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Abstract. The aim of the present study was to investigate
the role of myristicin (Myr; 1-allyl-5-methoxy-3,4-methy-
lenedioxybenzene), an active aromatic compound isolated
from nutmeg, carrot, basil, cinnamon and parsley, in
hypoxia-induced apoptosis in rat dorsal root ganglion (DRG)
neurons. It was observed that Myr significantly enhanced cell
viability in hypoxia-induced DRG neurons in a dose-depen-
dent manner; the optimal concentration of Myr was 50 uM.
Furthermore, Myr reduced the percentage of deoxynucleo-
tidyl transferase-mediated dUTP nick end-labeling-positive
neuronal cells and influenced the expression of the pro-apop-
totic gene B-cell lymphoma 2 (Bcl-2) associated X protein, the
apoptosis protease cleaved caspase-3 and the anti-apoptotic
gene Bcl-2, in the hypoxia-induced group. In addition, Myr
protected against hypoxic injury in DRG neurons by inhib-
iting malondialdehyde and lactate dehydrogenase, however
upregulating superoxide dismutase and glutathione peroxi-
dase. Myr reduced the expression of endoplasmic reticulum
stress (ERS) markers, including CCA AT/enhancer-binding
protein-homologous protein, glucose-related protein 78 and
cleaved caspase-12 in the hypoxia-induced group. To the best
of our knowledge, this is the first demonstration of the activity
of Myr against hypoxia-induced apoptosis in rat DRG neurons
via inhibition of the ERS pathway.

Introduction
The causes of spinal cord injury, in response to hypoxic-isch-

emic insults, are multifactorial, and affect the central nervous
system (CNS) (1,2). In the developing CNS, lack of oxygen
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results in an initial depletion of high-energy phosphates, in
particular adenosine triphosphate and phosphocreatine (3.4).
These levels transiently return to baseline, followed by a
second, more prolonged depletion of cellular energy reserves
accompanied by the progression of spinal cord and brain
injury (2). Previous studies have revealed that mitochondria
determine cell fate in neuronal cells (4-6). They may induce
cell death via the release of pro-apoptotic proteins, which
occurs following mitochondrial permeabilization (MP) (7).
MP may occur through selective opening of the outer
mitochondrial membrane, mitochondrial outer membrane
permeabilization (MOMP), or through opening of the
mitochondrial permeability transition pore, which permea-
bilizes the outer and inner mitochondrial membranes (7,8).
MOMP appears to predominantly induce apoptosis, whereas
mitochondrial permeability transition pore opening results
in mitochondrial swelling and may lead to necrotic cell
death (7,8).

Protein folding in the endoplasmic reticulum (ER) is
impaired under various physical and pathological condi-
tions, termed endoplasmic reticulum stress (ERS) (9). ERS,
induced by the activation of the unfolded protein response
(UPR), is characterized by the upregulation of molecular
chaperone glucose-related protein 78 (GRP78) and the acti-
vation of apoptosis (9,10). GRP78 associates with various
critical transmembrane ER signaling proteins (9,11). The
UPR induces signals via three distinct stress sensors located
at the ER membrane: Protein kinase RNA-like ER kinase
(PERK), inositol-requiring protein-1 (IRE-1) and activating
transcription factor-6 (ATF-6) (11). Of these, PERK, whose
intrinsic kinase activity is induced by oligomerization,
regulates the phosphorylation of the eukaryotic translation
initiation factor 2a, which induces the suppression of global
mRNA translation to protect cells against ERS (12). Various
ERS-associated signaling pathways have been proposed to
be involved with this programmed cell death, including the
activation of CCAAT/enhancer-binding protein homolo-
gous protein (CHOP) and caspase-12 (10,13). These studies
suggested that the induction of ERS was closely associ-
ated with apoptosis. However, whether ERS is involved in
hypoxia-induced apoptosis in rat dorsal root ganglion (DRG)
neurons remains to be elucidated.
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Recent studies have focused on the activity of
non-nutritional dietary compounds that have protective
or disease preventive properties (14-16). Myristicin (Myr;
1-allyl-5-methoxy-3,4-methylenedioxybenzene) is an
active aromatic compound present in nutmeg (the seed of
Mpyristica fragrans), carrot, basil, cinnamon and parsley (15).
Myr has been revealed to have antibacterial (16), hepatoprotec-
tive (17), anti-inflammatory (18) and anticancer (15) effects.
Additionally, Myr has exhibited significant effects on the
CNS. Myr may induce neurotoxicity in SK-N-SH human
neuroblastoma cells (19). However, whether Myr induces this
effect against hypoxia-induced apoptosis in rat DRG neurons
remains to be elucidated.

