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Abstract. — OBJECTIVE: To investigate the
roles and underlying mechanisms of melatonin
in oxygen-glucose deprivation/reoxygenation
(OGD/R)-insulted SH SY5Y cells.

MATERIALS AND METHODS: SH SY5Y cells
were cultured for OGD/R stimulation. Cell vi-
ability and cytotoxicity were measured by
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide, lactate dehydrogenase (LDH),
and Hoechst 33258/propidium iodide (PI) stain-
ing assays. The mRNA levels of high mobility
group box-1 (HMGB1), tumor necrosis factor a
(TNF-a), and inducible nitric oxide synthase (iN-
OS) were analyzed by quantitative Real Time-
PCR assays. Nitric oxide (NO) production was
assessed by Griess reagent. Reactive oxygen
species (ROS) production was detected by flu-
orescent probe. Malondialdehyde (MDA), 4-hy-
droxynonenal (4-HNE), and 8-hydroxy-2'-deox-
yguanosine (8-OHdG) were examined by com-
mercial kits. Cell apoptosis was analyzed by
flow cytometry and caspase-3 activity. The pro-
tein levels were detected by Western blot.

RESULTS: Melatonin enhanced the viability
and reduced the death and LDH release of
OGD/R exposed SH SY5Y cells. Melatonin re-
pressed the HMGB1, TNF-a, and iNOS mRNA
expression, NO production, and nuclear factor
kB (NF-kB) activation in OGD/R challenged SH
SY5Y cells. Melatonin reduced the ROS, MDA,
4-HNE, and 8-OHdG contents but further en-
hanced the levels of the nuclear factor E2-relat-
ed factor-2 (Nrf2) and heme oxygenase (HO-1).
Melatonin-increased viability and melatonin-de-
creased LDH release were also mediated by the
blockage of NF-kB or reversed by Nrf2 or HO-
1 knockdown. Melatonin exerted antiapoptot-
ic effect on OGD/R treated SH SY5Y cells partly
by activating Akt signaling. OGD/R challenged
SH SY5Y cell autophagy was also repressed
by melatonin, as evidenced by the decreased
levels of LC-Il and beclin-1 and the increased
phosphorylation of mammalian target of rapa-
mycin (mTOR), p70 ribosomal protein S6 kinase
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(p70S6K), and eukaryotic initiation factor 4E
binding protein 1 (4E-BP-1).

CONCLUSIONS: Melatonin protected SH SY5Y
cells from OGD/R induced oxidative stress, in-
flammation, apoptosis, and autophagy by block-
ing NF-kB signaling and activating Nrf2/HO-
1, Akt, and mTOR/p70S6K/4E-BP-1 pathways,
thereby indicating that melatonin is a potential
and novel therapeutic drug for ischemic stroke.
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Introduction

Ischemic stroke is a leading cause of disabil-
ity and mortality in elderly people worldwide'.
Stroke results from a transient or permanent
reduction of cerebral blood flow, thereby leaving
cerebral cells in hypoxic and ischemic states and
leading to irreparable damages®. In subsequent
reoxygenation, the restoration of blood supply
can further aggravate neuronal injury, which is
referred to as cerebral ischemia/reperfusion (I/R)
injury®. Although many studies have investigated
cerebral I/R lesion and explored neuroprotec-
tive agents, the underlying mechanisms of I/R
damage remain poorly understood, and effective
therapeutic drugs are still limited*. Thus, uncov-
ering the detailed mechanisms and developing
additional favorable drugs for cerebral I/R dam-
nification are urgently needed.

Cerebral I/R induces a complex series of bio-
chemical and molecular events in the brain, such
as oxidative stress, inflammation, apoptosis, and
autophagy, which ultimately result in irrevers-
ible brain injury>®. The oxygen-glucose depri-
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vation/reoxygenation (OGD/R) cell model can
successfully mimic the acute restriction of me-
tabolites and oxygen supply that occurs during
cerebral I/R. OGD/R can also cause oxidative
stress by producing excessive reactive oxygen
species (ROS) in SH-SYSY cells’. Considering
the importance of oxidative stress in OGD/R-led
neuronal impairment, its alleviation by phase
II antioxidant detoxifying enzymes, such as
heme oxygenase (HO-1), is favorable to cerebral
I/R lesion'®!". Nuclear factor E2-related factor-2
(Nrf2) is a transcription factor that binds to
antioxidant response elements (AREs) in antiox-
idant and detoxification genes, including HO-1,
and Nrf2/HO-1 signaling provides neuroprotec-
tion in ischemic stroke'>!*, ROS overproduction
during cerebral I/R triggers intensive inflam-
mation and consequent neuronal death'*'>. The
inflammatory response to brain injury, espe-
cially nuclear factor kB (NF-xB) activation,
strongly contributes to the pathogenesis of isch-
emic stroke'®. Several downstream molecules
of NF-«kB increased by OGD/R, such as tumor
necrosis factor o (TNF-0) and inducible NO
synthase (iNOS), are heavily conducive to the
loss of neurons'®. NO synthesized by iNOS is a
major proinflammatory mediator and a primary
stimulus of neuronal apoptosis'’. High mobility
group box-1 (HMGBI1) promotes the progression
of cerebral I/R injury'. Programmed cell death,
including apoptosis and autophagy, is highly in-
volved in the pathogenesis of ischemic stroke'.
In literature, phosphatidylitol-3-kinase (PI3K)/
Akt signaling is involved in the inhibition of
neuronal apoptosis during cerebral I/R?°. The
mammalian target of rapamycin (mTOR) signal-
ing, which negatively regulates autophagy, is de-
activated by OGD/R in neurons?'. Therefore, the
attenuation of inflammation, oxidative stress,
apoptosis, and autophagy may be an effective
therapeutic strategy for cerebral I/R injury.
Melatonin  (N-acetyl-5-methoxytryptamine)
is a secretary neurohormone that is primari-
ly synthesized by the pineal gland?’. Melatonin
is a multifunctional agent with neuroprotective
effects in cerebral I/R models in vitro and in
vivo*2¢, The neuroprotection of melatonin is as-
sociated with its highly potent free radical scav-
enging and anti-oxidative properties®’. Melatonin
also exerts anti-inflammatory effects by blocking
NF-kB signaling in methamphetamine-treated or
H,O,-treated SH-SY5Y cells***. Hu et al* re-
ported that melatonin reduces hypoxic-ischemic
brain injury-induced autophagy and apoptosis.

