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Abstract
Autophagy is a catabolic process to maintain intracellular homeostasis via removal of cytoplasmic
macromolecules and damaged cellular organelles through lysosome-mediated degradation.
Trehalose is often regarded as an autophagy inducer, but we reported previously that it could
prevent ischemic insults-induced autophagic death in neurons. Thus, we further investigated in this
study whether trehalose could protect human dopaminergic SH-SY5Y cells against H2O2-induced
lethal autophagy. We found pretreatment with trehalose not only prevented H2O2-induced death in
SH-SY5Y cells, but also reversed H2O2-induced upregulation of LC3II, Beclin1 and ATG5 and
downregulation of p62. Then, we proved that either autophagy inhibitor 3MA or genetic
knockdown of ATG5 prevented H2O2-triggered death in SH-SY5Y cells. These indicated that
trehalose could inhibit H2O2-induced autophagic death in SH-SY5Y cells. Further, we found that
trehalose inhibited H2O2-induced AMPK activation and endoplasmic reticulum (ER) stress.
Moreover, inhibition of AMPK activation with compound C or alleviation of ER stress with chemical
chaperone 4-PBA obviously attenuated H2O2-induced changes in autophagy-related proteins.
Notably, we found that trehalose inhibited H2O2-induced increase of intracellular ROS and
reduction in the activities of CAT and SOD. Consistently, our data revealed as well that mitigation
of intracellular ROS levels with antioxidant NAC markedly attenuated H2O2-induced AMPK
activation and ER stress. Therefore, we demonstrated in this study that trehalose prevented
H2O2-induced autophagic death in SH-SY5Y cells via mitigation of ROS-dependent endoplasmic
reticulum stress and AMPK activation.
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1. Introduction
Autophagy is an evolutionarily conserved and
highly regulated homeostatic process by which
cytoplasmic macromolecules and organelles are
degraded for removal through lysosomal system [1].

It has been found that autophagy plays dual roles in
regulation of cell destiny. On the one hand,
autophagy makes cells survive interior or exterior
stresses. Previous reports have shown that autophagy
http://www.medsci.org
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protects brain tissue against the damage caused by
epilepsy or neurodegenerative diseases such as
Parkinson disease and Alzheimer disease [2-4]. On the
other hand, over-activated autophagy triggers
non-apoptotic programmed cell death (autophagic
cell death) through excessive self-digestion and
degradation of essential cellular constituents [5].
Accumulating evidences demonstrate that autophagy
is involved in the pathological process of brain
damage caused by hypoxic-ischemia, head trauma,
and transient focal ischemia [6-8]. Thus, autophagy is
emerging as a protective strategy against neuronal
death.
Trehalose is a natural non-reducing disaccharide
comprised of two molecules of glucose and available
in many organisms including yeast, fungi, and
invertebrates, but not in mammals [9]. It has multiple
biological functions, including inhibition of
inflammation, induction of molecular chaperone,
alleviation of oxidative stress and mitigation of
endoplasmic reticulum stress (ER stress)[10-13].
Trehalose is also regarded as an mTOR-independent
autophagy inducer given that it mitigated neuronal
damage caused by pathological protein aggregation
via induction of autophagy [14, 15]. However, we
proved previously that it protected neurons against
ischemic insults via inhibition of autophagy [16].
Thus, the role of trehalose in regulation of autophagy
is still needed to be elucidated. SH-SY5Y cells are
human dopaminergic neuroblastoma cells, which are
comparable to neurons with regards to their
morphological, neurochemical and electrophysiological properties and have been extensively applied
to evaluate neuronal injury or death in
neurodegenerative disease, cerebral ischemia/
reperfusion and epilepsy [17]. Considering that
oxidative stress is a pathway leading to the neuronal
damage caused by ischemic insults [18], we used
H2O2 and SH-SY5Y cells in this study to induce
autophagy, examine the effect of trehalose on
autophagy and investigate its underlying mechanism.

