyridinium (MPP+), which is formed by monoamine 
oxidase B-mediated oxidation1,2. Several MPTP administration protocols have been proposed to produce mouse 
models of PD, including acute, sub-chronic and chronic treatments3. In acute and sub-chronic models, dopa-
minergic neurons have been shown to die quickly, with little progression in the loss of nigrostriatal dopamine. 
Furthermore, inclusion bodies are not found in the remaining dopaminergic neurons3. Several chronic MPTP 
mouse models have been developed to replicate the slow progression of PD and have exhibited slower decreases 
in dopaminergic cell numbers as well as the formation of inclusion bodies3–6. Therefore, a chronic MPTP admin-
istration protocol would more suitably replicate the nature of PD.

Many cell-based studies on the mechanism underlying MPP+ toxicity have suggested several hypotheses for 
neuronal cell death, including respiration deficit, energy failure, calcium homeostasis dysregulation, excitatory 
input, oxidative stress and apoptosis execution7. However, most studies supporting these hypotheses performed 
with acute MPP+ exposure to induce adverse effects within 24 h; therefore, the toxicity of mild MPP+ exposure 
remains controversial. In our previous report, we developed a mild MPP+ exposure model that might more 
appropriately replicate PD pathology8. In brief, SH-SY5Y human neuroblastoma cells were exposed to low con-
centrations of MPP+ (10 and 200 μ​M) for 48 h. Exposure to 10 μ​M MPP+ for 48 h induced the accumulation of 
α​-synuclein (α​-syn), a major component of Lewy bodies. In the present study, we discovered that mild MPP+ 
exposure induced glucose starvation, leading to cell death, whereas acute MPP+ exposure (2.5 and 5 mM for 24 h) 
did not. Therefore, we investigated the mechanism underlying the specific toxicity of mild MPP+.
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Results
The toxic effects of mild MPP+ exposure are distinct compared with those of acute MPP+ expo-
sure.  In our previous report, we used 10 and 200 μ​M MPP+ for mild exposure models and 2.5 and 5 mM MPP+ 
for acute toxic exposure models8. To validate the utility of the former, we further evaluated differences between 
the two models. SH-SY5Y were exposed to predetermined concentrations of MPP+ for up to 24 h or 48 h, after 
which cell viabilities were evaluated using the WST-1 assay. A time course analysis revealed that exposure to 10 
and 200 μ​M MPP+ significantly decreased cell viability after 48 h but not within 36 h (Fig. 1a), whereas expo-
sure to 2.5 and 5 mM MPP+ decreased cell viability within 6 h in a manner that appeared to be time dependent 
(Fig. 1b).

We further sought to elucidate differences in toxicity between the two models; the toxicity in the mild MPP+ 
exposure model significantly increased in a cell density-dependent manner, whereas that in the acute toxic expo-
sure model did not (Fig. 1c,d).

Mild MPP+, but not acute toxic, exposure induces glucose starvation, leading to cell death.  
Because a higher cell density expedited cell death only under mild MPP+ exposure, we hypothesised that the 
difference in toxicity between the mild and acute MPP+ exposure models stemmed from the rate of consumption 
of a particular nutrient in the culture medium. MPP+ inhibits mitochondrial oxidative phosphorylation by inhib-
iting complex I of the mitochondrial electron transport chain (ETC)9, thereby facilitating anaerobic glycolysis10. 
Therefore, we evaluated the effects of mild and acute MPP+ exposures on glycolytic activity. First, we measured 
the amount of glucose in the culture medium; the exposure to 10 and 200 μ​M MPP+ resulted in significant reduc-
tions in extracellular glucose levels within 36 and 24 h, respectively (Fig. 2a), whereas the exposure to 2.5 and 
5 mM MPP+ did not result in significant decreases within 24 h (Fig. 2b). We next determined the amount of 
extracellular lactate, a product of glycolytic metabolism. During exposure to 10 and 200 μ​M MPP+, significant 
increases in extracellular lactate were evident within 36 and 24 h, respectively (Fig. 2c). These results correlated 
with the extracellular glucose analysis results. In contrast, the model of acute MPP+ exposure also led to a sig-
nificant increase in extracellular lactate within 24 h; however, this result did not correlate with the extracellular 
glucose analysis results (Fig. 2b,d).

Figure 1.  Differences in the toxic effects of mild and acute MPP+ exposure. (a,b) SH-SY5Y cells were 
exposed to MPP+ for up to 48 h or to 2.5 and 5 mM MPP+ for up to 24 h; cell viability at various time points was 
determined using the WST-1 assay. (c,d) Various densities of SH-SY5Y cells were exposed to 10 and 200 μ​M 
MPP+ for 48 h or 2.5 and 5 mM MPP+ for 24 h, and cell viability was determined using the WST-1 assay. Data 
are expressed as means ±​ standard deviations (S.D.) from at least three independent experiments. *p <​ 0.05, 
**p <​ 0.01.
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We further investigated the effect of glucose supplementation on toxicity resulting from mild and acute MPP+ 
exposures. In brief, SH-SY5Y cells were exposed to each concentration of MPP+ and supplemented with 5.5 mM 
(1 g/L) glucose for the last 12 h. Cell death consequent to mild MPP+ exposure was significantly reduced by glu-
cose supplementation (Fig. 2e). In contrast, no significant differences were detected in the model of acute MPP+ 
exposure (Fig. 2f).