However, the effects of melatonin on OGD/R-
caused oxidative stress, inflammation, and cell
death, as well as the underlying mechanisms, are
still largely unclear.

In this study, we demonstrated that melatonin
reduces OGD/R-induced toxicity and death in
SH-SYS5Y cells. OGD/R-augmented inflamma-
tion, oxidative stress, apoptosis, and autophagy
of SH-SYSY cells were attenuated by melatonin.
The anti-inflammatory, antioxidative, antiapop-
totic, and antiautophagic effects of melatonin
were mediated by NF-«xB, Nrf2/HO-1, PI3K/
Akt, and mTOR signaling pathways, respective-
ly. Overall, these findings revealed melatonin
treatment as a novel strategy for abating neuronal
oxidative stress, inflammation, apoptosis, and
autophagy in cerebral I/R injury by regulating
several signaling pathways.

Materials and Methods

Cell Culture

The human neuroblastoma SH-SYS5Y cell line
was purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA) and
cultured in a 1:1 mixture of Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Thermo Fisher
Scientific, Waltham, MA, USA) and Ham’s F12
medium (Gibco BRL, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (FBS;
Gibco BRL, Gaithersburg, MD, USA), 100 U/mL
penicillin, and 100 pg/mL streptomycin (both
from Sigma-Aldrich, St. Louis, MO, USA) in a
humidified atmosphere at 37°C and 5% CO,,.

OGD/R Cell Model and Drug Treatments

An OGD/R-treated SH-SYSY cell model was
established to mimic cerebral I/R injury. For the
OGD procedure, after washing twice with PBS,
SH-SY5Y cells were cultured with glucose-free
and serum-free DMEM/F12 medium in an anaer-
obic chamber with 95% N, and 5% CO, at 37°C
for 3 h. Then, the cells were incubated in a normal
DMEM/F12 medium under normoxic conditions
for certain indicated times (6, 12, 18, 24, and 30
h) as reperfusion. For melatonin (Sigma-Aldrich,
St. Louis, MO, USA) administration, the cultures
were treated with melatonin (0.01, 0.1, 1, and 10
mM) immediately before reoxygenation. To in-
vestigate the inhibitory effects, we obtained small
interfering RNA (siRNA) targeting human Nrf2
(siNrf2), HO-1 (siHO-1), and negative control
(NC) siRNAs from Santa Cruz Biotechnology,
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Inc. (Santa Cruz, CA, USA) and transfected them
into SH-SY5Y cells with Lipofectamine® 2000
reagent (Invitrogen, Carlsbad, CA, USA) for 24
h before OGD/R exposure. NF-kB inhibitor BAY
11-7082 (10 uM), PI3K/Akt inhibitor LY294002
(10 uM), mTOR inhibitor rapamycin (10 uM),
and autophagy inhibitor 3-methyladenine (3-MA,
1 mM) were provided by Sigma-Aldrich (St. Lou-
is, MO, USA) and added to the culture medium
for 30 min before OGD/R exposure. Untreated
cells were used as the control.

Cell Viability Assay

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT; Sigma-Aldrich, St.
Louis, MO, USA) assay was conducted to mea-
sure cell viability. In brief, SH-SYSY cells were
seeded into 96-well plates at 2x10* cells/well and
allowed to adhere overnight. After the cells were
subjected to the indicated treatments, 100 pL of
MTT solution (5 mg/mL) was added to each well
and incubated at 37°C for 4 h in the dark. Fol-
lowing the removal of the media and the addition
of 150 pL of dimethyl sulfoxide (Sigma-Aldrich,
St. Louis, MO, USA) to dissolve the formazan
crystals, the absorbance was measured at 570
nm with a microplate reader (BioTek Instrument,
Winooski, VT, USA). Cell viability was deter-
mined by calculating the absorbance ratio of the
control cells.

