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Melatonin ameliorates endoplasmic reticulum stress in N2a
neuroblastoma cell hypoxia-reoxygenation injury by activating
the AMPK-Pak2 pathway
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Abstract
Endoplasmic reticulum (ER) stress has been identified as a primary factor involved in brain ischemia-reperfusion injury pro-
gression. p21-activated kinase 2 (Pak2) is a novel ER function regulator. The aim of our study is to explore the influence of Pak2
on ER stress and determine whether melatonin attenuates ER stress-mediated cell death by modulating Pak2 expression in vitro
using N2a cells. The results of our study demonstrated that hypoxia-reoxygenation (HR) injury repressed the levels of Pak2, an
effect that was accompanied by activation of ER stress. In addition, decreased Pak2 was associated with oxidative stress, calcium
overload, and caspase-12-mediated apoptosis activation in HR-treated N2a cells. Interestingly, melatonin treatment reversed the
decreased Pak2 expression under HR stress. Knockdown of Pak2 abolished the protective effects of melatonin on ER stress,
oxidative stress, and caspase-12-related N2a cells death. Additionally, we found that Pak2 was regulated by melatonin via the
AMPK pathway; inhibition of AMPK prevented melatonin-mediated Pak2 upregulation, a result that was accompanied by an
increase in N2a cell death. Altogether, these results identify the AMPK-Pak2 axis as a new signaling pathway responsible for ER
stress and N2a cell viability under HR injury. Modulation of the AMPK-Pak2 cascade via supplementation of melatonin might be
considered an effective approach to attenuate reperfusion-mediated N2a cell damage via repression of ER stress.
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Introduction

Stroke is a cerebrovascular event characterized by severe ce-
rebral ischemia and is the fifth leading cause of death and the
primary contributor of adult disability in the USA. Although
restoration of blood flow and reoxygenation during reperfu-
sion therapy is crucial for rescuing stroke victims, paradoxi-
cally, this rescue initiates a cascade of events that may lead to
additional cell injury, known as ischemia-reperfusion (IR) in-
jury, which frequently exceeds the original ischemic insult
(Lan et al. 2019; Wei et al. 2019). During IR injury, there is
a cerebral cellular energy crisis caused by oxidative stress
through collapse of mitochondrial oxidative phosphorylation

and glycolysis (Abeysuriya et al. 2018; Boga et al. 2018).
Insufficient cellular ATP content and mitochondrial dysfunc-
tion interrupt a wide range of indispensable ATP-dependent
processes, including ion balance across neuronal membranes
(Brazao et al. 2018; Hao et al. 2018). The mechanism under-
lying cerebral IR injury is complex, and thus, there is no ef-
fective drug to attenuate IR injury.

Melatonin, a hormone generated and released by the pineal
gland, affects biological clock homeostasis. Several previous
studies have reported the beneficial effects of melatonin on the
human body (Angelova et al. 2018; Erland et al. 2018; Erland
et al. 2018). For example, melatonin attenuates posttraumatic
cardiac dysfunction in rats by inhibiting Drp1-related mito-
chondrial fission (Ding et al. 2018). In addition, melatonin
retards the progression of fatty liver disease via repressing
the NR4A1/DNA-PKcs/p53 pathway (Zhou et al. 2018).
Melatonin prevents oxidative stress-induced endothelial cell
pyroptosis via regulation of the long noncoding RNA MEG/
miR-223/NLRP3 axis (Zhang et al. 2018). Moreover, melato-
nin enhances apoptosis in tongue squamous cell carcinoma in
a manner dependent on MT2-TFE3-dependent autophagy
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(Fan et al. 2018). In the cerebrovascular system, careful stud-
ies from several laboratories have demonstrated the protective
effects exerted by melatonin on reperfusion-induced brain in-
jury. Melatonin improves OPA1-related mitochondrial fusion,
inhibits mPTP opening-mediated cell death (Fan et al. 2018),
reverses the thioredoxin antioxidative system (Galano and
Reiter 2018), represses mitochondrial fission (Zhou et al.
2017, 2018), and improves autophagy activity (Zhu et al.
2018). This evidence indicates that melatonin may have pro-
tective effects in brain IR injury.