The present study observed that Myr enhanced cell
viability significantly in hypoxia-induced rat DRG neurons
in a dose-dependent manner. In addition, Myr reduced the
terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL)-positive DRG neurons and influenced
the expression of apoptotic genes in the hypoxia-induced
group. Furthermore, Myr exhibited a protective effect against
hypoxic injury in DRG neurons, the underlying mechanism
of which may be associated with the inhibition of the ERS
pathway.

Materials and methods

Cell culture. Myr (CAS no. 607 91 0) was obtained from
Sigma-Aldrich; Merck Millipore (Darmstadt, Germany).
The cell culture materials and reagents were obtained from
Invitrogen; Thermo Fisher Scientific, Inc. (Waltham,M A, USA).
DRG neuron culture was based on previous studies, including
our own (20-22). Sprague-Dawley (SD) rats (n=24; weight,
25-30 g; male) were purchased from the Animal Laboratory
of Wannan Medical College (Wuhu, China). Rats were kept on
a 12 h/12 h light-dark cycle and freely given food and water
in a pathogen-free area. All procedures that involved animals
were approved by the Institutional Animal Care and Use
Committee of Yijishan Hospital (Wuhu, China). DRG neurons
were harvested from rats at day 15. The DRG neurons were
digested with 0.25% trypsin in Hank's Balanced Salt solution
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 20 min,
and added to 10% fetal bovine serum to prevent digestion. Cells
were passed through a 74-um filter and centrifuged in 1,500 x g
at 4°C for 5 min. The pellet was resuspended in a neurobasal
medium of 2% B-27 supplement, 10 ng/ml nerve growth
factor, 1 mmol/l L-glutamine and 1000 U/ml penicillin/strep-
tomycin/neomycin solution. Dissociated DRG neurons were
cultured in poly-D-lysine-precoated 6-well culture clusters at
2x10° cells/well in 2 ml. DRG neurons were cultured in media
at 37°C with 5% CO, and maintained in media containing 20
pmol/l floxuridine for another 24 h to inhibit the growth of
non-neuronal cells. The purity of neuronal cells was confirmed
by fluorescent labeling of neurofilament protein 200 (cat.
no. orb18247; dilution, 1:600; Biorbyt Ltd., Cambridge, UK)
and NeuN (cat no. 104225; dilution, 1:500, Abcam, Cambridge,
UK) (data not shown). All experimental procedures were
performed in accordance with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals and
were approved by the Animal Experimentation Committee of
Wannan Medical College (Wuhu, China).
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Analysis of cell viability. Cell viability was measured
via a quantitative colorimetric assay with 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich; Merck Millipore). Briefly, DRG neurons were
seeded into 96-well plates at 5x10* cells per well. A portion of
cells were treated with 1% O, (hypoxia) for 24 h, and incubated
with 5 mg/ml MTT solution for a further 4 h. A total of 100 ul
dimethyl sulfoxide was added to each well and the absorbance
was measured at a wavelength of 540 nm using a microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Cell
viability was expressed as the ratio of clustered DRG neurons
to control group The control group were cultured in neurobasal
medium with 2% B-27 supplement, 10 ng/ml nerve growth
factor, 1 mmol/I L-glutamine and 1,000 U/ml penicillin/strep-
tomycin/neomycin solution, which were all purchased from
were purchased from Sigma Aldrich; Merck Millipore.

