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Wang et al.: Trehalose Inhibits Autophagic Death in Dopaminergic SH-SY5Y Cells

The goal of this study was to explore the regulatory mechanism of trehalose on the autophagy death of SH-
SY5Y cells induced by oxygen and sugar deprivation from the aspect of glycolysis. Human SH-SY5Y cells 
were divided into three groups includes control group (control), model group (oxygen and sugar deprivation) 
and experimental group (oxygen and sugar deprivation+trehalose). The proliferation activity, mortality of 
SH-SY5Y cells, adenosine triphosphate and pyruvic acid were measured. Western blot was carried out to 
detect the expression levels of autophagic-related proteins (Unc-51 like autophagy activating kinase 1, beclin 
1, autophagy related 5, microtubule-associated protein 1A/1B-light chain 3, ubiquitin-binding protein p62), 
glycolysis-related proteins (hexokinase 2, phosphofructokinase, pyruvate kinase M2) and activated protein 
kinase signalling pathway proteins. Compared with the control group, the autophagy level of the oxygen and 
sugar deprivation group was increased in a time-dependent manner (p<0.05). Cell mortality was increased 
(p<0.05) and the expressions of hexokinase 2, phosphofructokinase, pyruvate kinase M2 were decreased 
(p<0.05). The expression levels of activated protein kinase signalling pathway related proteins was up-
regulated (p<0.05). On the contrary, the cell death rate and autophagy level of the experimental group were 
significantly lower than that of the model group. The protein levels of hexokinase 2, phosphofructokinase, 
pyruvate kinase M2 were up-regulated and the difference was statistically significant (p<0.05). Trehalose 
can reduce the damage of SH-SY5Y cells caused by oxygen and sugar deprivation. The mechanism may be 
related to the improvement of glycolysis dysfunction and alleviation of autophagy over activation of activated 
protein kinase.
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Ischemic cerebrovascular disease is a common 
neurological disease with an incidence of approximately 
16 % of the global population[1]. Ischemic 
cerebrovascular disease refers to cerebral blood supply 
disorders that occur on the basis of cerebrovascular 
lesions or hemodynamic disorders, resulting in a 
series of neurological deficits. Its pathophysiological 
mechanisms involve various biological events such 
as neuronal apoptosis, oxidative stress, endoplasmic 
reticulum stress and inflammatory cascade[2-5]. Although 
the success rate of endovascular treatment has been 
significantly improved in recent years, there is still a 
lack of effective treatment. 

Glycolysis refers to the process by which glucose 
is decomposed into pyruvate in the cytoplasm and 
produces large amounts of lactate[6]. In the early stage 
of ischemia and hypoxia, cells will increase the energy 
supply to the ischemic area, especially the functional 
area of the ischemic penumbra, by regulating 
glycolysis. Autophagy is a process that relies on 
lysosomal pathways for the degradation of cytoplasmic 
proteins and organelles and plays an important role 
in the pathology of brain injury such as hypoxia 
ischemia[3]. Autophagy is activated when glycolysis is 
impaired and becomes the driving force of Adenosine 
Triphosphate (ATP) oxidative phosphorylation. In cells 
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that are highly dependent on glycolysis to provide 
energy, adenylate accumulation (increased Adenosine 
Monophosphate (AMP)/ATP ratio) and AMP-Activated 
Protein Kinase (AMPK) pathway activation are usually 
the main reasons for triggering autophagy[6]. Glycolytic 
dysfunction has been found to cause energy failure 
and further trigger autophagy, ultimately leading to 
autophagic cell death[7-10]. Therefore, it is important 
to improve cellular glucose metabolism and energy 
supply to reduce neuronal injury for cerebral ischemic 
damage[4]. 