Lactate Dehydrogenase (LDH) Assay

LDH activity was measured to evaluate cy-
totoxicity by using a commercially available kit
(Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China) according to the man-
ufacturer’s instructions. SH-SYSY cells were
subjected to the indicated treatments, and the
supernatants were collected for the determination
of LDH release. The absorbance was read on a
microplate reader (BioTek Instrument, Winooski,
VT, USA) at 450 nm.

Hoechst 33258 and Propidium lodide
(Pl) Staining

Cell death was assessed by staining SH-SY5Y
cells with propidium iodide (PI; Sigma-Aldrich,
St. Louis, MO, USA). After the indicated treat-
ments, Hoechst dye was added to the culture me-
dium and the samples were incubated at 37°C for
30 min. A PI solution was added just before the
cells were observed with a fluorescence micro-
scope (Olympus, Tokyo, Japan). Pl-positive cells
were counted as dead cells.
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Quantitative Real-Time PCR (qPCR) Assay

Total RNA was isolated from SH-SYS5Y
cells by using the TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA). Complementary DNA
was reversely transcribed from 1 pg RNA by
using a PrimerScript™ RT reagent kit (Ta-
KaRa, Dalian, Liaoning, China). qRT-PCR
reactions were performed using the SYBR
Green reagent (Applied Biosystems Life Tech-
nologies, Foster City, CA, USA) in accordance
with the manufacturer’s instructions. Each
reaction was carried out on an ABI 7500
Real-Time RT-PCR system (Applied Biosys-
tems Life Technologies, Foster City, CA, USA).
The primers for qRT-PCR assays are as fol-
lows: for HMGBI 5-GGAGATCCTAAGAAG-
CCGAGA-3' (forward) and 5-C ATGGTCT
TCCACCTCTCTGA-3" (reverse); for TNF-a,
5-ATGAGCACTGAAAG CATGATC CGG-
3" (forward) and 5-GCAATGATCCCAAAG-
TAGACCTGCCC-3' (reverse); for iNOS, 5-AGA-
GAGATCGGGTTCACA-3' (forward) and 5-CA-
CAGA ACTGAGGGTACA-3' (reverse); and for
glycerinaldehyde-3-phosphate-dehydrogenase
(GAPDH), 5'-AGTGGGGTGATGCTGGT-
GCTG-3' (forward) and 5-CGCCTGCTTCAC-
CACCTTCTT-3" (reverse). The mRNA Ilevels
were normalized to the GAPDH by using the
2-24Ct method.

NO Production Measurement

The level of nitrite, which is the stable reac-
tion product generated from NO with molecular
oxygen, was used as an indicator of NO produc-
tion. After the indicated treatments, the culture
supernatants were collected and the nitrite levels
were measured using Griess reagent (Cayman
Chemical Co., Ann Arbor, MI, USA) following
the manufacturer’s instructions.

ROS Generation Determination

The fluorescent probe 2',7'-dichlorofluorescein
diacetate (DCFH-DA, Sigma-Aldrich, St. Louis,
MO, USA) was procured to monitor intracellular
ROS production. SH-SY5Y cells with the indicat-
ed treatments were incubated with 20 uM DCFH-
DA in the dark for 30 min at 37°C. After washing
with PBS, the fluorescence level was measured by
flow cytometry (BD FACSCanto, BD Bioscienc-
es, San Jose, CA, USA). Fluorescent intensity was
expressed as the relative value compared with
that of the control.



Melatonin reduces OGD-triggered SH-SY5Y cell injury

Measurement of Malondialdehyde
(MDA), 4-hydroxynonenal (4-HNE), and
8-hydroxy-2'-deoxyquanosine (8-OHdG])

Oxidative stress-associated indicators, includ-
ing MDA, 4-HNE, and 8-OHdG, were detected
using commercial kits as per the manufacturers’
instructions. After the indicated treatments, the
SH-SYSY cell supernatants were collected. The
MDA content was measured using the kit from
Jiancheng Bioengineering Institute (Nanjing,
China). The 4-HNE and 8-OHdG levels were
measured by using specific ELISA kits (Cell Bio-
labs, San Diego, CA, USA).

Flow Cytometric Detection of
Cell Apoptosis

Cell apoptosis was ascertained by using an
Annexin V-fluorescein isothiocyanate (FITC)/PI
kit (BD Biosciences, San Jose, CA, USA). After
the indicated treatments, SH-SY5Y cells were
harvested, washed twice with ice-cold PBS, and
then, suspended in 300 uL of binding buffer. A
total of 5 pL. Annexin V-FITC were added to the
cells and incubated for 15 min in the dark at room
temperature, followed by treatment with 5 puL of
PI in the dark for 30 min. The stained cells were
immediately analyzed by using flow cytometry
(BD FACSCanto, BD Biosciences, San Jose, CA,
USA). The apoptotic cell percentage was calcu-
lated.