TUNEL assay. Dulbecco's Modified Eagle's medium/F12,
FBS and neurobasal cell medium were purchased from Gibco;
Thermo Fisher Scientific, Inc. The Apoptosis Detection
System kit (Roche Diagnostics GmbH, Mannheim, Germany)
was used for the TUNEL assay, according to the manufac-
turer's protocol. DRG neurons were seeded into 96-well plates
at a density of 1x10° cells/well. After fixing with 4% parafor-
maldehyde for 1 h, DRG neurons in each groups were washed
with PBS and treated with 1% Triton X-100 in PBS for 30 min
on ice. And then incubated for 60 min at 37°C with 50 ul of
TUNEL reaction mixture. Cells were subsequently incubated
with DAPI (dilution, 1:800; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) for 2 h at room temperature. After washing
with PBS, the cells were analyzed by confocal microscopy
(magnification, x40; Zeiss 510; Zeiss AG, Oberkochen,
Germany). DRG neurons untreated with myristicin and/or
hypoxia were used as a control group. To avoid counting the
same cell in more than one region, the authors counted every
fifth section (50 ym apart). For each plate, six fields of view
were examined.

Western blotting. DRG neurons were washed twice with cold
PBS and lysed in radioimmunoprecipitation assay buffer
consisting of 50 mM TRIS, 150 mM NacCl, 2% sodium
dodecyl sulfate (SDS) and a protease inhibitor mixture
(Roche Diagnostics GmbH). Equal amounts of protein
(2.0 mg/ml, 10 pl in each lane) were separated by 10%
SDS-PAGE and electrophoretically transferred to polyvi-
nylidene difluoride membranes. Membranes were blocked
with 5% nonfat milk and incubated with primary antibodies
at 4°C overnight. The following primary antibodies were
used: B cell lymphoma 2 (cat. no. SAB4300339; dilution,
1:500; anti-rabbit; Sigma-Aldrich; Merck Millipore), Bcl-2
associated X protein (cat. no. SAB4502549; dilution, 1:800;
anti-rabbit; Sigma-Aldrich; Merck Millipore), cleaved
caspase-3 (cat. no. sc-22171; dilution, 1:500; anti-rabbit; Santa
Cruz Biotechnology, Inc.), CHOP (cat. no. 2895P; dilution,
1:500; anti-rabbit; Cell Signaling Technology, Inc.), GRP78
(cat. no. G9043; dilution, 1:800; anti-rabbit; Sigma-Aldrich;
Merck Millipore), cleaved caspase-12 (cat. no. sc-70227; dilu-
tion, 1:500; anti-rabbit; Santa Cruz Biotechnology, Inc.) and
[B-actin (cat. no. sc-47778; dilution, 1:1,000; anti-rabbit; Santa
Cruz Biotechnology, Inc.). Membranes were subsequently
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incubated with a horseradish peroxidase-conjugated mouse
anti-rabbit secondary antibody (cat. no. sc-2357; dilution,
1:5,000, Santa Cruz Biotechnology, Inc.) for 2 h at room
temperature. Following each incubation, membranes were
extensively washed in TBS containing Tween-20 and the
immunoreactive bands were detected using an enhanced
chemiluminescence kit (cat. no. orb90503; Biorbyt, Ltd.).
The quantification of Western blotting was conducted using
a computerized image-analysis system (Image Pro Plus;
version, 6.0; Media Cybernetics, Inc., Rockville, MD, USA)
in duplicate.

Detection of lactate dehydrogenase (LDH), superoxide
dismutase (SOD), glutathione peroxidase (GSH-PX) and
malondialdehyde (MDA). The DRG neurons were randomly
divided into four groups: Control group, control plus Myr
group, hypoxia group, and hypoxia plus Myr group. DRG
neurons were seeded at 5x10* per well in 6-well plates, cells
were harvested and washed twice with cold PBS, before
being lysed in radioimmunoprecipitation assay buffer
consisting of 50 mM TRIS, 150 mM NaCl, 2% SDS and a
protease inhibitor mixture (Roche Diagnostics GmbH). DRG
neurons were quantified using the bicinchoninic acid kit for
protein determination (cat. no. BCA1-1KT; Sigma-Aldrich;
Merck Millipore). SOD (cat. no. 20080829), GSH-PX (cat.
no. 20080801) and MDA (cat. no. 20080801) levels in the
supernatant were measured using commercially available kits
purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). All assays were conducted according to the
manufacturer's protocol.