Mild MPP+-induced glucose starvation facilitates autophagosome accumulation.  Autophagy 
is a lysosomal degradative process through which cytosolic constituents and damaged organelles are recycled. 
Related substrates are sequestered in double-membraned vesicles called autophagosomes, which then fuse with 
lysosomes11. We previously reported that mild MPP+ exposure induces autophagosome accumulation within 

Figure 2.  Differences in energy metabolism between cells subjected to mild or acute MPP+ exposure. 
(a,b) SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ for up to 48 h or 2.5 and 5 mM MPP+ for up to 24 h; 
glucose concentrations in the culture media at several time points were measured using a commercial assay kit. 
(c,d) SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ for up to 48 h or 2.5 and 5 mM MPP+ for up to 24 h; 
extracellular lactate concentrations at several time points were measured using a commercial assay kit. (e,f) 
SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ for 48 h or 2.5 and 5 mM MPP+ for 24 h in the presence 
of 5.5 mM glucose for the last 12 h. Cell viability was determined using the WST-1 assay. Data are expressed as 
means ±​ S.D. from at least three independent experiments. *p <​ 0.05, **p <​ 0.01.
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48 h as a result of impaired autophagosome degradation8. Therefore, we assessed the relationship between glucose 
starvation and autophagosome accumulation during mild MPP+ exposure. Western blot analysis revealed that 
exposure to 10 and 200 μ​M MPP+ significantly increased the expression of LC3-II, an autophagosomal marker, 
within 48 h but not within 36 h (Fig. 3a), and glucose supplementation significantly suppressed the increase in 
the expression of LC3-II (Fig. 3b). Our previous report showed that mild MPP+ exposure induced the accumu-
lation of p62/SQSTM1 (p62), a selective autophagy substrate, in a 1% Nonidet P-40 (NP-40) insoluble fraction 
of lysed cells8, and we would further expect this substrate to be sequestered and aggregated in non-degraded 
autophagosomes. Furthermore, the accumulation of p62 in this insoluble fraction was also suppressed by glucose 
supplementation (Fig. 3c).

Mild MPP+ exposure enhances autophagosome synthesis.  Various signalling events can enhance 
autophagy; of these, nutrient starvation (e.g. depletion of amino acids, growth factors, or glucose) is among the 
most effective enhancers of autophagosome synthesis12. Starvation-related signalling pathways converge at the 
mammalian target of rapamycin (mTOR), a central protein kinase of the nutrient-sensing pathway13. Conditions 

Figure 3.  Influence of glucose supplementation on mild MPP+ exposure-induced autophagosome 
accumulation. (a) SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ for up to 48 h; LC3-II expression levels 
at several time points were detected by western blotting. (b) SH-SY5Y cells were exposed to 10 and 200 μM 
MPP+ for 48 h with or without 5.5 mM glucose for the last 12 h; LC3-II expression was detected by western 
blotting. (c) SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ for 48 h with or without 5.5 mM glucose for 
the last 12 h; p62 expression was detected by western blotting. Data are expressed as means ±​ S.D. from at least 
three independent experiments. *p <​ 0.05, **p <​ 0.01.
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of starvation enhance autophagy and thus increase energy levels by recycling cellular components, thereby 
increasing the possibility that mild MPP+-induced glucose starvation enhances autophagosome synthesis. 
Under glucose starvation, adenosine monophosphate (AMP)-activated protein kinase (AMPK) is activated by 
an increase in the AMP/adenosine triphosphate (ATP) ratio; this leads to the inactivation of mTOR, a negative 
regulator of autophagy, and thus induces autophagy14. Western blot analysis revealed that exposure to 10 and 
200 μ​M MPP+ for 48 h increased the phosphorylation of AMPK, and consequently, its substrate acetyl-CoA car-
boxylase (ACC) but decreased the phosphorylation of mTOR and its target, p70 S6K. In addition, increases in 
AMPK and ACC phosphorylation were already detected within 12 h, whereas reductions in mTOR and p70 S6K 
phosphorylation were apparent 36 h onward (Figs 4a and S1a). Similar to LC3-II expression levels, these changes 
were suppressed by glucose supplementation (Fig. S1b).

To investigate enhanced autophagosome synthesis, we evaluated the turnover of LC3-II. In brief, SH-SY5Y 
cells were exposed to 10 or 200 μ​M MPP+ with or without 200 nM bafilomycin A1 (Baf) for the last 4 h of expo-
sure, after which LC3-II protein expression was estimated by western blotting. Baf is a specific inhibitor of 
vacuolar-type H+-ATPase that prevents fusion between autophagosomes and lysosomes, thus preventing the 
lysosomal degradation of LC3-II. Because changes in the phosphorylation of ACC and p70 S6K were confirmed 
within 48 h, we investigated the turnover of LC3-II at various time points (24, 36 and 48 h). At 24 h, neither 10 nor 
200 μ​M MPP+ exposure increased the levels of LC3-II expression, regardless of Baf treatment (Fig. 4b). However, 
exposure to 10 and 200 μ​M MPP+ did not increase LC3-II expression in the absence of Baf at 36 h, although both 
concentrations increased the levels of LC3-II expression in the presence of Baf (Fig. 4c). At 48 h, exposure to 10 
and 200 μ​M MPP+ increased LC3-II expression in the absence of Baf, whereas neither concentration increased 
LC3-II expression in the presence of Baf (Fig. 4d). These results suggest that mild MPP+ exposure enhances 
autophagosome synthesis within 36 h but inhibits autophagosome synthesis and autophagosome degradation 
within 48 h.

To further determine whether mild MPP+ exposure enhances autophagosome formation, we measured the 
numbers of Atg16L positive puncta at various time points via immunocytochemical analysis. During the auto-
phagic process, LC3-I, the cytosolic form of LC3, is conjugated to the membrane lipid phosphatidylethanolamine 
and converted to an autophagosome membrane-bound form (LC3-II)15. The Atg12–Atg5–Atg16L1 complex, 
which only exists in the autophagosomal precursor membrane, is necessary for the conjugation of LC3-I to 
phosphatidylethanolamine16,17.

