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The aim of this study was to investigate whether melatonin is involved in brain injury following subarachnoid
hemorrhage (SAH).

An SAH model was established and TUNEL assays were utilized to detect the effect of melatonin on cell apop-
tosis. Western blot analysis was used to detect the effect of melatonin on expression of autophagic markers
and apoptotic factors. Real-time PCR, Western blot analysis, and luciferase assay were performed to study the
effect of melatonin on nuclear factor erythroid-2 related factor 2 (NRF2) expression.

The SAH group displayed a lower neurological score and a higher brain water content, while melatonin treat-
ment increased the neurological score and decreased the brain water content. The administration of melatonin
also inhibited the apoptosis of neurons in the brain. In addition, higher Beclin-1 expression and higher conver-
sion ratio from LC3- Il to LC3-I were observed in the SAH group. The activation of Beclin-1 and the conversion
from LC3-Il to LC3-I was further enhanced by melatonin treatment. Furthermore, in the SAH group, the level of
Bcl-2 was decreased while the level of Bax and cleaved caspase-3 were increased. However, following melato-
nin treatment in the SAH group, the level of Bcl-2 was increased while the levels of Bax and cleaved caspase-3
were decreased.

Our study indicated that, by increasing the expression of NRF2, the mitophagy induced by melatonin provided
protection against brain injury post-SAH.
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Background

As a frequently seen and devastating condition, subarach-
noid hemorrhage (SAH) accounts for 5% of all stroke [1].
In North America, the incidence of aneurysmal SAH is about
1 in 10 000 persons every year, and its combined rate of
morbidity and mortality is over 50% [2]. Although the sur-
gical treatment and diagnosis of SAH seen major advances,
the clinical outcomes of SAH remain poor and its therapeutic
interventions still only show limited efficacy. For SAH, the de-
layed cerebral vasospasm (CVS) has always been deemed as
the most critical cause for poor prognosis and delayed cere-
bral ischemia [3]. In addition, it has been shown in recent in-
vestigations that early brain injuries tend to occur in the first
72 h after SAH [4]. Furthermore, Sehba et al. (2011) showed
that, in spite of the increasing knowledge and improved man-
agement of early brain injury (EBI) and SAH, SAH is still one of
the most serious health problems worldwide [5].

As a form of cell death, autophagy has been observed in con-
junction with necrosis and apoptosis after SAH. Nevertheless,
although many researchers have extensively investigated the
mechanism of autophagy in stroke, few have studied the re-
lationship between autophagy and SAH [6]. For example,
Zhao et al. (2013) discovered the presence of autophagy as
early as 6 h after experimental SAH [7]. In addition, Lee et al.
(2009a) found that the expression of beclin-1 and the conver-
sion from light chain-3 I to light chain-3 Il greatly increased af-
ter SAH, suggesting that autophagy is activated during EBI [8].
It has also been demonstrated that both neuronal apoptosis
and inflammation contribute to EBI [9]. For example, a previ-
ous study discovered that post-SAH neuronal apoptosis could
be induced by the factors downstream of endoplasmic retic-
ulum (ER) stress [10]. Although ER stress is mainly a self-pro-
tective signal transduction pathway, a high level of ER stress
could promote cell death through the activation of apoptosis
and inflammation [11]. In addition, several recent studies have
demonstrated that TXNIP mediates neuron apoptosis and in-
flammation during post-SAH EBI, while ER-stress-induced sup-
pression in TXNIP expression could lead to reduced expres-
sion of some prognostic indicators and inhibited cell apoptosis
and inflammation. Therefore, it was suggested that the sup-
pression of TXNIP may become a potential therapeutic strat-
egy for the treatment of SAH [12].

Melatonin was found to reverse tumour formation and to de-
lay tumour progression in HCC patients [13]. In addition, the
proapoptotic effects of melatonin have been demonstrat-
ed by many studies [14,15]. Interestingly, it has been shown
in hepatoma cells that melatonin can reduce apoptosis un-
der ER stress by inhibiting cyclooxygenase 2 (COX-2) and pro-
moting CCAAT/enhancer binding protein homologues pro-
tein (CHOP) [16]. In particular, melatonin has been reported
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to protect the brain against post-SAH injury [17]. For exam-
ple, it was found that the administration of melatonin could
regulate the nuclear factor erythroid-2 related factor 2 (Nrf2)
signaling pathway to reduce ER stress, which is considered
a key contributor to post-SAH EBI [12,18-20]. In this study,
we established an animal model of SAH and subsequently gave
melatonin treatment to SAH animals. In this way, the possible
involvement of Nrf2-autophagy as well as ER stress in post-
SAH EBI was investigated.