Caspase-3 Activity Assay

Caspase-3 activity was measured using the
Caspase Activity Kit (Beyotime Institute of Bio-
technology, Haimen, Jiangsu, China) in accor-
dance with the manufacturer’s protocol. After
the different treatments, SH-SY5Y cells were
lysed and centrifuged. The supernatants were
collected, and the reaction buffer containing the
substrate peptides (acetyl-Asp-Glu-Val-Asp p-ni-
troanilide) was added. After incubation at 37°C
for 2 h, the enzymatic activity was measured at
405 nm with a microplate reader (BioTek Instru-
ment, Winooski, VT, USA).

Western Blot Analysis

Cytoplasmic and nuclear proteins were ex-
tracted from SH-SYSY cells with the indicat-
ed treatments by using the nuclear and cyto-
plasmic extraction kits (Pierce Biotechnology,
Inc., Rockford, IL, USA), following the man-
ufacturer’s instructions. Protein concentration
was determined using a bicinchoninic acid assay
kit (Pierce Biotechnology, Inc., Rockford, IL,

USA). Equal amounts of protein (50 pg) were
separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred on-
to polyvinylidene difluoride membranes (Milli-
pore, Billerica, MA, USA). The membranes were
blocked with 5% skim milk in Tris-Buffered
Saline (TBST) containing 0.5% Tween-20 for 1
h at room temperature, and then, incubated with
primary antibodies against NF-kB p65, phos-
phorylated (p)-NF-xB p65, Akt, p-Akt (Serd73),
mTOR, p-mTOR (Ser2448), ribosomal protein S6
kinase (p70S6K), p-p70S6K (Thr389), eukaryotic
initiation factor 4E binding protein 1 (4E-BP-1),
p-4E-BP-1 (Ser65/Thr70, all from Cell Signaling
Technology, Inc., Danvers, MA, USA), Lamin B,
TNF-a, HMGBI, iNOS, Nrf2, HO-1, Bcl-2, Bax
(all from Abcam, Cambridge, UK), cleaved (cl)-
caspase-3, caspase-3, LC3, beclin-1, and B-actin
(all from Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at 4°C overnight. The membranes were
washed thrice with TBST and incubated with
horseradish peroxidase-conjugated appropriate
secondary antibodies (Cell Signaling Technol-
ogy, Inc., Danvers, MA, USA) for 1 h at room
temperature. Immunoreactive bands were visual-
ized using enhanced chemiluminescence reaction
reagents (Santa Cruz Biotechnology, Santa Cruz,
CA, USA).

Statistical Analysis

All data were expressed as mean £ standard
deviation (SD). Statistical analysis was performed
using One-way analysis of variance, followed by
Dunnett’s post-hoc test for multiple comparisons
with SPSS 16.0 statistical software (SPSS, Inc.,
Chicago, IL, USA). p<0.05 was considered as
statistically significant.

Results

Melatonin Protected SH-SY5Y Cells
Against OGD/R-Induced Injury

To mimic neuronal insults during cerebral
I/R, we exposed the SH-SY5Y cells to 3 h of
OGD, followed by the indicated durations of
reoxygenation. As shown in Figure 1A, MTT
assay showed the progressive decline of cell via-
bility over the reoxygenation compared with the
control group. Meanwhile, LDH leakage signifi-
cantly increased from 6 h to 30 h after reoxygen-
ation (Figure 1B). We also conducted Hoechst/PI
staining to check for OGD/R-induced SH-SYS5Y
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Figure 1. Melatonin improved viability and inhibited LDH release and apoptosis in OGD/R-insulted SH-SY5Y cells. A-C,
SH-SYSY cells were subjected to 3 h of OGD followed by reoxygenation for 6, 12, 18, 24, and 30 h. A, Cell viability was
analyzed by MTT assay. B, Cytotoxicity was assessed by LDH release by using a commercial kit. C, Cell death was determined
by Hoechst/PI staining. (50x magnification). D-F, SH-SY5Y cells were subjected to 3 h of OGD, followed by reoxygenation for
24 h. Melatonin (0.01, 0.1, 1, and 10 mM) was added to the culture medium immediately before reoxygenation. D, MTT, (E)
LDH release, and (F) Hoechst/PI staining (50x magnification) assays were performed to detect cell viability, cytotoxicity, and
cell death, respectively. The data expressed as mean + SD from three independent experiments. *p<0.05, **p<0.01 vs. control
group. p<0.05, #p<0.01 vs. OGD group. OGD/R: oxygen-glucose deprivation/reperfusion; R: reoxygenation; Mel: melatonin.

cell death. The staining images revealed that
Pl-positive cells (dead cells) were evidently high-
er in OGD/R-exposed groups than in the control
group (Figure 1C). Reoxygenation for 24 h was
selected for the following experiments because
the difference in cell viability, LDH leakage, and
Pl-positive cells among the groups reoxygenated
for 24 h and 30 h was insignificant. To investi-
gate the protective effects of melatonin on cell
damage caused by OGD/R, we added different
concentrations of melatonin (0.01, 0.1, 1, and 10
uM) to the culture medium immediately before
reoxygenation. Melatonin significantly enhanced
the viability (Figure 1D) and reduced the LDH
leakage (Figure 1E) and death (Figure 1F) of
the OGD/R-treated SH-SYSY cells. Melatonin
at 1 mM was selected for the subsequent studies
due to its considerable beneficial effects against
OGD/R-induced damages in SH-SYSY cells and
insignificant difference in 1 and 10 uM groups.
These results demonstrated that melatonin atten-
uated OGD/R-induced injuries in SH-SYS5Y cells.
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Melatonin Inhibited OGD/R-Caused
Inflammation via Inactivation of
NF-kB in SH-SY5Y Cells