LDH release assay. LDH activity was evaluated using a
colorimetric LDH assay. DRG neurons were seeded onto a
96-well plate under a 1% O, environment for 24 h. Briefly,
100 pl supernatant was transferred from each well to a new
96-well plate and 100 ul fresh reaction mixture was added to
each well. After 30 min of incubation at room temperature
in the dark, the optical density values were detected at a
wavelength of 490 nm using a microplate reader (Thermo
Labsystems, Santa Rosa, CA, USA). The quantity of LDH was
calculated as a percentage compared with the total amount of
LDH present in cells treated with 1% Triton-X 100 (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China).
LDH levels were measured using a commercially available
kit (cat. no. 20071129) purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted using TRIzol®
solution (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. The quantity and
quality of isolated RNA were evaluated using absorbance
at wavelengths of 260 and 280 nm. Following this, RT was
performed in a 20 ul reaction mixture using the RevertAid
First Strand cDNA Synthesis kit (Thermo Fisher Scientific,
Inc.). Primer sequences were as follows: Forward, 5'-GGA
CCTGACCTGCCGTCTAG-3'and reverse, 5'-GTAGCCCAG
GATGCCCTTGA-3' for p-actin; forward, 5'-GGUAUGAGG
ACCUGCAAGA-3' and reverse, 5'-CACCAAGCAUGAACA
AUUG-3' for CHOP; forward 5'-CUACCCAAACAUCGG
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Figure 1. Chemical structure of myristicin.

GAAA-3" and reverse, 5-CUCCAGAGAUGCUGAGCGA-3'
for GRP78. qPCR with SYBR® Green I (Shanghai Hi-Tech
Enterprise Bio Co., Shanghai, China) (http://china.53trade.
com/web0/disp_company_info.asp?userid=166543) was
performed using a 7500 Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) with thermocy-
cling conditions as follows: An initial denaturation step at
95°C for 5 min, followed by 40 cycles of denaturation at 95°C
for 15 sec, annealing at 60°C for 60 sec and extension at 72°C
for 30 sec. All samples were processed in triplicate. The
mRNA expression levels of each gene were calculated using
the relative quantitative method (23).

Immunofluorescence. DRG neurons were fixed with 4%
PFA for 1 h, washed with PBS containing 0.1% Triton X-100
(PBST), and blocked for 30 min in PBST supplemented with
10% FBS. DRG neurons were subsequently incubated with
cleaved antibodies against caspase-12 (cat. no. sc-70227,
dilution, 1:800; anti-rabbit; Santa Cruz Biotechnology, Inc.)
in the same solution overnight at 4°C, washed and incubated
with a mouse anti-rabbit IgG-HRP conjugated secondary
antibody (cat. no. sc-2357; dilution, 1:5,000, Santa Cruz
Biotechnology, Inc.) for 2 h at room temperature. Nuclei were
stained with DAPI (1:800; Santa Cruz Biotechnology, Inc.).
The cells were examined under a Leica fluorescence micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany).

Statistical analysis. All data are presented as the
mean + standard deviation of at least three independent
experiments. All statistical analyses were performed using
SPSS software version 11.0 (SPSS, Inc., Chicago, IL, USA).
Statistical comparisons between the different treatments were
performed using one-way analysis of variance with Tukey's
multiple comparison post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Myr enhances the cell viability of hypoxia-induced DRG
neurons. DRG neurons were exposed to 10-200 uM Myr, the
chemical structure of which is presented in Fig. 1, for 24 h.
Concentrations of 10-50 M did not affect cell viability;
however, viability was reduced with concentrations >50 yM
(Fig. 2A). Therefore, 10-50 uM Myr was selected to treat the
1% O, (hypoxia)-exposed DRG neurons for 24 h. Myr inhib-
ited the hypoxia-induced decreased cell viability of DRG
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Figure 2. Effect of Myr on cell viability of hypoxia-induced DRG neurons. (A) The rat DRG neurons were exposed to 10 to 200 uM Myr for 24 h. Viability was
significantly decreased at concentrations >50 M. "P<0.05 and “P<0.001 vs. control group. (B) DRG neurons exposed to 1% O, (hypoxia) for 24 h had signifi-
cantly decreased cell viability compared with control group; this was inhibited by Myr in a dose-dependent manner. Data are expressed as the mean + standard
deviation. "P<0.001 vs. control; "P<0.05 and “P<0.001 vs. hypoxia-induced group. Myr, myristicin; Con, control, DRG, dorsal root ganglion; Hyp, hypoxia.

neurons in a dose-dependent manner (Fig. 2B). The results
confirmed that the optimal concentration of Myr was 50 yM.