Endoplasmic reticulum (ER) stress has been acknowledged
as a primary pathogenesis of brain IR injury. At the molecular
level, ER orchestrates protein generation, and ER stress leads to
the unfolded protein response (UPR). Inhibition of the UPR is
beneficial for brain tissue because it allows for continued pro-
tein translation. Recent studies have indicated that early neural
damage caused by cerebral IR injury may be related to ER
stress, intracellular Ca2+ overload, free radical overproduction,
and the inflammatory response. Subsequently, the middle
stages of cerebral IR injury may primarily be associated with
neuronal apoptosis via ER-induced apoptosis or necrosis.
Although several studies have found that melatonin has the
ability to affect ER stress in brain IR injury, the mechanism
by which melatonin regulates ER stress remains unknown.

p21-activated kinase 2 (Pak2) is a novel stress-responsive
kinase localized in ER membranes. A recent study identified
Pak2 as a novel therapeutic target for ER stress response
(Binder et al. 2019). In addition, in pancreatic acinar cells,
Pak2 activation is required for Na+-K+ ATPase activation
and pancreatic fluid secretion (Ramos-Alvarez et al. 2018).
Pak2 also modulates cancer migration (Matsunuma et al.
2018) and endothelial cell death (Chelvanambi et al. 2018).
However, no studies have explored the influence of Pak2 on
brain IR injury. In addition, whether Pak2 is involved in
melatonin-mediated ER protection remains unknown.
Accordingly, the aim of our study is to explore the changes
in Pak2 in brain IR injury and determine whether melatonin
protects neuronal viability against IR injury by repressing ER
stress in a manner dependent on Pak2 upregulation in vitro.

Methods

Cell culture and treatment

Cell studies were performed using N2a cells (ATCC ®
Number: ATCC ® CCL-131™) and mouse CATH.a cells
(ATCC® CRL-11179™). The hypoxia-reoxygenation model
was established based on a previous study (Zhou et al. 2018).
In brief, N2a cells were cultured in DMEM with 20% FBS
(Zhou et al. 2017). Then, N2a cells were cultured in DMEM
in a hypoxia chamber containing 5% CO2 and 95% N2. One
hour later, the medium was replaced with fresh DMEM with

20% FBS, and cells were moved to a 5% CO2 incubator to
induce reoxygenation injury for 2 h. Melatonin (1–20 μm)
was added to the medium 2 h before HR injury. To prevent
melatonin-mediated AMPK activation, Compound C (cc,
5 μM, Selleck Chemicals) was added 45 min before melatonin
treatment (Hardeland 2018).

MTT and LDH release assays

MTT assay was conducted in 96-well plates. Then, after HR
injury, cells were incubated with MTT solution (Sigma-
Aldrich) at 37 °C for 4 h. Then, the medium was removed,
and 100 μl DMSO was added to each well. The absorbance
was measured at a wavelength of 570 nm (Park et al. 2018).
The data are expressed as the ratio of the optical density (OD)
value of the treated group to the OD of the control group. LDH
is released into the medium when cellular membranes rupture.
To evaluate the LDH level in the medium, an LDH Release
Detection kit (Beyotime Institute of Biotechnology) was used
according to the manufacturer’s protocol (Kazakov et al. 2018).

ELISA

GSH, GPx, and SOD are important antioxidants that scavenge
free radicals and, therefore, suppress the extent of oxidative
stress and reduce the oxidative stress injury of N2a exposed
to HR injury (Jin et al. 2018). The levels of SOD, GPx, and
GSHwere measured using commercial kits (Beyotime Institute
of Biotechnology, China) following the manufacturer’s instruc-
tions (Li et al. 2018). To analyze changes in caspase-3 and
caspase-12, caspase-3/-12 activity kits (Caspase-3 Assay Kit,
Abcam, #ab39401; Caspase-12 Assay Kit, Abcam, #ab65664)
were used according to the manufacturer’s protocol. The wave-
length at 400 nmwas recorded via a microplate reader to reflect
the caspase-3 and caspase-12 activities (Shi et al. 2018).

Detection of calcium concentration

Intracellular calcium was measured using the calcium-
dependent fluorescent dye Fura-2. After treatment, cells
were treated with Fura-2 (2 μM) for 30 min at 37 °C.
Subsequently, PBS was used to wash the remaining probe
and images were captured using an inverted microscope
(BX51; Olympus Corporation, Tokyo, Japan). Pictures
were analyzed with Image-Pro Plus 4.5 software (Media
Cybernetics, Inc., Rockville, MD, USA). In brief, the fluo-
rescence pictures (green fluorescence) were converted to
the grayscale pictures with the help of Image-Pro Plus 4.5
software (Jeelani et al. 2018). Then, green fluorescence in-
tens i ty was recorded as the grayscale in tens i ty.
Subsequently, relative grayscale intensity was expressed
as a ratio to that of control group (Faughnan et al. 2019).
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Immunostaining