Inflammatory mediators, such as HMGBI
and TNF-a, play important roles in brain I/R
injury?®*#’. Melatonin reduces proinflammato-
ry factors in methamphetamine-challenged or
H,0,-challenged SH-SY5Y cells***. To examine
whether melatonin abates OGD/R-led inflamma-
tion in SH-SYS5Y cells, we measured the HMGBI,
TNF-a, and iNOS levels by qRT-PCR assays. The
mRNA levels of HMGBI (Figure 2A), TNF-a
(Figure 2B), and iNOS (Figure 2C) were much
higher in the OGD/R-stimulated SH-SY5Y cells
than in the control cells. However, melatonin evi-
dently attenuated the increase in HMGBI1, TNF-a,
and iNOS induced by OGD/R (Figure 2A-2C).
Moreover, melatonin reduced OGD/R-enhanced
NO production in SH-SY5Y cells (Figure 2D).
NF-kB activation is necessary for the induction
of proinflammatory mediators, including TNF-a
and iNOS*. Melatonin can suppress metham-
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Figure 2. Melatonin reduced OGD/R-increased inflammation by blocking NF-kB activation in SH-SYSY cells. A-E, SH-
SY5Y cells were subjected to 3 h of OGD followed by reoxygenation for 24 h. Melatonin (1 mM) was added to the culture
medium immediately before reoxygenation. qPCR assays were carried out to analyze the A, HMGBI1, B, TNF-a, and C, iNOS
mRNA levels. D, NO production was measured using Griess reagent. E, Representative Western blots of p-NF-«B p65, NF-
kB p65, HMGBI, TNF-a, and iNOS. Lamin B and B-actin were used as the endogenous controls. F, G, SH-SY5Y cells were
incubated with BAY 11-7082 (10 uM) for 30 min prior to exposure to OGD for 3 h, followed by 24 h of reperfusion. Melatonin
(1 mM) was added to the culture medium at the initiation of reperfusion. F, Cell viability and G, cytotoxicity were evaluated
by MTT and LDH release assays, respectively. The data are expressed as mean + SD from three independent experiments.
*p<0.05 vs. control group. *p<0.05 vs. OGD/R group. OGD/R: oxygen-glucose deprivation/reoxygenation; Mel: melatonin.

phetamine-induced or H,O,-induced NF-«xB ac-
tivation in SH-SYSY cells*?*. As shown in Fig-
ure 2E, OGD/R considerably augmented NF-xB
phosphorylation and the HMGBI, TNF-a, and
iNOS protein expression levels compared with
the control. The coincubation of OGD/R-insulted
SH-SYS5Y cells with NF-«B inhibitor BAY 11-
7082 and melatonin significantly improved via-
bility and diminished LDH release similar to the
effect of melatonin alone (Figure 2F, 2G). These
data indicated that melatonin hindered NF-xB
activation to suppress OGD/R-triggered inflam-
mation in SH-SYSY cells.

Melatonin Decreased OGD/R-Induced
Oxidative Stress by Activating Nrf2/HO-
1 Signaling in SH-SY5Y Cells

To observe OGD/R-induced oxidative stress,
we detected ROS production in SH-SYSY cells.
As shown in Figure 3A, OGD/R significantly
increased ROS generation, which was reduced
by melatonin. The levels of oxidative damage in-
dicators, including MDA, 4-HNE, and 8-OHdG,

were measured. The increased MDA (Figure
3B), 4-HNE (Figure 3C), and 8-OHdG contents
(Figure 3D) in OGD/R-treated SH-SY5Y cells
were significantly decreased by melatonin. Nrf2
signaling is activated and exerts antioxidative
effects during OGD/R". The Western blot anal-
ysis of SH-SYS5Y cells showed that the Nrf2 and
HO-1 levels significantly increased after OGD/R
exposure, which were further increased by mel-
atonin (Figure 3E). Nrf2 or HO-1 knockdown
significantly counteracted the enhanced viability
(Figure 3F) and decreased the LDH release (Fig-
ure 3G) caused by melatonin in OGD/R-exposed
SH-SYSY cells. These findings suggested that
melatonin hampers OGD/R-induced oxidative
stress depending on the activated Nrf2/HO-1
signaling in SH-SY5Y cells.