Therefore, an increase in Atg16L-positive puncta is indicative of enhanced autophagosome biogenesis18. At 
24 h, we did not observe a significant increase in Atg16L-positive puncta in response to 10 and 200 μ​M MPP+ 
(Fig. 4e). In contrast, exposure to 10 and 200 μ​M MPP+ resulted in a significant increase in Atg16L-positive 
puncta at 36 h; this result, which was similar to the LC3-II turnover findings, suggested enhanced autophago-
some synthesis (Fig. 4c,f). At 48 h, although LC3-II turnover suggested that autophagosome synthesis is not 
enhanced, exposure to 10 and 200 μ​M MPP+ led to significant increases in Atg16L-positive puncta (Fig. 4g). 
In the MPP+-untreated group, Atg16L-positive puncta increased in a time-dependent manner (Fig. 4e–g). 
Furthermore, a decrease in p70 S6K phosphorylation was evident in the MPP+-untreated group at 36 h and 
exacerbated at 48 h (Fig. 4a). These results suggest enhanced autophagosome synthesis in the MPP+-untreated 
group from 36 h to 48 h. Because the LC3-II turnover assay incorporates comparative evaluation between the 
MPP+-untreated group and the treated group in the presence of Baf, it might not precisely distinguish autopha-
gosome synthesis in response to mild MPP+ exposure at 48 h. Collectively, our results suggest that mild MPP+ 
exposure enhances autophagosome synthesis after 36 h.

Enhanced autophagosome synthesis contributes to toxicity associated with mild MPP+ expo-
sure.  We assessed the relationship between enhanced autophagosome synthesis and toxicity associated with 
mild MPP+ exposure. Small interfering RNA (siRNA)-mediated knockdown of autophagy protein 5 (Atg5), an 
essential component of LC3 conjugation, effectively inhibited the increase in LC3-II levels in SH-SY5Y cells 
exposed to 10 or 200 μ​M MPP+ for 48 h (Fig. 5a). Furthermore, the toxicity associated with exposure to 10 and 
200 μ​M MPP+ for 48 h was partially reduced by Atg5 knockdown (Fig. 5b).

3-Methyladenine (3-MA), a widely used autophagy inhibitor, inhibits class III PI3K activity, an essential 
component in the induction of autophagosome synthesis. Notably, because 3-MA is usually used at very high 
concentrations for autophagy inhibition, other kinases and cellular processes may be affected19–21. To minimise 
these effects, SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ with or without 5 mM 3-MA for only the last 
24 h. 3-MA also inhibited the increase in LC3-II and attenuated the toxicity associated with 10 and 200 μ​M MPP+ 
exposure (Fig. 5c,d). Moreover, autophagy inhibition did not significantly increase the amount of glucose in the 
culture medium (Fig. S2). Taken together, our data suggest that enhanced autophagosome synthesis is involved in 
the toxicity associated with mild MPP+ exposure.

Discussion
MPP+ is selectively assimilated by dopaminergic neurons and inhibits complex I of the mitochondrial ETC9. It 
is reported that MPP+ toxicity occurs simultaneously with reductions in phosphocreatine and ATP as well as 
increases in lactic acid and glucose utilisation in different cultures, including neuroblastoma, primary neuron 
and rat brain slice10,22–24. In addition, supplementation of glucose, a major energy source for the brain, has been 
reported to prevent MPP+ toxicity and ATP reduction by increasing anaerobic glycolysis activity25–28. In the pres-
ent study, we revealed that mild MPP+ exposure induced glucose starvation and led to cell death, whereas acute 
MPP+ exposure led to glucose starvation-independent cell death. During mild MPP+ exposure, we observed the 
onset of cell death with simultaneous glucose depletion (Figs 1a and 2a). Moreover, cell death was significantly 
suppressed by glucose supplementation, even at 36 h after mild MPP+ exposure (Fig. 2e). These results imply that 
mild MPP+ exposure induces cell death through glucose starvation and the subsequent lack of energy.
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We previously reported that exposure to 10 μ​M MPP+ induced the accumulation of α​-syn within 48 h8, and 
glucose starvation was also reported to induce the accumulation of α​-syn in mouse primary mesencephalic 

Figure 4.  Time-dependent changes in autophagic induction with mild MPP+ exposure. (a) SH-SY5Y cells 
were exposed to 10 and 200 μ​M MPP+ for up to 48 h. Time-dependent changes in the phosphorylation levels 
of various proteins were estimated by western blotting. (b,c,d) SH-SY5Y cells were exposed to 10 and 200 μM 
MPP+ for 24 h (b), 36 h (c) or 48 h (d) with or without 200 nM bafilomycin A1 (Baf) for the last 4 h; LC3-II 
turnover was estimated by western blotting at various time points. (e,f,g) SH-SY5Y cells were exposed to 10 and 
200 μ​M MPP+ for 24 h (e), 36 h (f) or 48 h (g) and subsequently immunostained with an anti-Atg16L antibody. 
The numbers of Atg16L-positive puncta per cell were evaluated at various time points. Data are expressed as 
means ±​ S.D. from at least three independent experiments. **p <​ 0.01.
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neurons29. Both enhanced glycolytic activity and accumulation of α​-syn in the brain were confirmed in a chronic 
MPTP mouse model produced using a continuous minipump infusion system30. Thus, mild MPP+ exposure 
may reflect the chronic MPTP mouse model. It is also reported that mutation of PD-related genes which relate to 
quality control of mitochondria induce enhanced glycolytic activity and accumulation of α​-syn. Parkin-mutant 
Drosophila larvae exhibited defective locomotion with a bradykinesia-like phenotype and showed reduced oxy-
gen and ATP concentrations and an increased lactate concentration31. Parkin knockdown and knockout activates 
glycolysis and reduces mitochondrial respiration in cultured cells32. Glycolysis is also enhanced by the knockout 
of two other PD-related genes, PTEN-induced putative kinase 1 (PINK1) and DJ-133–36. Moreover, both PINK1 
and DJ-1 associated with the accumulation of α​-syn37,38.