The samples were first washed with cold phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde
for 30 min at room temperature, and then permeabilized
in 0.1% Triton X-100 for 10 min at 4 °C. Subsequently,
10% goat serum albumin (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) was used to block
the samples for 1 h at room temperature (Fukumoto et al.
2018). Subsequently, samples were incubated with prima-
ry antibodies overnight at 4 °C. After three rinses in PBS,
secondary antibodies (Alexa Fluor 488 donkey anti-rabbit
secondary antibodies (1:1000; cat. no. A-21206;
Invitrogen; Thermo Fisher Scientific, Inc.) were added to
the samples for 1 h at room temperature. The following
primary antibodies were used in the present study: p-
AMPK (1:1000, Abcam, #ab23875) and Pak2 (1:1000;
Abcam; #ab76239). Images were observed with an
inverted microscope (magnification × 40; BX51;
Olympus Corporation, Tokyo, Japan). Image-Pro Plus
4.5 software (Media Cybernetics, Inc., Rockville, MD,
USA) was used to quantify the immunofluorescence ac-
cording to a previous study (Zhou et al. 2018). In brief,
fluorescence pictures (red and green fluorescence) were
converted to the grayscale pictures with the help of
Image-Pro Plus 4.5 software. Then, red/green fluores-
cence intensities were separately recorded as the grayscale
intensity. Subsequently, relative grayscale intensity was
expressed as a ratio to that of control group. At least 50
cells in each group were observed in the immunofluores-
cence assay.

Transfection with small interfering RNA

In the present study, to inhibit Pak2 expression, small interfer-
ence (si)RNA against Pak2 was used. The siRNA was de-
signed and purchased from Yangzhou Ruibo Biotech Co.,
Ltd. (Yangzhou, China) (Abukar et al. 2018). To transfect
the siRNA, Opti-Minimal Essential Medium (Invitrogen;
Thermo Fisher Scientific, Inc.) was incubated with nasal epi-
thelial cell (1 × 106) for at least 24 h. Subsequently,
Lipofectamine® 2000 transfection reagent (Thermo Fisher
Scientific, Inc.) was used according to the manufacturer’s pro-
tocol to perform siRNA transfection (70 nM/well of siRNA)
(Serrato et al. 2018). Following transfection for 36–48 h, cells
were lysed, and the proteins were isolated to measure the Pak2
expression via western blotting.

Terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) staining

ATUNEL assay was performed using a one-step TUNEL kit
(Beyotime Institute of Biotechnology, Haimen, China)

according to the manufacturer’s instructions. TUNEL staining
was performed with fluorescein-dUTP (Invitrogen; Thermo
Fisher Scientific, Inc.) to stain apoptotic cell nuclei, and
DAPI (5 mg/ml) was used to stain all cell nuclei at room
temperature for 3 min (Davidson et al. 2018). Cells in which
the nucleus was stained with fluorescein-dUTP were defined
as TUNEL positive. The slides were then imaged under an
inverted microscope (BX51; Olympus Corporation, Tokyo,
Japan) (Schindler et al. 2018).

RNA extraction and qPCR analysis

TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) was used to isolate total RNA from cells .
Subsequently, the Reverse Transcription kit (Kaneka
Eurogentec S.A., Seraing, Belgium) was applied to tran-
scribe RNA (1 μg in each group) into cDNA at room
temperature (~ 25 °C) for 30 min. The qPCR was per-
formed with primers and matched probes from the
Universal Fluorescence-labeled Probe Library (Roche
Applied Science) using SYBR™ Green PCR Master Mix
(Thermo Fisher Scientific, Inc.) (Quintela et al. 2018). The
primers used in the present study were as follows: CHOP,
forward primer 5′-CATGGACGAGCTGGCCTTC-3′, re-
verse primer 5′-ATCCTGTAGTGATGTATCAGG-3′;
PERK, forward pr imer 5 ′ -TGTCCAGTCCGTAA
CTGAC-3′, reverse primer 5′-TTCGATACCTGACT
TAC - 3 ′ ; G R P 7 8 , f o r w a r d p r i m e r 5 ′ - G CTA
CTTGTGAGGTCGATTC-3′, reverse primer 5′-GCCG
TATACCGTGGTATGTCTG-3′; and GAPDH, forward
primer 5′-GCTACAGCTTCACCACCACA-3′ and for-
ward primer 5′-GCCATCTCT TGCTCGAAGTC-3′). The
cycling conditions were as follows: 95 °C for 8 min,
followed by 35 cycles of 95 °C for 10 s and 72 °C for
12 s, for telomere PCR. The mRNA ratio of the target
genes to GAPDH was calculated using the 2−ΔΔCt method
(Moore et al. 2018).