Melatonin Reduced OGD/R-Led
SH-SY5Y Cell Apoptosis via Akt
Signaling Activation
Apoptosis is involved in OGD/R-induced neu-
ronal death’'. Flow cytometry assay demonstrat-
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Figure 3. Melatonin repressed OGD/R-induced oxidative stress depending on Nrf2/HO-1 activation in SH-SYS5Y cells.
A-E, SH-SYSY cells were subjected to 3 h of OGD, followed by reoxygenation for 24 h. Melatonin (1 mM) was added to the
culture medium immediately before reoxygenation. A, ROS production was measured using DCFH-DA fluorescent probe.
The B, MDA, C, 4-HNE, and D, 8-OHdG contents were assessed using commercial kits. E, Western blot was conducted
to analyze the Nrf2 and HO-1 expression level. B-Actin was used as the endogenous control. F, G, SH-SY5Y cells were
pretransfected with 100 uM of siNrf2, siHO-1, or NC for 24 h prior to treatment with OGD for 3 h, followed by 24 h of
reperfusion. Melatonin (I mM) was added to the culture medium at the initiation of reperfusion. F, MTT and G, LDH release
assays were performed to evaluate cell viability and cytotoxicity, respectively. The data are expressed as mean + SD from
three independent experiments. *p<0.05 vs. control group. *p<0.05 vs. OGD/R group. $p<0.05 vs. melatonin group. OGD/R:

oxygen-glucose deprivation/reoxygenation; Mel: melatonin.

ed that OGD/R induced more apoptotic SH-
SYSY cells than in the control group. However,
melatonin substantially decreased OGD/R-trig-
gered apoptosis of SH-SYSY cells (Figure 4A,
4B). The increase in the activity and cleavage
of caspase-3 in OGD/R-stimulated SH-SY5Y
cells was also significant, whereas melatonin
significantly inhibited caspase-3 activation after
OGD/R treatment (Figure 4C, 4D). Western
blot analysis showed a decreased Bcl-2 ex-
pression level and an increased Bax expression
level in OGD/R-insulted SH-SYS5Y cells, and
these alterations were reversed by melatonin
(Figure 4D). Akt signaling activation prevents
OGD/R-caused neuronal apoptosis®’. Melatonin
remarkably enhanced the phosphorylation of
Akt in OGD/R-exposed SH-SYSY cells (Figure
4D). The preincubation of SH-SYSY cells with
PI3K/Akt inhibitor LY294002 neutralized mela-
tonin-induced increase in p-Akt and Bcl-2 and

1530

decrease in Bax and cl-caspase-3 (Figure 4D).
Melatonin also cannot enhance the viability
(Figure 4E) and inhibit LDH release (Figure
4F) in OGD/R-challenged SH-SYS5Y cells in the
presence of LY294002. These results revealed
that the abatement of OGD/R-induced apoptosis
of SH-SYSY cells by melatonin partly relied on
Akt pathway activation.

Melatonin Activated mTOR Signaling to
Abolish OGD/R-Induced Autophagy in
SH-SY5Y Cells

OGD/R induces the autophagic death of SH-
SY5Y cells’>. mTOR signaling is involved in the
inhibitory effect of melatonin on autophagy during
liver I/R injury®. To elucidate whether melatonin
suppresses the autophagy of OGD/R-challenged
SH-SYS5Y cells in an mTOR-dependent path-
way, we analyzed the level of p-mTOR and the
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Figure 4. Melatonin suppressed OGD/R-triggered SH-SYSY cell apoptosis by activating Akt signaling. A-C, SH-SY5Y
cells were subjected to 3 h of OGD, followed by reoxygenation for 24 h. Melatonin (1 mM) was added to the culture medium
immediately before reoxygenation. A, Flow cytometry assay was conducted to analyze cell apoptosis. B, Apoptotic cell
percentage was calculated. C, Cell apoptosis was evaluated by caspase-3 activity assay. D-F, SH-SYSY cells were pre-
incubated with LY294002 (10 pM) for 30 min prior to exposure to OGD for 3 h, followed by 24 h of reperfusion. Melatonin
(I mM) was added to the culture medium at the initiation of reperfusion. D, Representative Western blots of p-Akt, Akt,
Bcl-2, Bax, cl-caspase-3, and caspase-3. f-Actin was used as the endogenous control. E, Cell viability and F, cytotoxicity
were evaluated by MTT and LDH release assays, respectively. The data are expressed as mean = SD from three independent
experiments. *p<0.05 vs. control group. *p<0.05 vs. OGD/R group. p<0.05 vs. melatonin group. OGD/R: oxygen-glucose

deprivation/reoxygenation; Mel: melatonin.

phosphorylation of p70S6K and 4E-BP-1, which
are well-known downstream targets of mTOR,
by Western blot assays. As shown in Figure 5A,
mTOR, p70S6K, and 4E-BP-1 phosphorylation
significantly decreased in OGD/R-exposed SH-
SYSY cells compared with the control cells, but
this effect was attenuated by melatonin. OGD/R
evidently increased the levels of LC3-II and be-
clin-1, which are indicators of autophagy; how-
ever, the enhancement was reduced by melatonin
(Figure 5B). The incubation of OGD/R-exposed
SH-SYS5Y cells with the mTOR inhibitor rapa-
mycin restored melatonin-decreased autophagy
as revealed by the increased levels of LC3-II
and beclin-1 (Figure 5B). Autophagy inhibitor
3-MA and melatonin co-treatment increased the
viability (Figure 5C) and decreased LDH release
(Figure 5D) of OGD/R-treated SH-SYSY cells,
paralleling with the effect of melatonin alone.
These results revealed that melatonin hampered
the OGD/R-induced autophagy of SH-SY5Y cells
by activating mTOR signaling.