Trehalose is a safe and stable disaccharide composed 
of two molecules of glucose[11] which is both an energy 
source and an important stress protectant[12] and it can 
rescue cell death by inhibiting the over activation of 
autophagy, oxidative stress, endoplasmic reticulum 
stress and acting as a chaperone in the SH-SY5Y cell 
oxygen-glucose deprivation model[13-15]. In this study, 
we established a SH-SY5Y oxygen-glucose deprivation 
model to study the regulatory role of glycolysis in 
autophagic death and the intervention mechanism of 
trehalose, providing potential therapeutic drugs for the 
treatment of ischemic cerebrovascular disease. 

MATERIALS AND METHODS

Establishment of cell culture and Oxygen Glucose 
Deprivation (OGD) models:

SH-SY5Y cells were obtained from Shanghai Institute 
of Cell Biology, Chinese Academy of Sciences. Cell 
cultures were maintained in Dulbecco's Modified 
Eagle Medium (DMEM) containing 10 % fetal bovine 
serum; penicillin (100 U/ml) and streptomycin (100 
µg/ml) were placed in an incubator at 37° and 5 % 
Carbon Dioxide (CO2) with medium changes twice a 
week. Logarithmically growing cells were seeded into 
96-well plates (5-6×103/well) and the next day, the 
adherent cells were replaced with sugar-free medium, 
placed in a hypoxic culture device and filled with a 
mixture of 5 % CO2 and 95 % nitrogen and cultured in 
a constant temperature incubator at 37° for 24 h. After 
24 h, the drug is successively added and processed with 
OGD. The cell death rate is detected according to the 
Lactate Dehydrogenase (LDH) kit (Biyuntian, China). 
The absorbance value of the detected sample at 490 
nm and the cell death rate percentage=(sample-control/
Amax-control)×100 %. 

Lentiviral Light Chain 3 (LC3) transfection into 
SH-SY5Y cells:

Select SH-SY5Y cells with good selection status and 
strictly follow the reagent instructions to set the density 

as (3-5)×104 per ml cells were seeded in 2.5 cm culture 
dishes and placed in a cell incubator for routine culture. 
Replace the culture medium by referring to the volume 
in the instructions for use and add the corresponding 
infection enhancement solution, place the cells in 37° 
incubator for cultivation for 12~16 h and then perform 
routine culture. 

ATP and pyruvate determination:

ATP production and pyruvate production were 
measured according to the instructions of the ATP 
kit and the instructions of the pyruvate content kit, 
respectively. ATP generation amount of cells (µmol/
g)=(assay well-control well)/(standard well-blank 
well)×standard concentration (1×103)/sample protein 
concentration (g/l). Pyruvate generation amount (µmol/
mg)=standard concentration×(measured value-blank 
Optical Density (OD) value)/(standard OD value-
blank OD value)÷protein concentration of sample to be 
tested. The detection of ATP production and pyruvate 
production was statistically analysed and plotted with 
Graphpad Prism 6.0. 

Detection of related protein expression in cells of 
each group by Western blot: 

The supernatant of cells to be detected was discarded, 
washed twice with precooled phosphate-buffered saline 
and placed on an ice plate, lysed with cell lysate for 
30 min and protein quantification was performed 
by Bicinchoninic Acid (BCA) assay. Each group of 
samples was separated on 10 % sodium dodecyl-
sulfate polyacrylamide gel electrophoresis gel and 
then transferred to polyvinylidene fluoride membrane 
(Millipore USA). 5 % skimmed milk powder was 
blocked at room temperature for 1 h and then incubated 
at 4° for primary antibody. The specific amount of 
primary antibody used was as follows: Anti-Unc-51 
Like Autophagy Activating Kinase 1 (anti-ULK1) 
(CST 8054, 1:1000, USA), anti-phospho-ULK1 (anti-p-
ULK1) (CST 5869, 1:1000, USA), anti-AMP-Activated 
Protein Kinase (anti-AMPK) (CST 9158, 1:1000, USA) 
and anti-phospho-AMPK (anti-p-AMPK) (CST 50081, 
1:1000, USA), anti-LC3 (Sigma SAB1305638, 1:1000, 
USA), anti-beclin 1 (CST 3495, 1:1000, USA), anti-
Autophagy Related 5 (ATG5) (CST 12994, 1:1000, 
USA), anti-ubiquitin-binding protein p62 (Abcam 
ab109012, 1:1000, USA), anti-Hexokinase 2 (HKII) 
(Abcam ab209847, 1:1000, USA), anti-Pyruvate 
Kinase M2 (PKM2) (Abcam ab85555, ab85555, USA) 
1:1000 in the US), anti-Phosphofructokinase (PFKP) 
(CST company 12746, 1:1000 in the US); the next 
day, the secondary antibody was incubated at room 
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temperature for 2 h. The enhanced chemiluminescence 
kit was luminescent developed in the dark room and 
the image was obtained by the gel imaging system. The 
bands were densitometrically analyzed with ImageJ. 