Flow cytometric analysis of ROS

To observe the ROS levels, flow cytometric analysis was
used. In brief, cells (1 × 106) were washed with PBS, and
MitoSOX red mitochondrial superoxide indicator
(Molecular Probes, USA) (5 mg/ml; dihydroethidium;
Molecular Probes; Thermo Fisher Scientific, Inc.) was in-
cubated with the cells for ~ 30 min at 37 °C in the dark.
Subsequently, the cells were washed with PBS to remove
the ROS probe. Following resuspension in PBS, the cells
were immediately analyzed using a flow cytometer
(Sysmex Partec GmbH, Görlitz, Germany). The quantifica-
tion of cellular ROS was performed per 10,000 cells in each
group, and the data were analyzed with Flowmax software
(Sysmex Partec, Version 2.3, Germany) (Mehra et al. 2018).
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Western blotting and antibodies

Cells were lysed in Laemmli Sample Buffer (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Proteins were
isolated and concentrations were determined using the
Bicinchoninic Acid Protein Assay kit (Thermo Fisher
Scientific, Inc.) according to the manufacturer’s protocol
(Korbel et al. 2018). Total protein (40–60 μg) was sepa-
rated by 12–15% SDS-PAGE. Following electrophoresis,
the proteins were transferred to a polyvinylidene fluoride
membrane (Roche Applied Science, Penzberg, Germany).
Bands were detected using an enhanced chemilumines-
cence substrate (Applygen Technologies, Inc., Beijing,
China). Membranes were blocked with 5% nonfat dried
milk in Tris-buffered saline containing 0.05% Tween-20
(TBST) for 2 h at room temperature. Band intensities
were normalized to the respective internal standard signal
intensity (GAPDH; 1:2000; cat. no. ab9485; both
Abcam). The experiment was repeated three times. The
primary antibodies used in the study were as follows:
CHOP (1:1000, Abcam, #ab11419), PERK (1:1000,
Abcam, #ab65142), GRP78 (1:1000, Abcam, #ab21684),
AMPK (1:1000, Abcam, #ab131512), p-AMPK (1:1000,
Abcam, #ab23875), Pak2 (1:1000; Abcam; #ab76239),
Caspase-3 (1:1000, Abcam, #ab32351), Caspase-12
(1:1000, Abcam, #ab2484), and PARP (1:1000, Abcam,
#ab32064). The second antibodies used in the present
s tudy were as fol lows: horseradish peroxidase-
conjugated secondary antibodies (1:2000; cat. nos. 7076
and 7074; Cell Signaling Technology, Inc.) for 1 h at
room temperature. Band intensities were normalized to
the respective internal standard signal intensity
(GAPDH) using Quantity One Software (version 4.6.2;
Bio-Rad Laboratories, Inc.) (Zhang et al. 2018).

Data analysis

The results of our study were obtained from three independent
experiments, and the data are presented as the mean ± SEM.
Statistical analyses were conducted using one-way ANOVA
followed by Tukey’s test to compare variable groups using
SPSS 18.0 software (SPSS Inc., Chicago, IL, USA).
P < 0.05 was considered statistically significant.

Results

Pak2 is downregulated in response
to hypoxia-reoxygenation (HR) injury

In the present study, hypoxia-reoxygenation (HR) injury
was used to mimic neuronal ischemia-reperfusion (IR)
injury in vitro. Then, western blotting was conducted to

analyze the expression of Pak2 in the presence of melato-
nin. As shown in Fig. 1a, b, compared with the control
group, HR injury significantly reduced the expression of
Pak2 in N2a cells, whereas melatonin dose-dependently
reversed the levels of Pak2 in the setting of HR injury.
Notably, under normal conditions, melatonin had no in-
fluence on Pak2 expression (Fig. 1c, d). Subsequently, an
MTT assay was conducted to observe cell death. As
shown in Fig. 1e, compared with the control group, HR
injury reduced cell viability, and this effect was reversed
by melatonin treatment in a dose-dependent manner (Fig.
1e). Therefore, the above information indicated that both
N2a cells viability and Pak2 expression were suppressed
by HR injury.