Myr reverses the apoptosis of hypoxia-induced DRG
neurons. TUNEL staining was used to assess apoptotic cells.
As presented in Fig. 3A, increased TUNEL staining was
observed in the hypoxia-induced DRG neurons compared
with the normal group. The number of TUNEL-positive
cells was reduced in DRG neurons following Myr treat-
ment; however, Myr treatment had no effect on the normal
group. Quantification of TUNEL staining revealed that Myr
significantly reduced the percentage of TUNEL-positive DRG
neurons following hypoxia (Fig. 3B).

To determine the possible involvement of the mitochon-
drial pathway of apoptosis in hypoxia-induced DRG neurons,
protein expression levels of the pro-apoptotic Bax, the apop-
tosis protease cleaved caspase-3 and the anti-apoptotic Bcl-2
were detected by western blot analysis (Fig 4A). Increased
protein expression levels of Bax and cleaved caspase-3, and
reduced protein expression levels of Bcl-2, were detected in
the hypoxia-induced group compared with the normal group;
these effects were significantly abrogated by Myr treatment
(Fig. 4B-D). Therefore, Myr may reverse hypoxia-induced
apoptosis in DRG neurons by affecting the protein expression
levels of apoptosis-associated molecules.

Myr decreases MDA content and LDH release, and upregu-
lates SOD and GSH-PX activities, in hypoxia-induced DRG
neurons. To investigate the effect of hypoxic injury on DRG
neurons, the present study analyzed MDA content, LDH
release and SOD and GSH-PX activities in the four groups.
The MDA content (Fig. 5A) and LDH release (Fig. 5B) in
hypoxia-induced DRG neurons was greater compared with the
normal group, whereas SOD (Fig. 5C) and GSH-PX (Fig. 5D)
activities were reduced. Following treatment with Myr,
these hypoxia-induced effects were significantly attenuated.
Therefore, Myr exhibited a protective effect against hypoxic
injury in DRG neurons.

Myr reduces the expression levels of CHOP, GRP78 and
cleaved caspase-12 in hypoxia-induced DRG neurons. The

levels of CHOP and GRP78 were analyzed by western blot
analysis (Fig. 6A) to determine whether ERS was involved in
apoptosis of hypoxia-induced DRG neurons. CHOP (Fig. 6B)
and GRP78 (Fig. 6C) protein expression levels were signifi-
cantly increased in DRG neurons treated with hypoxia, and this
increase was significantly inhibited by Myr. Similarly, CHOP
(Fig. 6D) and GRP78 (Fig. 6E) mRNA expression levels in
the hypoxia group were significantly increased compared with
the normal group, as assessed by RT-qPCR; however, this was
significantly downregulated by Myr. The protein expression
levels of cleaved caspase-12 were analyzed as it is a specific
marker of ERS-induced apoptosis (Fig. 7A). Western blot anal-
ysis indicated that hypoxia significantly increased its protein
expression levels; however, this was significantly inhibited by
treatment with Myr (Fig. 7B). Immunofluorescence verified
this (Fig. 7C). These results suggested that Myr may inhibit
hypoxia-ERS-induced apoptosis in DRG neurons.

Discussion

The biochemical cascade initiated by conditions of hypoxia
is complex. Depletion of cellular energy reserves is a major
problem (24) and the mitochondrial response to hypoxia is
critical in determining neuronal cell fate (25). Severe tissue
oxygen depletion may result in total mitochondrial failure
and necrotic cell death, whereas less severe oxygen depriva-
tion may trigger activation of the apoptotic pathway (26).
Kerr et al (27) first described apoptosis as a programmed cell
death defined by the nuclear and cell morphological altera-
tions due to activation of signaling cascades. The results of
the present study demonstrated the involvement of ERS in the
apoptosis of hypoxia-induced DRG neurons.