Discussion

In this study, melatonin prevented the OG-
D/R-induced damage of SH-SYSY cells. The key
findings are as follows. First, melatonin improved
the survival and inhibited LDH release of OG-
D/R-exposed SH-SY5Y cells. Second, melatonin
decreased the OGD/R-induced enhancement of
HMGBI, TNF-a, and iNOS and the produc-
tion of NO by blocking NF-kB signaling in
SH-SYS5Y cells. Third, melatonin suppressed the
OGD/R-led oxidative stress in SH-SYS5Y cells,
as shown by the reduced levels of ROS, MDA,
4-HNE, and 8-OHdG involved in the activation
of the Nrf2/HO-1 pathway. Fourth, melatonin re-
pressed OGD/R-caused SH-SYSY cell apoptosis,
as shown by the reduction of caspase-3 activity,
the decrease in the levels of cl-caspase-3 and Bax,
and the increase in the expression of Bcl-2, by
activating the PI3K/Akt pathway. Finally, mela-
tonin inhibited the OGD/R-triggered autophagy
of SH-SYSY cells, as indicated by the decreased
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Figure 5. Melatonin abolished OGD/R-augmented autophagy of SH-SY5Y cells via mTOR signaling activation. A, SH-SY5Y
cells were subjected to 3 h of OGD followed by reoxygenation for 24 h. Melatonin (1 mM) was added to the culture medium
immediately before reoxygenation. Western blots were conducted to detect the p-mTOR, mTOR, p-p70S6K, p70S6K, p-4E-
BP-1, and 4E-BP-1 expression level. B-Actin was used as the endogenous control. B-D, SH-SY5Y cells were preincubated
with B, rapamycin (10 uM) or C, D, 3-MA (1 mM) for 30 min prior to treatment with OGD for 3 h, followed by 24 h of
reperfusion. Melatonin (1 mM) was added to the culture medium at the initiation of reperfusion. B, Representative Western
blots of LC3 and Beclin-1. B-Actin was used as the endogenous control. C, Cell viability and D, cytotoxicity were evaluated
by MTT and LDH release assays, respectively. The data are expressed as mean = SD from three independent experiments.
*p<0.05 vs. control group. *p<0.05 vs. OGD/R group. OGD/R: oxygen-glucose deprivation/ reoxygenation; Mel: melatonin;

Rap: rapamycin; 3-MA: 3-methyladenine.

levels of LC3-II and beclin-1 in the activation of
the mTOR/p70S6K/4E-BP-1 signaling pathway.
Collectively, melatonin attenuated the OGD/R-in-
duced inflammation, oxidative stress, apoptosis,
and autophagy of SH-SYSY cells.

Inflammatory response plays an important role
in the pathogenesis of neuronal injury and can
be triggered after the onset of ischemic stroke'®.
Although microglia and astrocytes are the pre-
dominant sources of proinflammatory cytokines
and chemokines in the central nervous system,
neurons can also highly express these media-
tors in ischemic stroke****. Among these proin-
flammatory factors, HMGBI promotes severe
inflammatory reactions and is involved in the
progression of brain I/R injury®. NO and TNF-a
are the primary stimuli that induce neuronal
apoptosis'™*. NF-kB is a pleiotropic transcription
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factor that encodes a diverse group of proinflam-
matory cytokines and iNOS expression. Mel-
atonin also inhibits methamphetamine-induced
or H,0,-induced inflammatory reactions via the
deactivation of NF-kB signaling in SH-SYS5Y
cells**?*. Consistently, the results of the present
study demonstrated that melatonin decreased the
HMGBI, TNF-a, and iNOS expression levels;
NO production; and NF-kB activation, thereby
suggesting that NF-kB signaling inactivation was
involved in the suppression of inflammation by
melatonin in OGD/R-exposed SH-SYSY cells.
The ROS generation during cerebral I/R can
lead to severe brain damage’. The MDA pro-
duced in lipid peroxidation caused by ROS
reflects oxidative injury of plasma membrane®’.
4-HNE is one of the reaction products of lip-
id hydroperoxide break down, that occurs in
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response to oxidative stress®®. 8-OHdG, which
is another marker of DNA damage, is pro-
duced when nucleic acid is frequently exposed
to ROS*. Guo et al*® reported increased ROS,
4-HNE, and 8-OHdG contents in the cortex of
I/R-treated rats. Phase Il enzymes, such as HO-
1, can be induced by various oxidative agents
for promoting anti-oxidative activities'®!". HO-
1 knockout in mice results in severe cerebral
damage compared with wild-type mice, thereby
suggesting the neuroprotective role of HO-1
in cerebral I/R injury*. HO-1 expression is
mainly controlled by Nrf2 by binding to its
ARE in the promoter*’. The involvement of
Nrf2/HO-1 in neuroprotection has been found
in I/R-treated rats and in OGD/R-exposed SH-
SYSY cells, and the silencing of Nrf2 or HO-1
reduces protocatechualdehyde-increased SH-
SYSY cell viability under OGD/R exposure®.
Melatonin can activate Nrf2 in SH-SYS5Y cells,
and the protective effect of melatonin is si-
gnificantly decreased in Nrf2-deficient mice”’.
In the present study, melatonin decreased the
ROS, MDA, 4-HNE, and 8-OHdG levels but
increased the Nrf2 and HO-1 expression level
in OGD/R-exposed SH-SYSY cells. This result
indicated that Nrf2/HO-1 in the inhibitory ef-
fects of melatonin on OGD/R-induced oxidati-
ve stress in SH-SYSY cells.