To verify the causal role of Pak2 in HR-mediated N2a cells
stress, melatonin-treated cells were transfected with siRNA
against Pak2. In addition, the maximal protective action of
melatonin is at 10 μM, and thus, this concentration was used
in the following studies. As shown in Fig. 1f, g, compared
with the control group, HR injury repressed Pak2 expression.
Interestingly, melatonin treatment reversed the decrease in the
Pak2 level, and this effect was negated by transfection with
Pak2 siRNA in N2a cells. Similar results were also observed
in CATH.a cell, a catecholaminergic cell line of neuronal or-
igin (Fig. 1h, i). Moreover, an LDH release assay was used to
analyze the cell death in response to Pak2 knockdown. As
shown in Fig. 1j, HR-mediated LDH release was inhibited
by melatonin treatment, whereas Pak2 knockdown reinduced
LDH release in melatonin-treated N2a cells, indicating that
melatonin-mediated neuronal protection is dependent on
Pak2. Similar results were obtained by analyzing caspase-3
activity (Fig. 1k). Similar results were also noted in CATH.a
cell (Fig. 1l, m). Therefore, the above information indicated
that Pak2 was repressed byHR injury andmelatonin-mediated
Pak2 upregulation promoted N2a cell survival.

Fig. 1 Melatonin improves Pak2 expression under hypoxia-
reoxygenation (HR) injury. a, b Proteins were isolated from N2a cells,
and then, western blotting was used to detect the expression Pak2 in
response to HR injury. Melatonin was added to the medium of N2a cells
to attenuate HR injury. c, d Under normal conditions, the role of melato-
nin on Pak2 was determined via western blotting. e An MTT assay was
used to determine N2a cell viability under HR injury. Melatonin was
added to the medium of N2a cells to attenuate HR injury. f, g N2a cells
were transfected with siRNA against Pak2, and then, the knockdown
efficiency was confirmed via western blotting. h, i CATH.a cell was
transfected with siRNA against Pak2, and the expression of Pak was
determined via western blotting. j An LDH release assay was used to
detect the cell death in response to HR injury and Pak2 knockdown. k
Caspase-3 activity was monitored via ELISA, and activation of caspase-3
was evaluated. N2a cells were transfected with Pak2 siRNA to repress
melatonin-mediated Pak2 upregulation. l LDH release assay in CATH.a
cells.m Caspase-3 activity was evaluated using ELISA in CATH.a cells.
*P < 0.05 vs. control group, #P < 0.05 vs. HR group, @P < 0.05 vs.
HR +melatonin group

624 J. Xing et al.

�



Melatonin ameliorates endoplasmic reticulum stress in N2a neuroblastoma cell hypoxia-reoxygenation injury... 625



Melatonin attenuates ER stress via reversing Pak2
expression

Recent studies have identified Pak2 as a novel mediator of ER
stress in myocardial injury. In the present study, we asked
whether ER stress is also modulated by melatonin via Pak2
in N2a cells. First, western blotting was used to observe ER
stress markers in vitro. As shown in Fig. 2a–d, compared with
the control group, the levels of CHOP, PERK, and GRP78
were rapidly upregulated in response to HR injury, indicative
of ER stress activation in HR-treated N2a cells. Interestingly,
melatonin treatment attenuated the expression of CHOP,
PERK, and GRP78, and this effect was negated after Pak2
was knocked down. This result was further supported via
qPCR. As shown in Fig. 2e–g, compared with the control
group, HR injury elevated the transcription of CHOP,
PERK, and GRP78. Interestingly, melatonin treatment
inhibited the transcription of CHOP, PERK, and GRP78,
and this effect was negated by Pak2 knockdown. Altogether,
the above information indicated that ER stress is activated by
HR injury and was inhibited by melatonin via upregulation of
Pak2 expression.

Melatonin modulates calcium balance and oxidative
stress via Pak2

Oxidative stress and calcium balance have been found to
be regulated by ER stress according to previous studies
(Nawaz et al. 2018; Schoenfeld et al. 2018). In the present
study, we asked whether melatonin modulated the calcium

balance and oxidative injury in HR-treated N2a cells via
Pak2. First, ROS levels were detected via flow cytometry.
As shown in Fig. 3a, b, compared with the control group,
HR injury elevated ROS production in N2a cells, whereas
melatonin treatment alleviated ROS overload. However,
the antioxidative property of melatonin was dependent
on Pak2 because knockdown of Pak2 abolished the inhib-
itory effect of melatonin on ROS overproduction. This
finding was further supported via ELISA to analyze the
cellular antioxidant content in the setting of cardiac reper-
fusion injury (Zhou et al. 2018). As shown in Fig. 3c–f,
compared with the control group, HR injury reduced the
levels of GSH, SOD, and GPX, an effect that was accom-
panied by an increase in the levels of MDA. Interestingly,
melatonin treatment reversed the GSH/SOD/GPX content
and reduced the levels of MDA in HR-treated N2a cells.
Interestingly, the regulatory effects of melatonin on the
cellular antioxidants system were counteracted in Pak2
knockdown N2a cells, indicating that the antioxidative
action of melatonin was handled by Pak2.