2. Materials and Methods
2.1. Reagents
Trehalose, 3MA (3-Methyladenine), 4-PBA
(4-Phenylbutyric Acid), NAC (N-Acetyl Cysteine) and
H2O2 were purchased from Sigma-Aldrich Company
(St. Louis, MO). Dorsomorphin (Compound C) was
from Selleck Chemicals (Houston, TX). Trehalose was
diluted with cell culture medium. Superoxide
Dismutase (SOD) activity and Catalase assay kits
were obtained from BioVision Inc. (Milpitas, CA,
USA). Other reagents were from Sigma-Aldrich
Company.
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2.2. Cell line and culture
Human SH-SY5Y cells were obtained from
Shanghai Institute of Cell Biology, Chinese Academy
of Sciences (Shanghai, China). The cells were cultured
in DMEM supplemented with 10% fetal bovine
serum, 2 mmol/L glutamine (Gibco, Grand Island,
NY, USA), penicillin (100 U/mL) and streptomycin
(100 μg/mL), and maintained at 37 ºC and 5% CO2 in
a humid environment. The medium was replaced
twice each week.

2.3. Lactate dehydrogenase release cell death
assay
SH-SY5Y cells (4×104) were seeded onto 96-well
microplate and cultured 24 h. Lactate dehydrogenase
cytotoxicity assay kit (Beyotime Biotech, Nanjing,
China) was used to assay cellular death rate.
According to the manufacturer’s instructions, the
absorbance value of each sample was read at 490nm,
and cell death ratio was calculated by using the
following formula: cell death ratio %= (A sample-A
control / A max-A control) × 100. A sample: sample
absorbance value; A control: the absorbance value of
control group; A max: the absorbance value of
positive group.

2.4. Measurement of intracellular ROS
SH-SY5Y cells (4×104) were seeded onto 96-well
microplate and cultured 24 h, and then treated with
H2O2 at indicated concentrations. The average level of
intracellular ROS was evaluated by using
redox-sensitive dye DCFH-DA (Beyotime Biotech,
Nanjing, China). All the experimental cells were
washed twice in PBS and stained in the dark for 30
min with 20μmol/L DCFH-DA. After the cells were
dissolved with 1% Triton X-100, the fluorescence was
measured at an excitation wavelength of 485 nm and
an emission wavelength 530 nm using a fluorescence
spectrometer (HTS 7000, Perkin Elmer, Boston, MA).
The ROS levels were expressed as arbitrary unit/mg
protein, then as the folds of control.
Other groups of SH-SY5Y cells were seeded onto
a culture dish in a diameter of 3 cm and cultured 24 h.
After being treated with H2O2, the cells were stained
with DCFH-DA as described above, and observed
under fluorescence microscope (Olympus IX71,
Tokyo, Japan).

2.5. AO and MDC staining
SH-SY5Y cells (4×104) were seeded on 96-well
plates. Some cells were incubated in PBS with
1μg/mL AO (Acridine orange, Sigma-Aldrich
Company, St. Louis, MO) for 15 min at room
temperature in the dark, others were incubated with
100
µmol/L
MDC
(Monodansylcadaverine,
http://www.medsci.org
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Sigma-Aldrich Company, St. Louis, MO) solution for
1 h at 37 ºC in the dark. After being washed with PBS,
they were examined under a fluorescence microscope
(Olympus IX71, Tokyo, Japan) at × 20 objective lens
magnification.

2.6. Transfection of small interfering RNA
(siRNA)
SH-SY5Y cells (2×105) cells were seeded onto a
culture dish in a diameter of 10 cm. Transfection of
siRNA was performed by using Lipofectamine 2000
(Invitrogen, USA) according to the manufacturer’s
instructions. The ATG5 siRNA (5′-GACGUUGGUAA
CUGACAAATT-3′), and scrambled siRNA (5′-UUC
UCCGAACGUGUCACGUTT-3′) were purchased
from GenePharma Company (Suzhou, China). After
siRNA transfection overnight, the cells were
incubated with H2O2 at indicated dose for subsequent
experiments.