Statistical analysis:

All statistical analyses were performed using Statistical 
Package for the Social Sciences (SPSS) 22.0 software 
and plotted with the software Graphpad Prism 6.0 and 
the experimental data were expressed as mean±standard 
deviation. Statistical comparisons were performed 
using one-way Analysis of Variance (ANOVA). In some 
cases, t-tests were used to compare means between two 
groups. Data are presented as Standard Error of the 
Mean (SEM). Differences were considered statistically 
significant at p<0.05.

RESULTS AND DISCUSSION

LDH release assay showed that SH-SY5Y cells had 
increased cell mortality under OGD (fig. 1A) and the 
results of Western blot showed that beclin1, ATG5 and 
LC3 as autophagy marker proteins had increased protein 
expression and decreased p62 protein expression under 
OGD (fig. 1B). We found numerous red and green 
fluorescent spots in cells treated with OGD for 24 h and 
yellow fluorescent spots in merged images compared 
to controls (fig. 1C). This suggests that OGD promotes 
LC3 formation. Points in the merged image with only 
red but no green fluorescence were also detected 
(arrow). Key evidence for autophagic flux, because 
during autophagy-lysosome fusion, sensGFP-LC3 is 
sensitive to the lysosomal acidic microenvironment 
and undergoes degradation. Thus, we demonstrate that 
autophagic flux is activated in cells exposed to OGD. 

LDH release assay showed that pretreatment with 
autophagy inhibitor 3-Methyladenine (3-MA) (5 
mmol/l), inhibited OGD-induced SH-SY5Y cell death 
(fig. 2A) and after ATG5 small interfering Ribonucleic 

Acid (siRNA) knockdown, SH-SY5Y cell death rate 
was decreased compared with the OGD group (fig. 2B). 
The results of Western blot assay showed that 3MA 
pretreatment reversed beclin1, ATG5, LC3 and p62 
under the condition of OGD (fig. 2C) and ATG5 siRNA 
knockdown reversed the expression of autophagy 
related proteins (fig. 2D).

Glycolysis acts as one of the major energy production 
pathways during ischemia and hypoxia and its 
dysfunction leads to a decrease in the energy end 
products ATP and pyruvate (fig. 3A and fig. 3B). 
Western blot results suggested that HKII, a key rate-
limiting enzyme of glycolysis and PFKP and PKM2 
protein levels were down-regulated in a time-dependent 
manner with the duration of OGD exposure (fig. 3C); 
LDH release assay: Pre-Autophagosomal Structure 
(PAS) simultaneously rescued SH-SY5Y cell death rate 
(fig. 3D). PAS Changes in autophagy-related proteins 
were reversed after pretreatment (fig. 3E). 