In addition to N2a cell oxidative stress, calcium overload
was observed using a calcium probe. As shown in Fig. 3g, h,
compared with the control group, HR injury elevated the cal-
cium content, and this effect was repressed by melatonin.
Interestingly, silencing of Pak2 reactivated calcium
overloading in melatonin-treated N2a cells, indicating that
HR-mediated calcium imbalance, could be corrected by mel-
atonin via Pak2 upregulation. Altogether, these results indi-
cate that oxidative stress and calcium balance are handled by
melatonin via Pak2.

Fig. 2 ER stress is modulated by Pak2 in N2a cells. a, d Proteins were
isolated from N2a cells, and then, western blotting was used to detect the
expression of ER stress markers in response to HR injury. N2a cells were
transfected with siRNA against Pak2 in the presence of melatonin
treatment. e, g RNA was isolated from N2a cells, and then, qPCR was

employed to analyze the transcription of CHOP, PERK, and CHOP. N2a
cells were transfected with siRNA against Pak2 in the presence of
melatonin treatment. *P < 0.05 vs. control group, #P < 0.05 vs. HR
group, @P < 0.05 vs. HR +melatonin group
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ER-related caspase-12-mediated apoptosis is
modulated by melatonin via Pak2

Excessive ER stress promotes activation of caspase-12 that
enhances caspase-3 activation, which in turn initiates the ap-
optosis pathway in N2a cells. As shown in Fig. 4a, compared
with the control group, caspase-12 activity was rapidly in-
creased in N2a cells subjected to HR injury. Interestingly,
melatonin treatment inhibited the activation of caspase-12,
and this effect was nullified by Pak2 knockdown. This finding
was further supported by western blotting. As shown in Fig.
4b–e, compared with the control group, HR injury elevated
the expression of caspase-12, an effect that was accompanied
by an increase in the expression of cleaved caspase-3. In ad-
dition, the expression of PARP, a substrate of caspase-3, was
also augmented in response to HR injury, indicative of
caspase-3 activation in HR-treated N2a cells. Interestingly,
melatonin treatment repressed caspase-12 expression, follow-
ed by a drop in cleaved caspase-3 and PARP expression.
However, silencing of Pak2 abolished the regulatory effects
of melatonin on caspase-12, capsase-3, and PARP, indicating
that the ER-related caspase-12-mediated apoptosis pathway

was modulated by melatonin through a mechanism involving
upregulation of Pak2 expression.

This result was further supported by a TUNEL assay. As
shown in Fig. 4f, g, compared with the control group, the
number of TUNEL-positive cells rapidly increased in HR-
treated N2a cells and was reduced to near-normal levels with
melatonin treatment. Interestingly, silencing of Pak2 elevated
the ratio of TUNEL-positive cells despite treatment with mel-
atonin. Therefore, the above data highlight that melatonin-
mediated Pak2 activation is critical for N2a cells survival un-
der HR-induced ER apoptosis.

Melatonin upregulates Pak2 expression via the AMPK
pathway

Next, experiments were performed to analyze the mechanism
by which melatonin augments Pak2 expression in HR-treated
N2a cells. Notably, the AMPK pathway has been found to be
the upstream inhibitor of ER stress in several disease models
(Korbel et al. 2018; Montoya-Zegarra et al. 2018).
Accordingly, we asked whether melatonin inhibited ER stress
and increased Pak2 expression via the AMPK pathway. First,

Fig. 3 Melatonin modulates
calcium balance and oxidative
stress in HR-treated N2a cells via
Pak2. a, b An ROS probe was
used to analyze the production of
ROS. Flow cytometry was used to
analyze ROS overproduction in
N2a cells. N2a cells were
transfected with siRNA against
Pak2 in the presence of melatonin
treatment. c–f ELISA for cellular
antioxidants. N2a cells were
transfected with siRNA against
Pak2 in the presence of melatonin
treatment. g, h The calcium probe
Fura-2 was used to stain the cal-
cium in N2a cells, and then, cal-
cium overload was determined
via immunofluorescence.
*P < 0.05 vs. control group,
#P < 0.05 vs. HR group,
@P < 0.05 vs. HR +melatonin
group
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western blotting was used to verify alterations in the AMPK
pathway. As shown in Fig. 5a–c, compared with the control
group, the AMPK pathway was inactivated by HR injury, as
indicated by decreased p-AMPK expression in HR-treated
N2a cells. Interestingly, melatonin treatment reversed the ex-
pression of p-AMPK, indicative of activation of the AMPK
pathway in response to melatonin treatment. To confirm
whether AMPK pathway activation contributed to the
melatonin-mediated Pak2 upregulation, an AMPK inhibitor
was added to melatonin-treated N2a cells. As shown in Fig.
5a–c, compared with the melatonin group, application of
Compound C abolished the promotive effect of melatonin
on the AMPK pathway. Interestingly, inhibition of the
AMPK pathway also repressed melatonin-mediated Pak2