Activation of the UPR protects cells under ERS via
upregulation of GRP78 (28). Physiological processes that
demand a high rate of protein synthesis and secretion must
sustain activation of the adaptive programs of the UPR without
triggering cell death pathways (29). However, prolonged acti-
vation of the UPR by excessive ERS may convert its role to a
cytotoxic one, by activation of multiple apoptotic pathways in
mammalian cells (30). The underlying mechanisms initiating
apoptosis under conditions of irreversible ER damage are
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Figure 3. Myr reduces the number of TUNEL-positive DRG neurons following hypoxia. (A) TUNEL staining was performed in DRG neurons. The merged
images, resulting from the overlap of TUNEL-positive (green) and DAPI-labeled (blue) areas, revealed increased TUNEL staining in the hypoxia group
compared with the normal group after 24 h; this increase was inhibited by 50 uM Myr. (magnification, x40). (B) Quantification of TUNEL staining revealed
that these differences were significant. Data were expressed as the mean + standard deviation. “P<0.05 vs. normal group; “P<0.01 vs. hypoxia-induced group.
Myr, myristicin; DRG, dorsal root ganglion; TUNEL, deoxynucleotidyl transferase-mediated dUTP nick end-labeling; Nor, normal.

now partially understood and may involve a series of comple-
mentary pathways (29). The ERS transducer proteins ATF-6,
IRE-la and PERK constitute the core stress regulators of the
UPR, and transduce signals from the ER to the cytoplasm and
nucleus following ERS (29). A previous study reported that the
induction of ERS was closely associated with apoptosis (30).
Chronic ER stress leads to Bax-dependent apoptosis through
the transcriptional upregulation of Bcl-2 homology 3-only
proteins, including Bcl-2-interacting mediator of cell death
(BIM) and p53 upregulated modulator of apoptosis, which
are upstream Bcl-2 family members (31). The transcription of
one of the key UPR pro-apoptotic genes, CHOP, is positively
controlled by the PERK-ATF4 axis (31). CHOP promotes the
transcription of BIM and the downregulation of Bcl-2 expres-
sion, contributing to the induction of apoptosis (31). The present
study indicated that CHOP and GRP78 were expressed at high
levels in hypoxia-induced DRG neurons, which increased the
protein expression levels of Bax and decreased that of Bcl-2.
Caspases are a superfamily of cysteine aspartyl-specific

proteases that regulate numerous aspects of cell survival and
death (32). Caspase-3 is a validated marker in detecting early
neuronal apoptosis (32). Its activation is mediated via extrinsic
(death ligand) and intrinsic (mitochondrial) pathways (11,32).
The zymogen caspase-3 has almost no activity until it is
cleaved by an initiator caspase following apoptotic signaling
events (11). The present study revealed that cleaved caspase-3
was expressed at high levels in hypoxia-induced DRG neurons.
Caspase-12, which is localized on the ER membrane, has been
demonstrated to be specifically activated by ER stress (11,13).
In the current study, the level of caspase-12 was significantly
increased in hypoxia-induced DRG neurons, suggesting the
involvement of caspase-12 in ERS-triggered cell apoptosis.
LDH is an enzyme that is present in the cell cytoplasm
and is important in energy metabolism. An increase in
LDH activity suggests cellular damage (33). Enhanced lipid
peroxidation is a hallmark of free radical-induced tissue
damage. The -oxidation of lipid peroxides in cells leads to
double bond rearrangement of unsaturated fatty acids of the
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Figure 4. Myr influences the protein expression levels of Bcl-2, Bax and cleaved caspase-3 in hypoxia-induced DRG neurons. (A) Western blot analysis of DRG
neurons following hypoxia and/or Myr treatment. Quantification of western blotting revealed that hypoxia treatment (B) decreased Bcl-2 protein expression
levels compared with untreated cells, and increased protein expression levels of (C) Bax and (D) cleaved caspase-3. Myr treatment significantly inhibited
these hypoxia-induced effects. B-actin served as a loading control. Data are expressed as the mean + standard deviation (n=3). “P<0.001 vs. untreated group;
“P<0.001 vs. hypoxia-induced group. Myr, myristicin; DRG, dorsal root ganglion; Bcl-2, B cell lymphoma 2; Bax, Bcl-2 associated X protein.
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Figure 5. MDA, LDH, SOD and GSH-PX activity. Hypoxia treatment significantly increased (A) MDA content and (B) the release of LDH in DRG neurons
compared with the untreated group; these effects were inhibited by Myr. Hypoxia-exposed DRG neurons had downregulated (C) SOD and (D) GSH-PX
activities compared with untreated cells; again, these effects were inhibited by Myr. Data are expressed as the mean + standard deviation. “P<0.001 vs.
untreated group; “P<0.001 vs. hypoxia-induced group. Myr, myristicin; DRG, dorsal root ganglion; MDA, malondialdehyde; LDH, lactate dehydrogenase;
SOD, superoxide dismutase; GSH-PX, glutathione peroxidase.