Material and Methods

Animals

Healthy adult male C57BL/6) mice weighing 22 to 25 g were used
in our study. These mice were obtained from the Experimental
Center of the Fourth Military Medical University. All experi-
ments were approved by the Ethics Committee and were con-
ducted under NIH’s “Laboratory Animal Care and Use Guide”.

SAH model

SAH was induced using the endovascular perforation method.
In brief, 50 mg/kg pentobarbital sodium was injected into the
mice to trigger anesthesia. During the following procedures,
the rectal temperature of mice was maintained at 37+0.5°C
using a thermal blanket. Subsequently, the external carotid
artery, internal carotid artery, and left common carotid artery
were exposed by a neckline incision. The left lateral carotid
artery was connected and dissected to leave a 3-mm stump.
At the same time, a nylon suture was inserted into the left
internal carotid artery through the arteries in the middle ce-
rebral artery branch. Except for arterial perforation, the same
procedure was performed for sham-operated mice.

Experimental protocol

The mice were subdivided into the following groups: (1) sham
operation group, (2) SAH group, and (3) SAH + melatonin.
For the melatonin treatment, melatonin was dissolved in 1 mL
of saline containing 1% ethanol and subsequently injected in-
traperitoneally into the mice at a dose of 150 mg/kg, which
was given at 2 and 12 h after SAH. In addition, 1 mg/kg/day
of Luz was administered intraperitoneally for 6 consecutive
days prior to the establishment of SAH.

Neurological score

An 18-point system was used to detect the neurological def-
icits at 24 h after the establishment of SAH. The 6 parame-
ters to be considered by this system included: symmetry in
the movement of all limbs (0-3), spontaneous activity (0-3),
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outstretching of forelimbs (0-3), body proprioception (1-3),
ability to climb (1-3), and response to vibrissae touch (1-3).
The overall score was the sum of all 6 parameters and a high-
er score indicated a better neurological function.

Brain water content

The brain water content was determined using a standard wet-
dry method. In brief, the mice were sacrificed at 24 h following
the establishment of SAH, and their brains were immediately
collected and separated into the left and right cerebella, the ce-
rebral hemispheres, and the brain stem. These specimens were
weighed to get the total wet weight. Subsequently, the brain
tissues were dried at 105°C for 24 h and weighed to get the
total dry weight. Finally, the brain water content was calculated
as total wet weight — total dry weight)/total wet weight x100.

RNA isolation and real-time PCR

A miRNeasy Mini kit (Qiagen, Valencia, CA) was used to isolate
the total RNA from tissue samples. NanoDrop2000 (Thermo-
Fisher, Wilmington, DE) was used to quantify the amount of
isolated RNA. Subsequently, 5 pg total RNA were reversely tran-
scribed into the cDNA of Nrf2 and CHOP1 using a reverse tran-
scription kit (Invitrogen, CA). The conditions of RT-PCR reactions
were: 25°C for 30 min, 42°C for 40 min, and 85°C for 5 min.
GAPDH was selected as the internal control for RT-PCR reactions.
In addition, specific primers were designed and used to mea-
sure the relative expression of Nrf2 and CHOP1 on a Roche 480
quantitative real-time PCR system (Roche, Basel, Switzerland).
The conditions of gRT-PCR reactions were: 94°C for 10 min, fol-
lowed by 45 cycles of 94°C for 15 s and 60°C for 60 s. Finally,
the expression levels of Nrf2 and CHOPImRNA were calcu-
lated using the AACT method. All reactions were run 3 times.

Cell culture and transfection

SH-SY5Y and U251 cells were purchased from the Cell Bank
of Chinese Academy of Sciences. The cells were maintained
in a high glucose DMEM medium supplemented with 10%
FBS and 1% penicillin-streptomycin. The cells were incubat-
ed in a 37°C humidified incubator with 5% CO,. For melato-
nin treatment, the cells were seeded into 48-well plates and
treated with 1 pM of melatonin. For transfection experiments,
the SH-SY5Y and U251 cells were cultured to 70-80% conflu-
ence. Subsequently, Lipofectamine 2000 (Invitrogen, CA) was
utilized to transfect the cells with constructs. All reactions were
carried out in triplicate.