2.7. Protein isolation
After being collected by centrifugation, SH-SY5Y
cells were suspended in ice-cold lysis buffer and
homogenized as described previously [16]. The
homogenates were centrifuged at 10,000 g at 4 oC for
10 min to obtain the supernatants and the pellets, the
protein concentrations of which were determined by
using Bio-Rad protein assay kit.

2.8. Gel Electrophoresis and Western Blotting
Equal protein amounts were electrophoresed on
10% SDS gels and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). Membranes were
blocked with 3% bovine serum albumin in TBS for 30
min at room temperature, then incubated overnight at
4 ºC with the following primary antibodies including:
rabbit
polyclonal
autophagy
LC3
(1:1000;
Sigma-Aldrich, St. Louis, MO), rabbit polyclonal
Beclin-1 (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), mouse monoclonal anti-p62(1:1000,
Abcam, Cambridge, MA), rabbit monoclonal
anti-ATG5(1:1000, Abcam, Cambridge, MA); rabbit
polycolonal anti-GRP 78(1:1000, Abcam, Cambridge,
MA), rabbit polyclonal anti-IRE-1(1:1000, Abcam,
Cambridge, MA), rabbit polyclonal anti-ATF6(1:1000,
Abcam, Cambridge, MA), rabbit monoclonal
anti-Nrf2 (1:1000, Abcam, Cambridge, MA), rabbit
monoclonal anti-phospho-Nrf2 (1:1000, Abcam,
Cambridge, MA), rabbit polyclonal anti-PERK
(1:1000, Cell Signaling Technology, Danvers, MA),
rabbit polyclonal anti-phospho-PERK (1:1000, Cell
Signaling Technology, Danvers, MA), and mouse
monoclonal
β-actin
(1:2000;
Santa
Cruz
Biotechnology). The immunoblot membranes were
then
incubated
with
horseradish-peroxidase
conjugated anti-mouse (1:2000 Cell Signaling
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Technology), or anti-rabbit IgG (1:2000, Cell Signaling
Technology) for 1 h at room temperature. The
immunoreactive proteins were visualized on a Kodak
X-omat LS film (Eastman Kodak Company, New
Haven, CT, USA) with an enhanced chemiluminescence. Densitometry was performed with Kodak
ID image analyses software (Eastman Kodak
Company).

2.9. Measurement of cellular anti-oxidative
enzymes.
The activity of antioxidant enzymes, superoxide
dismutase (SOD) and catalase (CAT) were measured
according to the manufacturer's instructions. After
incubation for 3h with 500 μmol/L, H2O2 following
pretreatment with or without trehalose, SH-SY5Y cells
were collected from the culture dishes using a scraper,
centrifuged at 1,000 ×g for 10 min at 4˚C, and the cell
pellets were washed with PBS.
For the SOD activity assay, the cells were
suspended in ice-cold lysis buffer [0.1 mmol/L
Tris/HCl (pH 7.4), 0.25 mol/L sucrose, 5 mmol/L
β-mercaptoethanol and 0.1 mg/mL phenylmethylsulfonyl
fluoride
(PMSF);
Sigma-Aldrich],
homogenized with a glass Pyrex microhomogenizer
(20 strokes; Beyotime Institute of Biotechnology), and
centrifuged at 1,500×g for 5 min at 4˚C. The
supernatant was then collected for assaying.
For the CAT activity assay, the cells were
suspended in ice-cold assay buffer (Sigma-Aldrich),
homogenized with microhomogenizer (20 strokes),
centrifuged at 10,000 ×g for 15 min at 4˚C. The
supernatant was then collected for assaying.
The
CAT
was
spectrophotometrically
determined by measuring decreased absorbance at
570 nm, using the CAT assay kit, and SOD was
measured spectrophotometrically by monitoring the
absorbance at 450 nm using the SOD assay kit. CAT
and SOD activities were expressed as U/mg protein.

2.10. Statistical analysis
All data represent at least 4 independent
experiments and are expressed as mean±SD.
Statistical comparisons were made using one-way
ANOVA. P-values of less than 0.05 were considered
to represent statistical significance.