The results of LDH assay indicated that compound 
C (20 µmol/l), an AMPK inhibitor, alleviated OGD 
induced cell death in SH-SY5Y cells (fig. 4A); AMPK, 
p-AMPK, ULK1 and p-ULK1 were activated in a time-
dependent manner under OGD (fig. 4B); compound 
C not only inhibited the protein expression of AMPK 
and p-AMPK, but also inhibited the expression of 
autophagy related proteins (fig. 4C and fig. 4D).

Trehalose significantly reduced OGD-induced cell 
death in SH-SY5Y cells (fig. 5A). Western blot results: 
Trehalose reversed the OGD-induced up-regulation of 
LC3, beclin1, ATG5 and down-regulation of p62 (fig. 
5B), trehalose alleviated the OGD-induced upregulation 
of protein expression of AMPK, p-AMPK (fig. 5C). 
Trehalose upregulated the protein expression of HKII, 
PFKP and PKM2 which are key rate limiting enzymes 
of glycolysis (fig. 5D). 

Fig. 1: OGD triggered SH-SY5Y cell death accompanied by activation of cellular autophagy levels, (A) LDH release assay indicat-
ed that OGD triggered SH-SY5Y cell death; (B) Western blot analysis showed that OGD induced the activation of autophagy in 
SH-SY5Y cells and (C) StubRFP-sens-GFP-LC3 lentivirus was transfected into SH-SY5Y cells and autophagy flux was changed in 
SH-SY5Y cells
Note: *p<0.05 compared with control group
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Fig. 2: OGD induced autophagic death of SH-SY5Y cells, (A) LDH release assay showed that 3MA inhibited OGD-induced cell death 
in SH-SY5Y cells; (B) LDH release assay showed that cell mortality was reduced after ATG5 siRNA knockdown; (C) Western blot 
assay results showed that 3MA pre-treatment reversed the protein expression of beclin 1, ATG5, LC3 and p62 proteins in response 
to OGD and (D) Western blot analysis showed that ATG5 siRNA knockdown reversed the expression of autophagy related proteins
Note: *p<0.05 compared with the control group

Fig. 3: OGD causes glycolysis dysfunction and autophagic death, (A, B) ATP and pyruvate detection results suggested that OGD 
led to a decrease in cellular ATP and pyruvate production and trehalose pre-treatment could increase cellular ATP and pyruvate 
production; (C) Western blot results showed that OGD induced a down-regulation of the expression of HKII, PFKP and PKM2, key 
rate-limiting enzymes of glycolysis; (D) LDH release assay showed that PAS pre-treatment alleviated OGD-induced SH-SY5Y cell 
death and (E) Western blot results showed that PAS pre-treatment reversed OGD-induced autophagy-related protein expression, 
(     ) Control;(     ) trehalose; (     ) OGD and (     ) OGD+trehalose 
Note: *p<0.05 compared with the control group
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Fig. 4: OGD induced autophagic death of SH-SY5Y cells by activating AMPK, (A) LDH release assay showed that compound C 
pre-treatment alleviated OGD-induced cell death in SH-SY5Y cells; (B) Western blot analysis showed that OGD can be activat-
ed in a time-dependent manner AMPK signaling pathway also induced up-regulation of ULK1 and p-ULK1 protein expression; 
(C) Pre-treatment with compound C inhibited AMPK, p-AMPK, ULK1 and p-ULK1 protein expression and (D) Compound C 
pre-treatment inhibited autophagy-related protein expression, (      ) Control, (      ) compound C, (      ) OGD and (      ) OGD+com-
pound C
Note: *p<0.05 compared with the control group