Cell proliferation assay

A total number of 1000 SH-SY5Y and U251 cells were counted
and seeded into a 96-well plate, followed by the addition of
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100 nM 1.25 (OH) 2D3 once every 24 h for 5 consecutive days.
Subsequently, the cells were incubated in 60 pL of 0.1 mg/ml
melatoninT (Sigma-Aldrich, USA) for 4 h at 37°C, followed by
30 min of additional incubation in 180 pL of dimethylsulfox-
ide (DMSO0) at room temperature. Finally, a Sienergy H2 micro-
plate reader (Bio Tek Instruments, USA) was used to measure
the absorbance in each well. All experiments were carried out
in triplicate and repeated 3 times.

Vector construction/mutagenesis and luciferase assay

The full fragment of NRF2 was amplified by PCR. The PCR
products were inserted into a pcDNA3.1 (+) vector upstream
of the firefly luciferase reporter gene. Subsequently, SH-SY5Y
and U251 cells were cultured in 96-well plates and transfect-
ed with the NRF2 constructs. After transfection, the cells were
subjected to melatonin treatment at a final concentration of
100 nM, 1 uM, and 10 pM. Finally, the luciferase activity of
the cells was determined using a dual luciferase reporter as-
say system (Promega, Madison, WI, USA) based on the manu-
facturer’s guidelines. Each test was repeated 3 times.

Determination of MDA, SOD, and GSH-Px levels

In cardiac tissues and cultured cells, the levels of SOD, MDA,
and GSH-Px activity were determined using a commercially
available kit and according to the manufacturer’s instructions.
The SOD, MDA, and GSH-Px data were analyzed by a SpectraMax
M5 (Molecular Devices, CA, USA) spectrophotometer.

Determination of NRF2 activity

A commercially available kit was used to assess the deacet-
ylase activity of NRF2 in accordance with the manufacturer’s
instructions. In brief, 40 pg of purified NRF2 were incubat-
ed with the substrates included in the kit at 37°C for 45 min,
followed by the addition of 25 pL of developer reagent and
45 min of additional incubation. The NRF2 activity was subse-
quently determined using a SpectraMax M5 (Molecular Devices,
CA, USA) spectrophotometer.

Western blot analysis

The collected tissues were lysed in a lysis buffer (150 mM Tris,
50 mM DTT, 8 M urea, 15% sucrose, 2% sodium dodecyl sul-
fate, 0.01% bromophenol blue, 2 mM EDTA, and a 1% cock-
tail of protease and phosphatase inhibitors) and sonicated for
3 min. In the next step, the lysate was centrifuged at 12 000 g
for 15 min, and the supernatant was collected and subjected
to boiling. Subsequently, an equal amount of proteins from the
samples was separated by SDS-PAGE and transferred onto a
PMSF membrane (Amersham Biosciences, Piscataway, NJ, USA),
which was then blocked with TBST (50 mM Tris [pH 7.5],
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Figure 1. The effect of melatonin on brain water content and neurological deficits. (A) The SAH group exhibited a lower level of brain
water content, while the administration of melatonin increased the neurological score (P<0.05 compared with the control
group, and analysis was performed using one-way ANOVA). (B-E) Evident increase in brain swelling, including left cerebellum,
right cerebellum, and brain stem, was observed in the SAH group, and the magnitude of brain swelling was reduced by
melatonin treatment. P <0.05 compared with the control group.

150 mM NaCl, 0.1% Tween-20) containing 5% skim milk.
In the next step, the membrane was incubated at 4°C over-
night with diluted primary antibodies (1: 5000) against Nrf2,
Beclin-1, LC3-I, LC3-Il, Bax, Bcl-2, ac-SOD and Cleaved Caspase-3
(Cell Signaling Technologies, Danvers, MA, USA). The mem-
brane was then rinsed and incubated with secondary anti-
bodies (1: 5000 dilution, Sigma-Aldrich Co., LLC, USA) at room
temperature for 1.5 h. Finally, the density of protein bands on
the membrane was measured using a Bio-Rad imaging sys-
tem (Bio-Rad, Hercules, CA, USA) and quantified with Quantity
One software (West Berkeley, CA, USA). All experiments were
carried out in triplicate.

Immunohistochemistry assay

The collected tissues were fixed in 4% paraformaldehyde, de-
hydrated, embedded in paraffin, and sliced into 4-ym sections.
In the next step, the sections were stained immunohistochem-
ically using mouse anti-human Nrf2 monoclonal primary an-
tibodies (Santa Cruz, Biotech) and anti-mouse IgG secondary
antibodies. Finally, the staining was developed using peroxi-
dase 3,3-diaminobenzidine (DAB) in accordance with the man-
ufacturer’s instructions, while hematoxylin was used to per-
form counterstaining.