3. Results
3.1. H2O2 triggered autophagic death in
SH-SY5Y cells
We have reported previously that H2O2 induced
death in SH-SY5Y cell [17], but its underlying
mechanism remain unclear. Given that autophagy
plays an important role in regulating cell death, we
http://www.medsci.org
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thus examined whether exterior H2O2 could induce
lethal autophagy in SH-SY5Y cells. As proved by LDH
release assay, we found that the death of SH-SY5Y
cells resulting from 6h incubation with H2O2 at
indicated concentration was significantly attenuated
by pretreatment with autophagy inhibitor 3MA at
3mmol/L for 1h (Fig.1A). Then, fluorescent
substances of AO and MDC were used to detect
autophagy. Fluorescence microscopy revealed that,
much more red spots detected by AO and stronger
punctate fluorescence of MDC distributed in the
cytoplasm of the SH-SY5Y cells treated with
250μmol/L H2O2 for 3h, when compared with the
cells in the control group (Fig.1B). Then, western
blotting proved that H2O2 induced significant
upregulation of autophagic hallmark proteins LC3II,
Beclin1 and ATG5, but downregulation of autophagy
substrate p62/sequestosome1 (Fig.1C). In contrast,
pretreatment with 3MA prevented H2O2-induced
increase of LC3II, Beclin1 and ATG5, and decrease of
p62 (Fig.1C).
Then, we compared H2O2-induced differences in
the autophagy-related proteins between the cells
transfected with SiRNA ATG5 and scrambled SiRNA
and found that H2O2-induced changes of the
autophagy-related proteins LC3II, Beclin-1 and p62
were all reversed in the SiRNA ATG5 group (Fig.1D).
Moreover, LDH release assay showed that
knockdown of ATG5 with SiRNA significantly made
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the cells resistant to H2O2-induced death (Fig.1E).
Therefore, these results indicated that H2O2 triggered
autophagic death in SH-SY5Y cells.

3.2. H2O2 induced lethal autophagy via
increase of intracellular ROS
To elucidate the factors accounting for the lethal
autophagy caused by H2O2, we examined
H2O2-induced changes in intracellular ROS.
Fluorescence microscopy showed that the green
fluorescence detected by ROS probe DCFH-DA at
incubation 3h was much brighter in the cells treated
with either 250μmol/L or 500μmol/L H2O2, when
compared with the cells in the control group (Fig.2A).
Statistical analysis of the green fluorescence intensity
demonstrated that 500μmol/L H2O2 induced higher
levels of ROS in the SH-SY5Y (Fig.2B). In contrast,
pretreatment with antioxidant NAC at 2mmol/L for
1h obviously inhibited the increase of intracellular
ROS caused by H2O2 at either 250μmol/L or
500μmol/L (Fig.2B). Moreover, NAC prevented
markedly H2O2-induced SH-SY5Y cell death, which
was revealed by LDH release assay (Fig.2C). Further,
western blotting demonstrated that H2O2-induced
increases of LC3II, Beclin1 and ATG5 and reduction of
p62 were all prevented in the presence of NAC
(Fig.2D). Thus, these results indicated that exterior
H2O2 triggered lethal autophagy in SH-SY5Y cells via
increase of intracellular ROS.

Figure 1. H2O2 triggered autophagic death in SH-SY5Y cells. (A) LDH release assay demonstrated that autophagy inhibitor 3MA significantly prevented H2O2-induced
death in SH-SY5Y cell. (B) Fluorescence microscopy revealed that much more red spots detected by AO and stronger punctate fluorescence of MDC distributed in the cytoplasm
of the SH-SY5Y cells treated with 250μmol/L H2O2 for 3h (20×). (C) Western blotting proved 3MA obviously reversed H2O2-induced upregulation of LC3II, Beclin-1 and ATG5,
and downregulation of p62. (D) Both the increases of LC3II and Beclin-1 and the reduction of p62 caused by H2O2 were reversed when ATG5 was knocked down by using siRNA.
(E) LDH release assay showed that knockdown of ATG5 inhibited H2O2-induced death in SH-SY5Y cells. The values are expressed as mean±SEM (n=5 per group). *: p < 0.01.
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Figure 2. H2O2 induced lethal autophagy via increase of intracellular ROS. (A) Fluorescence microscopy showed that the green fluorescence detected by ROS probe
DCFH-DA increased markedly in the cells treated 3h with H2O2, when compared with that in the control cells (20×). (B) Statistical analysis revealed that H2O2 induced
concentration-dependent increase in the green fluorescence density, which was significantly alleviated in the presence of antioxidant NAC at 2mmol/L. (C) LDH release assay
proved that NAC prevented H2O2-induced death in SH-SY5Y cells. (D) Western blotting demonstrated that NAC reversed H2O2-induced upregulation of LC3II, beclin1 and
ATG5 and downregulation of p62. The values are expressed as mean±SEM (n=5 per group). *: p < 0.01.