upregulation. This finding was further supported by immuno-
fluorescence staining (Fig. 5d).

Last, experiments were performed to verify whether the
AMPK pathway was also involved in HR-mediated N2a cells
death. Caspase-12 activity was determined via ELISA.
Compared with the control group, HR injury elevated
caspase-12 activity (Fig. 5e), and this effect was reversed by
melatonin treatment. Interestingly, treatment with Compound
C reactivated caspase-12 in melatonin-treated N2a cells, indi-
cating that caspase-12-related N2a cells death, was modulated
by the AMPK pathway. In addition, oxidative stress parame-
ters were detected in cells treated with Compound C. As
shown in Fig. 5f–h, compared with the HR group, melatonin
reversed the levels of GSH, GPX, and SOD in N2a cells, and

Fig. 4 Caspase-12-related
apoptosis is inhibited by
melatonin through upregulation
of Pak2. a An ELISAwas used to
detect the activity of caspase-12
in N2a cells. N2a cells were
transfected with siRNA against
Pak2 in the presence of melatonin
treatment. b–e Proteins were iso-
lated from N2a cells, and then,
western blotting was used to de-
tect the expression of caspase-12,
caspase-3, and PARP. N2a cells
were transfected with siRNA
against Pak2 in the presence of
melatonin treatment. f, g A
TUNEL assay was used verify the
cell death induced by Pak2
knockdown. The number of
TUNEL-positive cells was re-
corded in different groups. N2a
cells were transfected with siRNA
against Pak2 in the presence of
melatonin treatment. *P < 0.05
vs. control group, #P < 0.05 vs.
HR group, @P < 0.05 vs. HR +
melatonin group
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this effect was negated by Compound C treatment. Therefore,
this information indicates that the AMPK pathway is activated
by melatonin and contributes to Pak2 upregulation and N2a
cell survival under HR injury.

Discussion

The primary finding in the present study is that we identify
Pak2 as a novel mediator of ER stress in N2a cell reperfusion
injury in vitro. In response to hypoxia-reoxygenation (HR)

injury, the expression of Pak2 was rapidly downregulated in
N2a cells. Interestingly, melatonin treatment reversed the
levels of Pak2 in N2a cells and increased Pak2 expression
attenuated ER stress, inhibited oxidative injury, and corrected
calcium overload induced by HR injury. In addition, Pak2 was
required for melatonin-mediated N2a cells survival by
preventing caspase-12 activation. Moreover, we demonstrated
that melatonin treatment modulated Pak2 expression through
the AMPK pathway; inhibition of the AMPK pathway
inhibited melatonin-mediated Pak2 upregulation and promot-
ed N2a cells death. To the best of our knowledge, this is the

Fig. 5 Melatonin regulates Pak2 expression via the AMPK pathway. a–c
Proteins were isolated from N2a cells, and then, western blotting was
used to detect the expression p-AMPK and Pak2 in response to HR injury.
Compound C was added to the medium to prevent melatonin-mediated
AMPK activation. d Immunofluorescence assay for p-AMPK and Pak2. e
ELISA for caspase-12 activity. Melatonin-treated N2a cells were cultured

with Compound C to inhibit AMPK activation. f–h ELISA for cellular
antioxidants. Changes in cellular antioxidants were determined to analyze
redox balance in N2a cells treated with melatonin and/or AMPK inhibi-
tion. *P < 0.05 vs. control group, #P < 0.05 vs. HR group, @P < 0.05 vs.
HR +melatonin group
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first investigation illustrating the neuronal protective effects
and potential mechanisms of melatonin and Pak2 in the con-
text of brain IR injury in vitro (Deussen 2018; Na et al. 2018).