TUNEL assay

The apoptotic status of the brain cortex was evaluated using
the TUNEL assay. In brief, 50 uL of TUNEL reaction buffer was
mixed with the sample sections, which were then incubated
at 37°C for 60 min in the dark in a humidified atmosphere.
Subsequently, DAPI was utilized to stain the cell nuclei and
flow cytometry was used to determine the number of apop-
totic neurons. The ratio of apoptosis was calculated as the
number of apoptotic neurons/the number of total neurons.

Statistical analysis

All results are shown as the mean +SD (standard deviation).
SPSS 18.0 (SPSS Inc., Chicago, IL, US) was utilized to perform
all statistical analyses. The t test was used to compare the dif-
ference between 2 groups, and one-way analysis of variance
(ANOVA) was used to compare the differences between 3 or
more groups. A P value of less than 0.05 was considered sta-
tistically significant.

Results

Melatonin alleviated brain edema and ameliorated post-
SAH neurological deficits

An SAH model was established using the endovascular per-
foration method. At 24 h following the establishment of SAH,
brain water content and neurological scores were determined.
The brain water content of mice in the SAH group showed an
evident increase (Figure 1A), accompanied by an evident de-
cline in neurological scores in different brain sections, includ-
ing left cerebellum (Figure 1B), right cerebellum (Figure 1C),
cerebral hemispheres (Figure 1D), and brain stem (Figure 1E).
In addition, the melatonin treatment decreased the brain wa-
ter content (Figure 1A) and ameliorated neurological deficits
(Figure 1B-1E) at 24 h after the onset of SAH.

Melatonin inhibited neuronal apoptosis in the brain cortex

TUNEL assay was used to detect the apoptosis of neurons.
As shown in Figure 2, the apoptotic index in the SAH group
was much higher than that in the sham group and melatonin
treatment remarkably inhibited the SAH-induced apoptosis of
neurons at 24 h after the onset of SAH.
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Figure 2. (A-D) Melatonin inhibited SAH-induced apoptosis of neuron
and analysis was performed using one-way ANOVA).
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Figure 3. (A, B) Melatonin administration enhanced the expression of

autophagic markers after the onset of SAH, during which

the expression of Beclin-1 and the conversion from LC3- Il to LC3-I were increased. The above effect of SAH was further
enhanced by melatonin treatment (P<0.05 compared with the control group, and analysis was performed using one-way

ANOVA).

Melatonin treatment increased the expression of
autophagic markers at 24 h after the onset of SAH

Autophagy is a cellular process responsible for the recycling of
cellular constituents. In this study, Western blot analysis was
carried out to compare the protein levels of Beclin-1, LC3-Il (light
chain-3 11), and LC3-I (light chain-3 I) among the sham, SAH,
and SAH + melatonin groups. As shown in Figure 3, the SAH
group exhibited a higher expression of Beclin-1, accompanied
by an evident increase in the conversion ratio from LC3-Il to
LC3-I. Furthermore, SAH-induced autophagy activation was fur-
ther enhanced by melatonin administration, suggesting that
melatonin is involved in post-SAH EBI by influencing autophagy.

Melatonin treatment enhanced Bcl-2 expression but
inhibited the expression of Bax and caspase-3 cleavage
following the onset of SAH

Bcl-2, Bax, and cleaved caspase-3 are well-known regulators
of cell proliferation and apoptosis. In this study, the effect of
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melatonin on cell survival and apoptosis was detected by mea-
suring the expression levels of Bcl-2, Bax, and cleaved cas-
pase-3 among the sham, SAH, and SAH + melatonin groups.
As shown in Figure 4, the protein level of Bcl-2 in the SAH group
was much higher than that in the sham group, but melatonin
administration reduced the expression of Bcl-2 in the brain
tissue. In addition, high protein levels of Bax and cleaved cas-
pase-3 were observed in the SAH group, while the melatonin
administration decreased the protein levels of Bax and cleaved
caspase-3, indicating that melatonin prevented the apoptosis
of neurons following the onset of SAH.