3.3. AMPK and ER stress were both involved in
H2O2-induced lethal autophagy
Considering that AMP activated protein kinase
(AMPK) pathway regulates the autophagy occurrence
[19], we thus investigated its role in H2O2-induced
lethal autophagy. As shown by western blotting
analysis, H2O2 upregulated the protein levels of both
AMPK and phospho-AMPK in a concentration
dependent manner (Fig. 3A). However, pretreatment
with NAC obviously mitigated H2O2-induced
upregulation in the protein levels of AMPK and
phospho-AMPK (Fig. 3A). This indicated that AMPK
might be related to H2O2-induced autophagy. Then,
the cells were treated with AMPK inhibitor
compound C at 20μmol/L for 1h and then incubated
with H2O2 at indicated concentrations for 6h. LDH
release assay proved that, the death of SH-SY5Y cells
caused by H2O2 at either lower or higher dosage was
significantly prevented in the presence of compound
C (Fig. 3B). Further, western blotting showed that
compound C not only obviously inhibited AMPK
phosphorylation of (Fig. 3C), but also reversed the
increase of LC3II, ATG5 and Beclin1 and decrease of
p62 in the cells stressed with H2O2 (Fig.3D). Thus, this
indicated that AMPK activation is a pathway
responsible for H2O2-induced autophagic death in
SH-SY5Y cells.
Given that endoplasmic reticulum (ER) stress is
also a pathway leading to autophagy, we examined

the role of ER stress in H2O2-induced autophagy. As
demonstrated by western blotting, H2O2 induced
dosage-dependent upregulation of ER stress-related
proteins, including GRP78, IRE-1, ATF6, PERK and
phospho-PERK (Fig. 4A). In contrast, administration
of antioxidant NAC markedly mitigated H2O2induced increases of these ER stress-related proteins
(Fig. 4A). This indicated that ER stress might be
associated with H2O2-induced autophagy. Thus, the
cells were treated with ER stress inhibitor 4-PBA at
5mmol/L for 1h prior to incubation with H2O2. We
found 4-PBA not only significantly inhibited
H2O2-induced death in SH-SY5Y cells (Fig. 4B), but
also obviously attenuated the upregulation of ER
stress-related proteins caused by H2O2 (Fig. 4C).
Additionally, either the increase of LC3II, ATG5 and
Beclin1 or the reduction of p62 resulting from H2O2
treatment was prevented in the presence of 4-PBA
(Fig. 4D). Thus, these results indicated that ER stress
was also involved in H2O2-induced autophagic death
in SH-SY5Y cells.

3.4. Trehalose inhibited H2O2-induced
autophagic death
To examine whether trehalose could prevent
SH-SY5Y cell death induced by H2O2, the cells were
pretreated with 5mmol/L trehalose for 48h as
reported previously [16] and then incubated 6h with
H2O2 at indicated concentration. LDH release assay
showed that trehalose significantly attenuated
http://www.medsci.org
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Figure 3. AMPK activation was involved in H2O2-induced lethal autophagy. (A) Western blotting showed that H2O2-induced concentration-dependent upregulation of
AMPK and phosphorylated AMPK were both inhibited by antioxidant NAC. (B) H2O2-induced death was prevented in the SH-SY5Y cells pretreated 1h with AMPK inhibitor
compound C at 20μmol/L. (C and D) Western blotting proved that compound C prevented H2O2-induced changes in the autophagy hallmark proteins , as well as upregulation
and phosphorylation of AMPK. The values are expressed as mean±SEM (n=5 per group). *: p < 0.01.