Acute MPP+ exposure did not significantly alter the amount of glucose in the culture medium within 24 h 
(Fig. 2b). If acute MPP+ exposure does not facilitate the glucose consumption, a reduction in the amount of glu-
cose in the culture medium progresses more slowly than that in the amount of glucose in the MPP+-untreated 
group because of the reduced number of living cells. Therefore, these data implicate that acute MPP+ exposure 
enhances glycolytic activity (Figs 1a and 2b). However, cell death occurred even when sufficient glucose was 
retained in the culture medium (Figs 1b and 2b). Moreover, glucose supplementation did not alleviate acute 
MPP+-induced cell death (Fig. 2f). These results suggest that the model of acute MPP+ exposure induces many 
events, other than glucose starvation, that are essential for cell death. Although the amount of glucose in the 
medium did not significantly decrease within 24 h of acute MPP+ exposure, extracellular lactate levels signifi-
cantly increased within the same period (Fig. 2b,d). α​-Ketoglutarate dehydrogenase (α​-KGDH), an enzyme in the 
tricarboxylic acid (TCA) cycle, is also inhibited by MPP+ in a concentration-dependent manner39,40. Therefore, 
acute MPP+ exposure might strongly suppress TCA cycle activity through α​-KGDH inhibition, leading to an 
increase in extracellular lactate levels.

The presence of Lewy bodies or abnormal protein aggregates has been confirmed in patients with PD, 
dementia with Lewy bodies and other diseases, and both LC3 and p62 have been identified in Lewy bod-
ies from patients’ brains41–43. These reports imply a relationship between abnormal autophagy and Lewy body 
formation. Several groups have reported that MPP+ exposure increases the number of autophagosomes in cell 
cultures. However, consensus has yet to be reached regarding the proposed mechanism underlying this phe-
nomenon because some studies suggest enhanced autophagosome synthesis44–47 and others report impaired 

Figure 5.  Influence of autophagy inhibition on toxicity associated with mild MPP+ exposure. (a) SH-SY5Y 
cells were transfected with siRNA specific for autophagy protein 5 (siAtg5) or scrambled control siRNA for 24 h 
and subsequently exposed to 10 and 200 μ​M MPP+ for 48 h. LC3-II and Atg5 expression levels were analysed by 
western blotting. (b) SH-SY5Y cells were transfected with siAtg5 or scrambled control siRNA for 24 h, followed 
by exposure to 10 and 200 μ​M MPP+ for 48 h. Cell viability was determined by a WST-1 assay. (c) SH-SY5Y cells 
were exposed to 10 and 200 μ​M MPP+ for 48 h with or without 5 mM 3-MA for the last 24 h; LC3-II expression 
was analysed by western blotting. (d) SH-SY5Y cells were exposed to 10 and 200 μ​M MPP+ for 48 h with or 
without 5 mM 3-MA for the last 24 h; cell viability was determined by the WST-1 assay. Data are expressed as 
the means ±​ S.D. from at least three independent experiments.
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autophagosome degradation48,49. This discrepancy implies that the effects of MPP+ exposure on the autophagic 
process vary depending on the exposure condition and/or cell type. In the present study, we revealed glucose 
starvation to be the cause of impaired autophagosome degradation during mild MPP+ exposure (Fig. 3). We fur-
ther suggest that mild MPP+ exposure enhances autophagosome synthesis via glucose starvation (Figs 4 and S1).  
Although we did not detect an increase in LC3-II expression levels in SH-SY5Y cells exposed to mild MPP+ 
within 36 h (Fig. 3a), our results shown in Fig. 4 suggested that autophagosome synthesis was already enhanced 
at 36 h. SH-SY5Y cells were previously found to exhibit minimal increases in LC3-II after nutrient deprivation, 
despite enhanced autophagosome synthesis, whereas treatment with a lysosomal inhibitor or autophagosome 
fusion inhibitor facilitates the detection of increased levels of LC3-II50,51, likely because of high basal autophagic 
flux in cells of neuronal origin52,53. Mature neurons cannot dissipate intracellular protein aggregates through cell 
division; therefore, autophagic quality control of intracellular proteins is crucial for neuronal survival54. Indeed, 
brain-specific autophagy-deficient mice exhibited protein aggregate formation, neuronal cell death and neuro-
degenerative disorder-like symptoms55,56. However, our data showed that the suppression of autophagosome 
synthesis alleviated mild MPP+-induced cell death. Inhibition of autophagosome synthesis did not significantly 
affect the cellular glucose consumption (Fig. S2). Therefore, Enhanced synthesis under the conditions of impaired 
autophagosome degradation might facilitate autophagosome accumulation, thus disrupting intracellular pro-
tein quality control. Zhu et al. investigated the toxicity associated with chronic MPP+ exposure and suggested 
the presence of enhanced autophagosome synthesis via extracellular signal-regulated protein kinases (ERK)57. 
Moreover, these authors suggested that the suppression of autophagosome synthesis reduced cell death. Because 
glucose starvation increases the levels of reactive oxygen, thereby enhancing autophagosome synthesis via p38 
mitogen-activated protein kinases, c-Jun N-terminal protein kinase, or ERK14, our mild MPP+ exposure model 
also likely upregulates ERK through glucose starvation. On the other hand, Zhu et al. confirmed the presence of 
enhanced autophagosome synthesis but not impaired autophagosome degradation57. Therefore, both phenomena 
might have occurred in their chronic model.