Different levels of NRF2 among different groups

Immunohistochemistry assay was carried out to measure the
protein levels of NRF2 among the sham, SAH, and SAH + mel-
atonin groups. As shown in Figure 5, the level of NRF2 pro-
tein (Figure 5A-5C) in the SAH group was much lower than
that in the SHA+melatonin group, which was lower than in
the sham group.
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Figure 4. (A, B) Western blot analysis was performed to detect the effect of melatonin on factors related to cell apoptosis. Melatonin
administration upregulated the level of Bcl-2 but reduced the levels of Bax and cleavage caspase-3 following the onset of
SAH (P<0.05 compared with the control group, and analysis was performed using one-way ANOVA).
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Figure 5. (A-D) Immunohistochemistry assay was carried out to measure the protein level of NRF2, showing that melatonin
administration elevated the level of NRF2 following the onset of SAH (P<0.05 compared with the control group, and analysis
was performed using one-way ANOVA).
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Figure 6. (A) Levels of NRF2 in the SAH and SAH+melatonin groups were much lower than that in the sham group, while the inhibition
effect in the SAH group was much stronger than that in the 2 other groups. (P<0.05 compared with the control group, and
analysis was performed using one-way ANOVA). (B) Levels of CHOP1 in the SAH and SAH+melatonin groups were much
higher than that in the sham group, while the promotional effect in the SAH group was much stronger than in the 2 other
groups (P<0.05 compared with the control group, and analysis was performed using one-way ANOVA).
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Figure 7. Melatonin regulated the expression of NRF2 by affecting the transcription efficiency of NRF2 promoter. (A) Level of NRF2
showed a stepwise increase at the increasing concentration of melatonin in SH-SY5Y cells (P<0.05 compared with the
control group, and analysis was performed using the t test). (B) Level of NRF2 showed a stepwise increase at the increasing
concentration of melatonin in U215 cells (P<0.05 compared with the control group, and analysis was performed using the
t test). (C) Luciferase activity of SH-SY5Y cells transfected with NRF2 was dose-dependently upregulated subsequent to
melatonin treatment (P<0.05 compared with the control group, and analysis was performed using the t test). (D) Luciferase
activity of U251 cells transfected with NRF2 was dose-dependently upregulated subsequent to melatonin treatment. (P<0.05
compared with the control group, and analysis was performed using the t test).

Melatonin affected post-SAH EBI by modulating REDOX
and apoptosis

In this study, the expression of NRF2, a gene related to REDOX,
and CHOP1, a gene related to apoptosis, was determined using
real-time PCR and Western blot analysis. As shown in Figure 6,
the mRNA and protein level of NRF2 (Figure 6A) in the SAH
group was much lower than that in the SHA+melatonin group,
which in turn was lower than in the sham group. In contrast,
the mRNA and protein level of CHOP1 (Figure 6B) in the SAH
group was substantially increased compared with that in
the sham group, while the melatonin treatment reduced the
CHOP1 expression.

Melatonin affected NRF2 expression by influencing the
transcription efficiency of NRF2 promoter

Real-time PCR, Western blot analysis, and luciferase assay
were used to investigate the effect of melatonin on the tran-
scriptional efficiency of NRF2. Different doses of melatonin
(100 nM, 1uM, 10uM) were used to treat SH-SY5Y cells and
U251 cells. As shown in Figure 7, the level of NRF2 in the
SH-SY5Y (Figure 7A) and U251 (Figure 7B) cells was significant-
ly increased after melatonin treatment. Meanwhile, the lucifer-
ase activity of SH-SY5Y (Figure 7C) and U251 (Figure 7D) cells
transfected with NRF2 constructs was significantly increased
following treatment with melatonin, suggesting that melato-
nin increased the transcription efficiency of NRF2 promoter.
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Discussion

In SAH patients, EBI is the main cause of morbidity and mor-
tality. Therefore, in the management of SAH survivors, the
prevention of EBI is a major goal [21]. Melatonin reduces
post-SAH apoptosis, oxidative stress, and inflammation by en-
hancing autophagy, thus providing a protective effect against
EBI [22]. The role of melatonin in the regulation of autophagy
has been previously shown in both healthy and disease states.
For instance, it has been reported that melatonin can prevent
rotenone-, morphine-, and methamphetamine-induced au-
tophagic death of HelLa and SK-N-SH cells [23]. In this study,
we established the animal models of SAH and demonstrat-
ed that the treatment with melatonin increased neurologi-
cal scores and reduced brain swelling. In addition, we carried
out TUNEL assays to determine the apoptotic status of neu-
rons and revealed that melatonin treatment repressed SAH-
induced neuronal apoptosis in the brain.