The endoplasmic reticulum (ER), a multifunctional cellular
organelle, affects several cellular physiological processes, in-
cluding but not limited to protein biosynthesis (Zhou et al.
2019), lipid metabolism, calcium homeostasis (Zhou et al.
2018), oxidative modulation, and apoptosis activation (Ikeda
et al. 2019; Medinas et al. 2019). After exposure to stress
conditions, such as hypoxia, inflammation, and irradiation,
ER stress is activated, evidenced by the accumulation of
unfolded/misfolded proteins, cytoplasmic calcium overload,
and ROS outburst (Kim et al. 2018; Yang et al. 2019). At
the molecular level, there are three signaling branches of the
ER stress pathway, and they are transcription factor-6 (ATF-
6), inositol requiring enzyme 1 (IRE1), and PERK (Liao et al.
2018; Shah et al. 2019). In the present study, we found that
PAMPK was significantly increased in response to HR injury
and was inhibited by melatonin. This alteration was followed
by augmentation of caspase-12 and CHOP expression. At the
molecular level, increased CHOP promotes the cleavage of
caspase-12, and the latter promotes the activation of caspase-
3. Interestingly, melatonin treatment inhibited the HR-
mediated caspase-12 upregulation and CHOP activation, con-
sequently contributing to downregulation of caspase-3. This
result demonstrates that ER stress and ER-related apoptosis
are modulated by melatonin in HR-treated N2a cell damage.

Pak2, a member of the p21-activated kinase family of
serine/threonine kinases, was initially identified as a binding
partner of the Rho GTPases, Cdc42, and RacI. Pak2 plays a
critical role in several cellular functions, such as migration,
proliferation, and apoptosis. Several studies have reported
the protective actions of Pak2 under various stress conditions.
For example, in pancreatic acinar cells, ATP production is
affected by Pak2 (Ramos-Alvarez et al. 2018). In claudin-
low breast cancer, Pak2 affects cell migration and epithelial-
to-mesenchymal transition (Matsunuma et al. 2018). In child-
hood acute lymphoblastic leukemia (Botker et al. 2018;
Reddy et al. 2018) and HER2-positive breast cancer
(Montoya-Zegarra et al. 2018), regulation of Pak2 has been
demonstrated as a therapeutic strategy. In addition, Pak2 in-
hibits cancer cell proliferation (Fukumoto et al. 2018; Gianni-
Barrera et al. 2018). Importantly, a recent study found that
Pak2 plays a regulatory role in modulating ER stress in
cardiomyocytes under tunicamycin stress and/or pressure
overload (Binder et al. 2019; Gonzalez et al. 2018). This find-
ing was validated in our current study. We found that Pak2
expression was rapidly downregulated in HR-treated N2a
cells and this process could be reversed by melatonin.
Notably, decreased Pak2 was associated with ER stress acti-
vation, caspase-12 upregulation and apoptosis initiation. In
addition, Pak2 knockdown promoted oxidative stress and cal-
cium imbalance. These results provide evidence to support the

functional role of Pak2 in modulating ER stress and redox
balance. Based on our results, Pak2 could be considered a
new ER stress regulator in cerebrovascular system.More stud-
ies are required to verify the role of Pak2 in oxidative stress
and calcium overloading in cerebrovascular system.

Further, we found that Pak2 expression was affected by the
AMPK pathway. In the setting of HR injury, the AMPK path-
way was inactivated, and this effect was reversed by melato-
nin, as indicated by the increase in p-AMPK. Interestingly,
inhibition of the AMPK pathway abolished Pak2 upregula-
tion, a result that was followed by an elevation in N2a cells
death. This finding was consistent with the previous findings
(Giatsidis et al. 2018). For example, in neuronal glucose up-
take and insulin sensitivity, AMPK inhibitor treatment leads to
a reduction in Pak2 activity, along with a marked decrease in
glucose uptake in N2a cells (Gonzalez et al. 2018). A recent
study further illustrated that Pak2 appears to be one of the
downstream substrates of AMPK in human cancer cells and/
or adult stem cells (Mehra et al. 2018). In addition, AMPK-
modulated Pak2 expression also participates in the phagocytic
ability of macrophages and neutrophils (Li et al. 2018). These
results, combined with our data, reveal a novel function for
AMPK in enhancing Pak2 activity and subsequently attenuat-
ing ER stress as well as neuronal death.

Overall, our study reports a novel regulator of ER stress
and HR-mediated N2a cell death. Pak2 was inhibited by HR
injury and contributed to ER stress activation, oxidative stress,
and calcium overload. Melatonin treatment reversed Pak2 ex-
pression by activating the AMPK pathway, ultimately attenu-
ating ER stress and caspase-12-mediated N2a cell death.
However, N2a cell line is a murine neuroblastoma, and thus,
a neuronal model using animal experiments is necessary in the
future to support our findings.
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