In summary, mild MPP+ exposure induced cell death through glucose starvation, accelerated non-degraded 
autophagosome accumulation correlates with cell death and toxicity associated with mild MPP+ exposure differs 
from that associated with acute MPP+ exposure. The present study might reveal the relationship between abnor-
mal glucose metabolism and dysfunctional autophagic machinery in PD.

Methods
Chemicals.  MPP+ iodide and 3-Methladenine were purchased from Sigma-Aldrich, D-(+​)-Glucose from 
Wako, Bafilomycin A1 from Cayman chemical.

Cell cultutre.  Human neuroblastoma SH-SY5Y cells were purchased from American Type Culture Collection 
(ATCC, CRL-2266). The cells were grown in Dulbecco’s modified eagle medium (low-glucose) supplemented 
with 0.854 g/L L-glutamine, 5% fetal bovine serum, 5% horse serum, and 0.2% sodium hydrogen carbonate 
under a humidified atmosphere of 95% air-5% CO2 at 37 °C. For experiments, cells were seeded at a density of 
6.04 ×​ 104 cells/174 μ​L/cm2 and incubated overnight. The medium was changed just before MPP+ treatment in 
all experiments.

Cell viability analysis.  Cell viability was measured with the water-soluble tetrazolium salt (WST)-1 assay. 
The cells were seeded in 96-well plate, incubated overnight. After treatment, cells were incubated for 1 h at 37 °C 
with a mixed solution of WST-1, 1-methoxy-5-methylphenazinium methylsulfate, and DMEM. The absorbance 
of the converted dye was measured at 415 nm using a MultiSkan Go microplate spectrophotometer (Thermo 
Fisher Scientific).

Glucose assay.  Glucose in the culture medium was evaluated using the Glucose colorimetric/fluorometric 
assay kit (Bio Vision, K606-100) according to the manufacture’s instructions. Briefly, cells were seeded in a 24-well 
plate, incubated overnight, and treated with MPP+. The culture medium were collected and then centrifuged at 
400×​ g for 5 min at 4 °C. Aliquot of supernatant from each samples was added to the reaction solution and incu-
bated for 30 min at 37 °C. The absorbance at 570 nm was measured with a plate reader.

Glycolytic activity assay.  Glycolytic activity was determined by measuring the amount of L-lactate, the 
end product of glycolysis. The activity was measured using glycolysis cell-based assay kit (Cayman chemical, 
600450) according to the product manual. Briefly, cells were seeded in a 96-well plate, incubated overnight, and 
treated with MPP+. The culture medium were collected and then centrifuged at 400×​ g for 5 min at 4 °C. Aliquot 
of supernatant from each samples was added to the reaction solution and incubated with gentle shaking on an 
orbital shaker for 30 min. The absorbance at 490 nm was measured with a plate reader.

1% NP-40-soluble and –insoluble fraction.  The cells were seeded in 60-mm dish, incubated overnight, 
and treated with MPP+. After treatment cells were washed three times with PBS(−​), then lysed with TNE buffer 
containing 1% Nonidet P-40 [20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM 
sodium fluoride, 1 mM sodium orthovanadate, 1% protease inhibitor cocktail]. The cell lysates were sonicated on 
ice, rotated for 30 min at 4 °C, and centrifuged at 22,000×​ g for 20 min at 4 °C. The supernatants were collected as 
1% Nonidet P-40-soluble fractions. Then, the pellets were further lysed in TNE buffer containing 2% SDS [20 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% SDS, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 
1% protease inhibitor cocktail], sonicated on ice, rotated for 30 min at room temperature (RT), and collected as 
1% Nonidet P-40-insoluble fractions. Protein concentration of each sample extract was determined with Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific, 23227). Cell lysates were heated with Laemmli’s sample buffer 
at 95 °C for 5 min.
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Immunoblot analysis.  Equivalent amounts of protein (5–20 μ​g) from each sample were loaded and sepa-
rated on SDS-PAGE, then transferred to a PVDF membrane. Membranes were blocked with 5% skim milk in TBS 
supplemented with 0.1% Tween 20 (TBS-T) for 1 h at RT. The membranes were probed with anti-LC3 anti body 
(MBL, PM036), anti-p62/SQSTM1 antibody (MBL, M162-3), anti-phospho-AMPK α​ (Thr172) (Cell Signaling, 
#2535), anti-AMPK α​ (Cell Signaling, #2532), anti-phospho-ACC (Ser79) (Cell signaling, #3661), anti-ACC 
(Cell Signaling, #3662), anti-phospho-mTOR (Ser2448) (Cell signaling, #5536), anti-mTOR (Cell Signaling, 
#2972), anti-phospho-p70 S6K (T421/S424) (R&D Systems, AF8965), anti-p70 S6K (R&D Systems, AF8962), 
anti-Atg5 (MBL, PM050), or anti-β​-actin antibody (Sigma-Aldrich, A5441) diluted in 5% skim milk or Can Get 
Signal® Immunoreaction Enhancer Solution (TOYOBO) for 2 h at RT or overnight at 4 °C. After washing with 
TBS-T three times, membranes were probed with HRP-conjugated goat anti-rabbit IgG antibody (Sigma-Aldrich, 
A9169) or HRP-conjugated anti-mouse IgG antibody (Sigma-Aldrich, A9044) for 1 h at RT. After washing with 
TBS-T three times, membranes were incubated Chemi-Lumi One L (Nacalai Tesque) or Chemi-Lumi One Ultra 
(Nacalai Tesque). Specific bands were detected using a luminescent image analyzer (GE Healthcare, ImageQuant 
LAS 4000); relative band intensities were quantified by densitometric analysis using Image J.