SH-SY5Y cell death caused by H2O2 at either
250μmol/L or 500μmol/L (Fig.5A). Moreover,
western blotting proved that trehalose inhibited
H2O2-induced upregulation of LC3II, Beclin-1 and
ATG-5 and downregulation of p62 (Fig.5B). Thus,
these results indicated that trehalose prevented
H2O2-induced autophagic death in SH-SY5Y cells.
Given that AMPK activation and ER stress were
both involved H2O2-induced autophagic death in
SH-SY5Y cells, we examined the effect of trehalose on
H2O2-induced activation of AMPK and ER stress. As
demonstrated by western blotting, trehalose
prevented the upregulation of AMPK and
phospho-AMPK, as well as alleviated the increased
protein levels of GRP78, IRE-1, ATF-6, PERK and
phospho-PERK caused by H2O2 treatment (Fig.5 C
and D). These data indicated that trehalose prevented
H2O2-induced activation of AMPK and ER stress.

3.5. Trehalose inhibited H2O2-induced increase
of intracellular ROS
On the basis that inhibition of intracellular ROS
with NAC prevented AMPK activation and ER stress
caused by H2O2, we examined the effect of trehalose
on H2O2-induced increase of intracellular ROS. When
compared with that in the cells treated with H2O2
alone, pretreatment with 5mmol/L trehalose for 48h
significantly inhibited H2O2-induced increase of
intracellular ROS (Fig.6A). Considering nuclear factor

erythroid 2-related factor 2 (Nrf2) is an important
endogenous anti-oxidative proteins [20], we tested
whether trehalose inhibited ROS via upregulation of
Nrf2. As revealed by western blotting, trehalose alone
had regulatory effect on the protein levels of Nrf2 and
phospho-Nrf2 in SH-SY5Y cells. However, trehalose
markedly inhibited H2O2-induced Nrf2 phosphorylation (Fig.6B). Then, we assayed the activities of SOD
and CAT because they both account for clearing
intracellular ROS [21]. We found that trehalose
pretreatment significantly reversed H2O2-induced
reduction in the activities of SOD and CAT (Fig.6C
and D). Thus, these results indicated that trehalose
inhibited H2O2-induced increase of intracellular ROS
via maintaining the activities of SOD and CAT, not via
activation of Nrf2.

4. Discussion
In this study, we demonstrated that exterior
H2O2 triggered autophagic death in SH-SY5Y cells via
increasing intracellular ROS levels, which initiated the
lethal autophagy through ROS-dependent activation
of AMPK and ER stress. The protection of trehalose
against H2O2-induced lethal autophagy was
associated with inhibition of AMPK activation and ER
stress. Moreover, trehalose mitigated intracellular
ROS levels not via induction of Nrf2 phosphorylation,
but maintaining the activity of CAT and SOD.
http://www.medsci.org
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Figure 4. ER stress was involved in H2O2-induced lethal autophagy. (A) Western blotting showed that H2O2-induced concentration-dependent upregulation of ER
stress-related proteins GRP78, IRE-1, ATF6, PERK and phosphorylated PERK, which were all prevented by NAC pretreatment. (B) H2O2-induced death was prevented in the
SH-SY5Y cells pretreated 1h with chemical chaperone 4-PBA at 5mmol/L. (C and D) Western blotting demonstrated that 4-PBA mitigated H2O2-induced changes in the
autophagy hallmark proteins, as well as the ER stress-related GRP78, IRE-1, ATF6, PERK and phosphorylated PERK. The values are expressed as mean±SEM (n=5 per group). *:
p < 0.01.