Fig. 5: Trehalose can alleviate cellular autophagic death by improving glycolytic dysfunction to increase cellular energy supply, (A) 
LDH release assay showed that trehalose pre-treatment alleviated OGD-induced cell death in SH-SY5Y cells; (B) Western blot anal-
ysis showed that trehalose alleviated the excessive activation of autophagy in cells resulting from OGD; (C) Trehalose pre-treatment 
alleviated OGD-induced AMPK, p-AMPK, ULK1 and p-ULK1 protein expression and (D) Trehalose pre-treatment up-regulated 
protein expression of HKII, PFKP, PKM2, key rate-limiting enzymes of glycolysis 
Note: *p<0.05 compared with the control group
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Oxyglucose deprivation has been shown to induce 
neuronal autophagy, which acts as an intracellular 
catabolic process. Damaged proteins and organelles 
are destroyed through lysosome-dependent pathways 
to restore homeostasis, but autophagy is a double-
edged sword in ischemic brain injury and its function 
is somewhat controversial. Although it has been 
reported that activation of autophagy attenuates 
cerebral infarction volume caused by local ischemia 
and reperfusion, it has also been found that excessive 
activation of autophagy is found to explain exacerbating 
brain injury caused by transient ischemia[16,17]. It has 
been reported that mitochondrial fusion protein 2 
improves cerebral ischemia-reperfusion injury mainly 
by activating autophagy in primary cultured neurons[7]. 
However, some findings have shown that the autophagy 
inhibitors 3-MA and bafilomycin A1 can reduce infarct 
volume and the degree of brain edema in a rat model of 
cerebral ischemia by inhibiting autophagy[7]. We found 
that the expression of autophagy-related proteins LC3, 
beclin 1 and ATG5 was increased and the expression 
of p62 protein was decreased under OGD and 
immunofluorescence microscopy showed that LC3-
labeled autolysosomes were increased and it is generally 
accepted that the increase in autophagic flux is a strong 
evidence of autophagy activation[18]; meanwhile, 
autophagy inhibitors 3MA and ATG5 siRNA could 
inhibit OGD induced SH-SY5Y cell death, which is 
consistent with previous findings that inhibition of 
excessive activation of autophagy could rescue OGD-
induced SH-SY5Y death[14]. Therefore, we suggest 
that OGD causes excessive activation of autophagy in 
SH-SY5Y cells which causes cell autophagic death. 
The difference in the protective role that this study 
plays for autophagy in previous reports may be due to 
the different cell lines used in the experiment and the 
context in which autophagy was induced. 

In the pathogenesis of cerebral ischemic injury, 
irreversible damage to neural cells occurs due to the 
complete cessation of glucose and oxygen supply 
in the ischemic core area. Glucose serves as a major 
source of energy required for brain activity and its 
uptake/metabolic dysfunction is associated with 
the development of a variety of neurodegenerative 
diseases[19]. Studies have found that brain tissue is highly 
susceptible to glucose metabolism disorders due to high 
energy requirements and high glucose consumption[20]. 
Therefore, ischemic cerebrovascular disease often 
causes cell death due to energy failure blood supply 
area. Therefore, improving glucose metabolism is 
important for the treatment of cerebral ischemic injury. 

The results of this study showed that HKII, PFKP and 
PKM2 were down-regulated under OGD treatment and 
the ATP and pyruvate contents in SH-SY5Y cells were 
significantly reduced, suggesting that we could induce a 
decrease in the expression of key enzymes of glycolysis 
in SH-SY5Y cells by OGD leading to a decrease in 
ATP production caused by glycolytic dysfunction. 
Considering that OGD can cause both autophagic death 
and glycolytic dysfunction in SH-SY5Y cells, it provides 
us with research direction to explore the relationship 
between glycolysis and autophagic death. It has been 
reported that HKII controls the state of cellular energy 
homeostasis mediated by glycolysis and mammalian 
Target of Rapamycin Complex 1 (mTORC1). HKII 
detects binding and inhibits mTORC1 and enhances 
autophagy after glucose consumption[21]. Up regulation 
of PKM2 protein levels caused by pharmacological 
levels is involved in inhibiting the cellular autophagy 
pathway[22].