Immunocytochemical analyses.  SH-SY5Y cells were seeded in poly-d-lysine-coated four-well chamber 
slides (BD Biosciences, 354577) and incubated overnight at 37 °C in a humidified 5% CO2 incubator. Cells were 
exposed to MPP+ as indicated, washed with PBS(−​), and fixed with 4% paraformaldehyde in PBS(−​) for 10 min 
at RT. Fixed cells were washed with PBS(−​), permeabilized twice with PBS(−​) containing 0.1% triton X-100 
(PBS-Tx) for 15 min at RT, blocked with 3% BSA in PBS-Tx for 1 h, and incubated with a rabbit anti-Atg16L anti-
body (MBL, PM040) diluted in PBS-Tx for 2 h for RT. Labeled cells were then washed three times with PBS-Tx, 
incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life Technologies, A11008) diluted in PBS-Tx 
for 1 h at RT in the dark, washed three times with PBS(−​), incubated with 600 nM DAPI (Life Technologies, 
D1306) in PBS(−​) for 5 min at RT in the dark, washed twice in PBS(−​), and mounted in Prolong Diamond anti-
fade reagent (Life Technologies, P36961). After incubation overnight, slides were observed under a confocal laser 
scanning microscope (Olympus, FV1000-D IX81). Images were processed using ImageJ software. Graph: Average 
number of Atg16L-positive puncta per cell. At least n =​ 10 fields with at least 100 cells per condition from three 
independent experiments.

RNA interference.  Silencing of Atg5 was performed with siAtg5 (Ambion, s18158 and s18160) or scrambled 
control (Ambion, AM4611). Transfection of siRNAs (10 nM) was performed using Lipofectamine RNAiMAX 
Transfection Reagent (Thermo Fisher Scientific) according to the manufacture’s protocol. 24 h after transfection, 
cells were transferred into the appropriate plate or dish for experiments.

Statistical analysis.  Data are expressed as the mean ±​ standard deviations (S.D.) from at least three 
independent experiments. Significant differences between multiple independent groups were determined by 
Tukey-Kramer test with probability value (p) <​ 0.05 considered significant.

References
1.	 Mihatsch, W., Russ, H. & Przuntek, H. Intracerebroventricular administration of 1-methyl-4-phenylpyridinium ion in mice: effects 

of simultaneously administered nomifensine, deprenyl, and 1-t-butyl-4,4-diphenylpiperidine. J. Neural Transm. 71, 177–188 (1988).
2.	 Buckman, T. D. Toxicity of MPTP and structural analogs in clonal cell lines of neuronal origin expressing B type monoamine 

oxidase activity. Mol. Chem. Neuropathol. 15, 87–102 (1991).
3.	 Meredith, G. E. & Rademacher, D. J. MPTP mouse models of Parkinson’s disease: An update. J. Parkinsons. Dis. 1, 19–33 (2011).
4.	 Petroske, E., Meredith, G. E., Callen, S., Totterdell, S. & Lau, Y. S. Mouse model of Parkinsonism: a comparison between subacute 

MPTP and chronic MPTP/probenecid treatment. Neuroscience 106, 589–601 (2001).
5.	 Meredith, G. et al. Lysosomal malfunction accompanies alpha-synuclein aggregation in a progressive mouse model of Parkinson’s 

disease. Brain Res. 956, 156–165 (2002).
6.	 Meredith, G. E., Totterdell, S., Potashkin, J. a. & Surmeier, D. J. Modeling PD pathogenesis in mice: advantages of a chronic MPTP 

protocol. Parkinsonism Relat. Disord. 14 Suppl 2, S112–5 (2008).
7.	 Schmidt, N. & Ferger, B. Neurochemical findings in the MPTP model of Parkinson’s disease. J. Neural Transm. 108, 1263–1282 

(2001).
8.	 Miyara, M., Kotake, Y., Tokunaga, W., Sanoh, S. & Ohta, S. Mild MPP+​ exposure impairs autophagic degradation through a novel 

lysosomal acidity-independent mechanism. J. Neurochem. 139, 294–308 (2016).
9.	 Cleeter, M. W. J., Cooper, J. M. & Schapira, A. H. V. Irreversible Inhibition of Mitochondrial Complex I by 1‐Methyl‐4‐

Phenylpyridinium: Evidence for Free Radical Involvement. J. Neurochem. 58, 786–789 (1992).
10.	 Marini, A. M. & Nowak, T. S. Metabolic effects of 1-methyl-4-phenylpyridinium (MPP+​) in primary neuron cultures. J. Neurosci. 

Res. 62, 814–820 (2000).
11.	 Mizushima, N., Yoshimori, T. & Ohsumi, Y. The Role of Atg Proteins in Autophagosome Formation. Annu. Rev. Cell Dev. Biol. 27, 

107–132 (2011).
12.	 Cuervo, A. M. & Macian, F. Autophagy, nutrition and immunology. Mol. Aspects Med. 33, 2–13 (2012).
13.	 Sengupta, S., Peterson, T. R. & Sabatini, D. M. Regulation of the mTOR Complex 1 Pathway by Nutrients, Growth Factors, and 

Stress. Mol. Cell 40, 310–322 (2010).
14.	 Moruno, F., Pérez-Jiménez, E. & Knecht, E. Regulation of Autophagy by Glucose in Mammalian Cells. Cells 1, 372–395 (2012).
15.	 Kabeya, Y. et al. LC3, a mammalian homolog of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. 