Figure 5. Trehalose inhibited H2O2–induced autophagic death. (A) LDH release assay showed that pretreatment 48h with trehalose at 5mmol/L significantly prevented
H2O2-induced death in SH-SY5Y cells. Western blotting revealed that trehalose treatment reversed H2O2-induced changes in autophagy hallmark proteins (B), AMPK activation
(C) and the upregulation of ER stress-related proteins (D). The values are expressed as mean±SEM (n=5 per group). *: p < 0.01.
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Figure 6. Trehalose inhibited H2O2-induced increase of intracellular ROS. (A) Statistical analysis showed that trehalose pretreatment prevented H2O2-induced
increase of intracellular ROS. (B) Western blotting demonstrated that trehalose did not inhibit the upregulated expression of Nrf2 and phosphorylated Nrf2 caused by H2O2. (C
and D)Enzyme activity assay revealed that trehalose suppressed H2O2-induced reduction in CAT and SOD. The values are expressed as mean±SEM (n=5 per group). *: p < 0.01.

Oxidative stress characterized with increase of
intracellular reactive oxygen species (ROS) are
believed to be involved in neuronal damage caused
by head trauma and cerebral ischemia [22, 23]. ROS
have been proven to trigger autophagic death in
various types of cells including cardiomyocytes,
vascular endothelial cells, renal tubular cells, neurons
and glial cells [24-28]. H2O2 is often used to establish
in vitro model of oxidative stress, given that it could
not only diffuse easily into and out of cells and
tissues, but also induce overproduction of
intracellular ROS via targeting mitochondria [29]. It
was also reported that treatment with exterior H2O2
resulted in mitochondrial permeability transition pore
opening in SH-SY5Y cells [17]. Further, it was proved
that hydroxyl radicals could be induced within the
mitochondria of SH-SY5Y cells that were incubated
with exterior H2O2 for 5min, and became apparent at
incubation 30min [30]. Although autophagy,
apoptosis and necrosis were all involved in
H2O2-induced SH-SY5Y cell death [30, 31], Castino et
al reported that autophagy preceded H2O2-induced
apoptosis and necrosis in SH-SY5Y cells [30]. Thus,
autophagy plays a crucial role in regulation of
H2O2-induced cell death. We found in this study that
either autophagy inhibitor 3MA or genetic
knockdown of ATG5 prevented cell death caused by
H2O2. Additionally, mitigation of intracellular ROS
with antioxidant NAC inhibited H2O2-induced