As a preserved pathway of lysosomal degradation, autophagy
is critical for eliminating damaged organelles and obsolete cel-
lular proteins, so as to sustain cytoplasmic homeostasis [24].
The autophagic activity is greatly augmented in post-SAH neu-
rons and continues to increase during the entire EBI period [8].
At the same time, autophagy acts as a pro-survival mech-
anism and suppresses the neuronal apoptosis in post-SAH
EBI [18,22,25,26]. As a member of the Cap ‘n’ Collar (CNC)
family of basic leucine zipper (bZip) transcription factor [27],
Nrf2 can accelerate the autophagic removal of toxic and ubig-
uitinated protein aggregates, thus providing protection against
proteocytotoxicity in the heart [28]. It has also been shown
that the activation of Nrf2 results in liver damage in a setting
of autophagy impairment [29]. Moreover, in mouse CryABR!206
(mCryABR*2%)-induced cardiomyopathy, the insufficiency of
autophagy plays a critical role [30]. As a basic leucine zipper
redox-sensitive transcription factor, Nrf2 can also control the
redox state of cells under harmful stresses and regulate the
formation of autophagy [7,8]. In this study, we also examined
the protein levels of Beclin-1, LC3-Il and LC3-I among the sham,
SAH, and SAH + melatonin groups, and found that the SAH
group had a higher level of Beclin-1 and a higher ratio of LC3- Il
to LC3-I conversion. In addition, the effect of SAH on the ac-
tivation of Beclin-1 expression and LC3-Il to LC3-I conversion
was further enhanced by melatonin treatment. We also found
that the protein level of NRF2 in the SAH group was much low-
er than that in the SHA+melatonin group, which in turn was
lower than in the sham group. This is not the first study to
show that melatonin affects the expression of NRF2. For ex-
ample, it was discovered previously that melatonin treatment
led to an augmented protein expression of Nrf2 in the nucle-
us and the cytoplasm, thus exerting a potentially hepatopro-
tective effect against hepatic failure [31].

ANIMAL STUDY

We found that the pathophysiological events occurred during
the first 72 h after the onset of SAH are the most critical fac-
tors to determine the prognosis of SAH. Although the exact
mechanisms of post-SAH EBI remain unknown, it is suspect-
ed that the neuronal apoptosis plays an essential role in this
process [32,33]. ER stress is one of the leading contributors to
apoptosis. It has been demonstrated that mild ER stress could
promote autophagy and thus suppress neuronal death [34].
However, more severe and prolonged ER stress can lead to cell
death [35]. It has also been shown that prolonged ER stress
leads to reperfusion/ischemia neuronal damages [36]. Moreover,
in an experimental model of neurodegenerative disease,
the attenuation of ER stress alleviated neuronal apoptosis [37].
In particular, neuronal apoptosis plays a central role in SAH-
induced EBI [38]. As an ER stress inhibitor, melatonin has been
shown in previous studies to alleviate lipopolysaccharide-in-
duced placental ER stress in mice [39]. In this study, we car-
ried out Western blot analysis to measure the protein levels of
Bcl-2, Bax, and cleaved caspase-3, and revealed that the mel-
atonin treatment upregulated Bcl-2 expression but reduced
the expression of Bax and caspase-3 cleavage. In addition,
we also found that melatonin treatment increased NRF2 ex-
pression but decreased CHOP1 expression in post-SAH mice.

It was shown previously that melatonin greatly suppresses
arsenite-induced activation of transcription factor-4, XBP-1,
CHOP, and GRP78 in rat brains [40]. Recent studies also report-
ed that melatonin reduced the expression of CHOP and GRP78,
the phosphorylation of JNK and elF2a, and the activation of
XBP-1 in testes [41]. It has also been reported in a rabbit study
of lethal fulminant hepatitis that melatonin greatly relieved ER
stress through UPR signaling [42]. Furthermore, it was shown
that melatonin could significantly inhibit the activation of
UPR signaling and BLM-induced pulmonary ER stress [43,44].

Conclusions

Our study indicated that, by increasing the expression of Nrf2,
melatonin-mediated mitophagy provided protection against
EBI after the onset of SAH. Our study also found that the ad-
ministration of melatonin could regulate the signaling path-
way of Nrf2-autophagy as well as ER stress. Melatonin exerts
its effect against post-SAH EBI by restricting the deregulation
of autophagy and by decreasing the magnitude of ER stress.
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