19, 5720–5728 (2000).
16.	 Mizushima, N. et al. Mouse Apg16L, a novel WD-repeat protein, targets to the autophagic isolation membrane with the Apg12-Apg5 

conjugate. J Cell Sci 116, 1679–1688 (2003).
17.	 Matsushita, M. et al. Structure of Atg5 · Atg16, a complex essential for autophagy. J. Biol. Chem. 282, 6763–6772 (2007).
18.	 Li, M. et al. Suppression of lysosome function induces autophagy via a feedback down-regulation of MTOR complex 1 (MTORC1) 

activity. J. Biol. Chem. 288, 35769–35780 (2013).
19.	 Caro, L. H., Plomp, P. J., Wolvetang, E. J., Kerkhof, C. & Meijer, A. J. 3-Methyladenine, an inhibitor of autophagy, has multiple effects 

on metabolism. Eur. J. Biochem. 175, 325–329 (1988).
20.	 Xue, L., Borutaite, V. & Tolkovsky, A. M. Inhibition of mitochondrial permeability transition and release of cytochrome c by anti-

apoptotic nucleoside analogues. Biochem. Pharmacol. 64, 441–449 (2002).



www.nature.com/scientificreports/

1 0Scientific REPOrtS | 7:46668 | DOI: 10.1038/srep46668

21.	 Wu, Y. T. et al. Dual role of 3-methyladenine in modulation of autophagy via different temporal patterns of inhibition on class I and 
III phosphoinositide 3-kinase. J. Biol. Chem. 285, 10850–10861 (2010).

22.	 Reinhard, J. F., Carmichael, S. W. & Daniels, a. J. Mechanisms of toxicity and cellular resistance to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine and 1-methyl-4-phenylpyridinium in adrenomedullary chromaffin cell cultures. J. Neurochem. 55, 311–320 
(1990).

23.	 Mazzio, E. A. & Soliman, K. F. A. Effects of enhancing mitochondrial oxidative phosphorylation with reducing equivalents and 
ubiquinone on 1-methyl-4-phenylpyridinium toxicity and complex I-IV damage in neuroblastoma cells. Biochem. Pharmacol. 67, 
1167–1184 (2004).

24.	 Maruoka, N. et al. Topological and chronological features of the impairment of glucose metabolism induced by 1-methyl-4-
phenylpyridinium ion (MPP+​) in rat brain slices. J. Neural Transm. 114, 1155–1159 (2007).

25.	 Chalmers-redman, R. M. E., Fraser, A. D. M., Carlile, G. W., Pong, A. & Tatton, W. G. Glucose Protection from MPP+-Induced 
Apoptosis Depends on Mitochondrial Membrane Potential and ATP Synthase. Biochem. Biophys. Res. Commun. 257, 440–447 
(1999).

26.	 González-Polo, R. A., Soler, G., Alonso, J. C., Rodrı ́​guez-Martı ́​n, A. & Fuentes, J. M. MPP(+​) causes inhibition of cellular energy 
supply in cerebellar granule cells. Neurotoxicology 24, 219–225 (2003).

27.	 Mazzio, E. & Soliman, K. F. a. D-(+​)-glucose rescue against 1-methyl-4-phenylpyridinium toxicity through anaerobic glycolysis in 
neuroblastoma cells. Brain Res. 962, 48–60 (2003).

28.	 Williams, Z. R., Goodman, C. B. & Soliman, K. F. A. Anaerobic glycolysis protection against 1-methy-4-phenylpyridinium (MPP+​)  
toxicity in C6 glioma cells. Neurochem. Res. 32, 1071–1080 (2007).

29.	 Bellucci, A. et al. Alpha-synuclein aggregation and cell death triggered by energy deprivation and dopamine overload are 
counteracted by D2/D3 receptor activation. J. Neurochem. 106, 560–577 (2008).

30.	 Fornai, F. et al. Parkinson-like syndrome induced by continuous MPTP infusion: convergent roles of the ubiquitin-proteasome 
system and alpha-synuclein. Proc. Natl. Acad. Sci. 102, 3413–3418 (2005).

31.	 Vincent, A. et al. Parkin-induced defects in neurophysiology and locomotion are generated by metabolic dysfunction and not 
oxidative stress. Hum. Mol. Genet. 21, 1760–1769 (2012).

32.	 Zhang, C. et al. Parkin, a p53 target gene, mediates the role of p53 in glucose metabolism and the Warburg effect. Proc. Natl. Acad. 
Sci. 108, 16259–64 (2011).

33.	 Yao, Z. et al. Cell metabolism affects selective vulnerability in PINK1-associated Parkinson’s disease. J. Cell Sci. 124, 4194–202 
(2011).

34.	 Requejo-Aguilar, R. et al. PINK1 deficiency sustains cell proliferation by reprogramming glucose metabolism through HIF1. Nat. 
Commun. 5, 4514 (2014).

35.	 Requejo-Aguilar, R. et al. DJ1 represses glycolysis and cell proliferation by transcriptionally up-regulating pink1. Biochem. J. 467, 
303–310 (2015).

36.	 Agnihotri, S. et al. PINK1 is a negative regulator of growth and the warburg effect in glioblastoma. Cancer Res. 76, 4708–4719 
(2016).

37.	 Batelli, S. et al. DJ-1 modulates α​-synuclein aggregation state in a cellular model of oxidative stress: Relevance for Parkinson’s 
Disease and involvement of HSP70. PLoS One 3, e1884 (2008).

38.	 Liu, W. et al. PINK1 defect causes mitochondrial dysfunction, proteasomal deficit and alpha-synuclein aggregation in cell culture 
models of Parkinson’s disease. PLoS One 4, e4597 (2009).