PFKP is a rate-controlling enzyme of the glycolytic 
pathway and a recent study reported that PFKP 
significantly inhibited LC3-II and ATG5 expression 
and reduced starvation-mediated autophagy in oral 
squamous cell carcinoma[23] and differently, PFKP 
down-regulation has also been reported to induce 
autophagy in cells[24]. There is a complex mutual 
regulation between autophagy and glycolysis, which 
still needs further study. 

Both autophagy and glycolysis have been reported to 
be associated with regulation of glucose metabolism 
during cell starvation[25,26]. During cerebral ischemia/
reperfusion, Reactive Oxygen Species (ROS) 
overproduction causes oxidative damage to key proteins 
of glycolysis and ATP synthase, leading to decreased 
ATP causes many changes in brain function, such as 
altered membrane potential and increased intracellular 
Ca2+ levels, producing detrimental effects on cell 
function and survival[27]. In this experimental study, we 
found that the mechanism of OGD-induced glycolytic 
dysfunction may be the down-regulation of the 
expression of key rate-limiting enzymes of glycolysis. 
Ischemia and hypoxia had a strong inhibitory effect on 
the activities of key rate limiting enzymes HKII, PFKP 
and PKM2[28], resulting in the decrease of glycolysis 
rate and ATP production. AMPK is a well-established 
energy sensor that is usually allosterically activated 
by AMP and the increased ratio of AMP to ATP leads 
to AMPK phosphorylation, which triggers cellular 
autophagic death[8-10]. Combined with the results of 
this experiment, we speculate that OGD-induced 
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glycolytic dysfunction may be caused by OGD-induced 
cellular oxidative stress, leading to oxidative damage 
of glycolytic key proteases and ATP synthase in cells, 
ultimately leading to cellular energy failure and then 
causing cellular autophagic death. 

Trehalose is a non-reducing sugar composed of two 
glucose molecules with 1,1-glycosidic bonds, which as 
a safe and reliable natural sugar, plays an important role 
in maintaining the normal metabolic process of energy. 
Previous studies have reported that trehalose ameliorates 
oxidative stress-mediated reduction in mitochondrial 
membrane potential and decrease in ATP levels[29]. 
In this experiment, ATP production was significantly 
increased after trehalose pretreatment compared with 
the OGD group, suggesting that trehalose can change 
the intracellular energy status. However, the molecular 
target of trehalose has been difficult to determine for 
more than a decade. Trehalose as a therapeutic agent 
can easily cross the blood-brain barrier and improve 
cognitive dysfunction and behavioural characteristics 
in a rat model of transient global ischemia[14]. Previous 
studies have found that trehalose cannot only protect 
neurons from ischemic injury by alleviating the excessive 
activation of autophagy, but also inhibit cell death by 
inducing protective autophagy, which is different from 
the study of trehalose in protecting neuronal injury by 
inducing protective autophagy[30,16]. The data of this 
study showed that trehalose inhibited the excessive 
activation of lethal autophagy caused by ischemic 
injury and it was speculated that the mechanism may 
be that trehalose could reduce the inhibition of HKII, 
PFKP and PKM2, which are key rate-limiting enzymes 
of glycolysis by OGD, to increase the glycolytic 
rate and then maintain cellular energy metabolism 
homeostasis, inhibit AMPK phosphorylation and 
alleviate autophagic death. Unfortunately in humans, 
trehalose cannot be taken orally because it is degraded 
by trehalase present in the gastrointestinal tract. There 
are reports that trehalose can be given intravenously, 
but this requires registration of trehalose as an approved 
drug[31]. The amount of trehalose absorbed in human 
tissues is still unknown, which undoubtedly limits its 
potential clinical application.

In conclusion, trehalose can rescue the autophagic 
death of SH-SY5Y cells by improving OGD-induced 
glycolytic function and inhibiting the activation of 
AMPK signaling pathway. Therefore, alleviating 
glycolytic dysfunction as well as excessive activation of 
autophagy, may be a new potential therapeutic strategy 
for ischemic cerebrovascular disease. 
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