upregulation of autophagy hallmark proteins LC3II,
Beclin-1, ATG-5 and downregulation of autophagy
substrate p62. Thus, intracellular ROS contributed to
exterior H2O2 induced autophagic death in SH-SY5Y
cells.
Trehalose is often used as an autophagy inducer
to prevent the cell death resulting from
neurodegenerative diseases [32]. However, we found
that trehalose protected SH-SY5Y cells against
OGD-induced damage via inhibition of lethal
autophagy [16]. Consistently, we demonstrated in this
study that trehalose inhibited H2O2-induced
autophagic death in SH-SY5Y cells. AMPK is an
important pathway leading to ROS-induced
autophagic cell death [19]. In this study,
administration of antioxidant NAC prevented
H2O2-induced phosphorylation of AMPK, and
inhibition of AMPK activation with its specific
inhibitor compound C attenuated H2O2-induced
autophagic death in SH-SY5Y cells. Thus, AMPK was
responsible for H2O2-induced lethal autophagy.
Different from previous reports showing that AMPK
could be activated by trehalose [33,34], our data
showed that trehalose inhibited H2O2-induced AMPK
phosphorylation. Further, we found that trehalose
significantly inhibited H2O2-induced increase of
intracellular ROS, which was supported by the in vivo
study
showing
that
trehalose
prevented
UVB-mediated oxidative stress in corneal epithelium
http://www.medsci.org
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[35]. Moreover, trehalose was reported previously to
selectively decrease intracellular H2O2 [36], which
was found to be associated with maintaining the
activities of CAT, SOD, and glutathione peroxidase
[35]. Consistently, we proved as well that trehalose
significantly inhibited H2O2-induced reduction in the
activities of SOD and CAT. Although Nrf2 represents
one of the most important cellular endogenous
defense mechanisms against oxidative stress [37], we
found that trehalose did not regulate Nrf2
phosphorylation in the cells not treated with H2O2,
but attenuated H2O2-induced phosphorylation of
Nrf2. Thus, the effect of trehalose against oxidative
stress is not related to Nrf2 activation.
ER stress is a crucial factor leading to autophagy
and could be activated by intracellular ROS [38]. Mild
ER stress (unfolded protein response) exerts
protection against cell damage, but sustained ER
stress leads to cell death via apoptosis and autophagic
death [39]. The mechanism underlying the ER stress
induced by oxidative stress remains elusive, but it
was found that ROS elicited ER stress response via
attacking and modifying ER proteins [40]. Moreover,
ROS could disrupt protein folding mechanism and
enhance the production of misfolded proteins, which
results in ER stress [41]. ER stress regulates cell
destiny via activating three pathways including IRE1,
PERK and ATF6 [38, 42]. In this study, we proved that
H2O2 induced concentration-dependent upregulation
of IRE1, ATF6, PERK and phospho-PERK, which were
significantly alleviated when intracellular ROS was
mitigated by antioxidant NAC. Thus, H2O2 induced
ER stress via increase of intracellular ROS.
Mounting evidences have shown that IRE1,
PERK and ATF6 have regulatory effect on autophagy
[38, 42, 43]. Pharmacological inhibition of either IRE1
or PERK suppressed the autophagic death in the
neurons stressed by transient ischemia and
reperfusion [43]. Genetic knockdown of IRE1 or PERK
was reported to block the ROS-dependent lethal
autophagy initiated by ursolic acid in human U87
glioma cells [38]. Additionally, ATF6 is also involved
in the ER stress-induced autophagy, because
knockdown of ATF6 prevented quinocetone-induced
autophagy in HepG2 cells [42]. ER stress could be
inhibited by supplement of exterior chaperone [44,
45].4-PBA is a kind of chemical chaperone and often
used to mitigate ER stress. In vitro study proved that
4-PBA inhibited the SK-N-MC cell death induced by
oxygen glucose deprivation and re-oxygenation via
inhibition of ER stress-dependent autophagy [44]. In
vivo investigation demonstrated as well that the ER
stress induced by lipopolysaccharide in mouse was
markedly prevented by supplement of 4-PBA [45]. In
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this study, we found that administration of 4-PBA not
only inhibited H2O2-induced ER stress, but also
inhibited the autophagic death caused by H2O2. Thus,
ER stress contributed to the autophagic death caused
by exterior H2O2.
Trehalose is also thought to be a chaperone and
chaperone inducer [9,11,46]. Simola et al reported that
trehalose was required for conformational repair of
heat-denatured proteins in the yeast endoplasmic
reticulum [46]. Tanji et al found that treatment with
trehalose increased the levels of several chaperon
molecules, such as HSP90 and SigmaR1 in the brains
of LBD model mice [11]. Our data in this study
revealed
that
trehalose
obviously
reversed
H2O2-induced upregulation of IRE1, ATF6, PERK and
phosphor-PERK. Thus, the ER stress resulting from
H2O2 treatment was mitigated in the presence of
trehalose. GRP78 is an inducible endogenous
molecular chaperone within the lumen of ER, which
could inhibit ER stress when was over-expressed [47].
Interestingly, it was reported that downregulation of
GRP78 significantly suppressed cadmium-induced
senescence in PC12 cells via inhibition of autophagy
[48]. Notably, we found in this study that trehalose
did not up-regulate the expression of GRP78, but
inhibited its over-expression induced by H2O2, which
was similar to the effect of NAC or 4-PBA.
Considering that trehalose could inhibit intracellular
ROS, we thus think that trehalose inhibited
H2O2-induced lethal autophagy was more closely
associated with its inhibitory effect on ROS, than as a
chaperone or chaperone inducer.
In summary, we demonstrated in this study that
trehalose exerted protection against H2O2-induced
autophagic death in SH-SY5Y cells via inhibition of
ROS-dependent ER stress and AMPK activation.
Therefore, trehalose is a potential medicine
preventing cell death resulting from autophagy
over-activation.
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