39.	 Mizuno, Y., Saitoh, T. & Sone, N. Inhibition of mitochondrial alpha-ketoglutarate dehydrogenase by 1-methyl-4-phenylpyridinium 
ion. Biochem. Biophys. Res. Commun. 143, 971–976 (1987).

40.	 McNaught, K. S. et al. Inhibition of alpha-ketoglutarate dehydrogenase by isoquinoline derivatives structurally related to 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Neuroreport 6, 1105–1108 (1995).

41.	 Zatloukal, K. et al. p62 Is a common component of cytoplasmic inclusions in protein aggregation diseases. Am. J. Pathol. 160, 
255–263 (2002).

42.	 Higashi, S. et al. Localization of MAP1-LC3 in vulnerable neurons and Lewy bodies in brains of patients with dementia with Lewy 
bodies. J. Neuropathol. Exp. Neurol. 70, 264–280 (2011).

43.	 Tanji, K., Mori, F., Kakita, A., Takahashi, H. & Wakabayashi, K. Alteration of autophagosomal proteins (LC3, GABARAP and GATE-
16) in Lewy body disease. Neurobiol. Dis. 43, 690–697 (2011).

44.	 Zhu, J. H. et al. Regulation of autophagy by extracellular signal-regulated protein kinases during 1-methyl-4-phenylpyridinium-
induced cell death. Am. J. Pathol. 170, 75–86 (2007).

45.	 Wong, A. S. L. et al. Cdk5-mediated phosphorylation of endophilin B1 is required for induced autophagy in models of Parkinson’s 
disease. Nat. Cell Biol. 13, 568–579 (2011).

46.	 Rodríguez-Blanco, J. et al. Cooperative action of JNK and AKT/mTOR in 1-methyl-4-phenylpyridinium-induced autophagy of 
neuronal PC12 cells. J. Neurosci. Res. 90, 1850–1860 (2012).

47.	 Nopparat, C., Porter, J. E., Ebadi, M. & Govitrapong, P. 1-Methyl-4-phenylpyridinium-induced cell death via autophagy through a 
Bcl-2/Beclin 1 complex-dependent pathway. Neurochem. Res. 39, 225–232 (2014).

48.	 Dehay, B. et al. Pathogenic lysosomal depletion in Parkinson’s disease. J. Neurosci. 30, 12535–44 (2010).
49.	 Lim, U. et al. Binding preference of p62 towards LC3-II during dopaminergic neurotoxin-induced impairment of autophagic flux. 

Autophagy 7, 51–60 (2011).
50.	 Michiorri, S. et al. The Parkinson-associated protein PINK1 interacts with Beclin1 and promotes autophagy. Cell Death Differ. 17, 

962–974 (2010).
51.	 Castino, R., Fiorentino, I., Cagnin, M., Giovia, A. & Isidoro, C. Chelation of lysosomal iron protects dopaminergic SH-SY5Y 

neuroblastoma cells from hydrogen peroxide toxicity by precluding autophagy and Akt dephosphorylation. Toxicol. Sci. 123, 
523–541 (2011).

52.	 Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 8, 445–544 (2012).
53.	 Klionsky, D. J. et al. Guidelines for use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12, 1–222 

(2016).
54.	 Martinez-Vicente, M. & Cuervo, A. M. Autophagy and neurodegeneration: when the cleaning crew goes on strike. Lancet Neurol. 6, 

352–361 (2007).
55.	 Hara, T. et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 441, 885–889 (2006).
56.	 Komatsu, M. et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature 441, 880–884 (2006).
57.	 Zhu, J. H. et al. Impaired mitochondrial biogenesis contributes to depletion of functional mitochondria in chronic MPP+ toxicity: 

dual roles for ERK1/2. Cell Death Dis. 3, e312 (2012).

Acknowledgements
The confocal laser scanning microscopy was carried out at the Analysis Center of Life Science, Natural Science 
Center for Basic Research and Development, Hiroshima University. This work was supported by Japan Society 
for the Promotion of Science (JSPS) Grants-in-Aid for Scientific Research (B) Grant Number 24406004 (to Y.K.), 
The Pharmacological Research Foundation, Tokyo, Japan (to Y.K.), and Suzuken Memorial Foundation (to Y.K.).



www.nature.com/scientificreports/

1 1Scientific REPOrtS | 7:46668 | DOI: 10.1038/srep46668

Author Contributions
S. Sakamoto, M.M. and Y.K. designed the project. S. Sakamoto performed the experiments. S. Sanoh and S.O. held 
significant discussion.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Sakamoto, S. et al. Mild MPP+​ exposure-induced glucose starvation enhances 
autophagosome synthesis and impairs its degradation. Sci. Rep. 7, 46668; doi: 10.1038/srep46668 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Mild MPP+ exposure-induced glucose starvation enhances autophagosome synthesis and impairs its degradation
	Introduction
	Results
	The toxic effects of mild MPP+ exposure are distinct compared with those of acute MPP+ exposure
	Mild MPP+, but not acute toxic, exposure induces glucose starvation, leading to cell death
	Mild MPP+-induced glucose starvation facilitates autophagosome accumulation
	Mild MPP+ exposure enhances autophagosome synthesis
	Enhanced autophagosome synthesis contributes to toxicity associated with mild MPP+ exposure

	Discussion
	Methods
	Chemicals
	Cell cultutre
	Cell viability analysis
	Glucose assay
	Glycolytic activity assay
	1% NP-40-soluble and –insoluble fraction
	Immunoblot analysis
	Immunocytochemical analyses
	RNA interference
	Statistical analysis

	Additional Information
	Acknowledgements
	References