Apoptosis is implicated in ischemic brain dam-
age and is a major mechanism of cell death result-
ing from cerebral I/R injury”®. The Bax/Bcl-2
ratio is an important determinant of cell apoptosis
after brain ischemia in senescence-accelerated
mice*’. Bax promotes cell death, whereas Bcl-2
hampers cell apoptosis. Caspase-3, which is the
executor of apoptosis, can be activated by Bax
homodimers*. When caspase-3 is activated, pro-
caspase-3 is cut into an active fragment cleaved
caspase-3, which plays the role of proteolytic
enzymes to promote apoptosis. Cl-caspase-3, as
a representative apoptosis marker, appears fre-
quently in the cytosol during apoptosis*®. PI3K/
Akt signaling is associated with cell apoptosis
during cerebral I/R injury®. In the present study,
OGD/R significantly promoted the apoptosis
of SH-SYSY cells. Caspase-3 activity and cl-
caspase-3 and Bax expression levels significantly
increased, and Bcl-2 protein expression signifi-
cantly decreased in OGD/R-exposed SH-SYSY
cells. However, these effects were remarkably
reversed by melatonin treatment. The preincuba-
tion of OGD/R-treated SH-SYSY cells with PI3K/
Akt inhibitor LY294002 counteracted the effects

of melatonin on the protein expression mentioned
above, reduced the enhanced viability, and the
decreased LDH release by melatonin. This result
suggested that melatonin inhibited the apoptosis
of OGD/R-exposed SH-SYSY cells through the
Akt-dependent caspase-3 activity reduction, cl-
caspase-3, Bax downregulation, and Bcl-2 upreg-
ulation.

Autophagy is a process of self-degradation
through an autophagosomal-lysosomal pathway.
Autophagy is essential for neuronal develop-
ment and remodeling, and defective autophagy
can be critical in neurodegenerative diseases?’.
Autophagy has protective roles when it is ac-
tivated by mild hypoxia or ischemia, whereas
excessive autophagy caused by severe hypoxia
or ischemia could be detrimental*®. Some stud-
ies*! suggested that autophagy plays a detri-
mental role during reperfusion in in vitro and
in vivo models of brain I/R. In OGD/R-treated
primary neurons, LC3-II and beclin-1 signifi-
cantly increase after reoxygenation?. During
autophagy, the cytosolic form LC3-I is convert-
ed to the phosphatidylethanolamine-conjugated
form LC3-II to promote autophagosome forma-
tion*. The increased expression of LC3-II can
be used as an indicator of autophagy activa-
tion®. Beclin-1, which is an autophagy-related
protein, can mediate other autophagic proteins
attached to autophagosome membranes and de-
crease LC3-II accumulation®*. Therefore, be-
clin-1 is another key indicator of autophagy®.
Previous studies state that mTOR/p70S6K/4E-
BP-1 signaling contributes to the reduction of
autophagy during neuronal OGD/R or liver I/
R mTOR is implicated in the regulation of
metabolic events, including autophagy*®. mTOR
stimulates protein synthesis by phosphorylating
key translation regulators, such as p70S6K and
4E-BP-1. The present study made clear that
melatonin markedly enhances the phosphoryla-
tion of mTOR, p70S6K, and 4E-BP-1 and reduc-
es the expression of LC3-II and beclin-1 in OG-
D/R-insulted SH-SYS5Y cells. However, rapa-
mycin preincubation abrogates the reduction of
LC3-1II and Beclin-1 induced by melatonin. The
coincubation of OGD/R-exposed SH-SYSY cells
with autophagy inhibitor 3-MA and melatonin
also increased cell viability and decreased LDH
release, which was similar to the effect of mel-
atonin alone. These results indicated that the
antiautophagic effect of melatonin may be reli-
ant on the activation of mTOR/p70S6K/4E-BP-1
signaling in OGD/R-exposed SH-SYSY cells.
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Conclusions

In summary, melatonin ameliorated OGD/R-in-
duced inflammation, oxidative stress, apoptosis,
and autophagy in SH-SYS5Y cells simultaneously
via the deactivation of NF-kB signaling and by
activating the Nrf2, Akt, and mTOR pathways.
The present findings highlighted an effective
and novel strategy to ameliorate OGD/R-caused
neuronal damage and provide favorable evidence
for the development of melatonin as a therapeutic
agent for cerebral I/R injury.
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