membrane, which results in destruction of the lipid membrane  due to stress exerted by free radicals (34). MDA is involved
culminating in tissue damage (33). This activity is enhanced  in the downregulation of lipid peroxidation. SOD reduces
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Figure 6. Myr decreases the expression of CHOP and GRP78 in DRG neurons exposed to hypoxia. (A) The levels of CHOP and GRP78 were analyzed using
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were detected by reverse transcription-quantitative polymerase chain reaction, and were enhanced in the hypoxia-induced group and inhibited by addition of
Myr. Data are expressed as the mean * standard deviation. “P<0.001 vs. untreated group; “P<0.001 vs. hypoxia-induced group. Myr, myristicin; DRG, dorsal
root ganglion; CHOP, CCA AT/enhancer-binding protein-homologous protein; GRP78, glucose-related protein 78.
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Figure 7. Myr reduces cleaved caspase-12 expression in hypoxia-induced DRG neurons. (A) Western blotting was performed to detect cleaved caspase-12
expression. (B) Quantification of western blotting revealed that protein expression levels of cleaved caspase-12 were significantly increased in hypoxia-induced
DRG neurons compared with the untreated group; this effect was significantly inhibited by Myr. -actin served as a loading control. (C) Immunofluorescence
staining of cleaved caspase-12 verified the western blotting results. (magnification, x40). All data were expressed as the mean * standard deviation. “P<0.001
vs. normal group; “P<0.001 vs. hypoxia-induced group. Myr, myristicin; DRG, dorsal root ganglion.

0O,- to H,0, thus scavenging noxious free radicals (35). GSH
is an indispensable member of the antioxidant free radical
scavenger family, which converts H,O, to H,O (10). GSH
shields cells and tissues against free radical generation during
stressful conditions arising following the administration of
acetic acid (10). GSH is important in electrophile detoxifica-
tion, transport of amino acids and synthesis of DNA (10). The

results of the present study demonstrated that hypoxia treat-
ment significantly increased MDA content and the release of
LDH, but downregulated SOD and GSH-PX activities in DRG
neurons.

A variety of drugs targeting cell death pathways have been
assessed in animal models of spinal cord injury. The ampli-
tude of neuroprotection observed in these studies has been
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variable, and often the results are inconsistent between models
and research groups. However, various compounds, including
erythropoietin, N-acetyl-cysteine, caspase-2 inhibitors, p53
inhibitors, melatonin and c-Jun N-terminal kinase inhibitors,
have demonstrated promising neuroprotective properties. Myr,
as the primary active constituent of nutmeg, mace and parsley
leaf oil, has not been investigated in in vivo animal models of
spinal cord injury or DRG neuron cell models. In conclusion, the
present study, to the best of our knowledge, first demonstrated
that Myr may protect against hypoxia-induced apoptosis in
rat DRG neurons via inhibition of the ERS pathway. However,
limitations of the present study include the fact that it remains
unknown whether Myr is able to cross the blood-brain barrier.
In addition, the safety of Myr needs to be carefully tested in
long-term follow-up studies. Furthermore, the majority of
drugs examined are non-specific and have multiple effects in
addition to anti-apoptotic/antinecrotic effects. Further in vivo
studies are required to test the effects of Myr in animal models
and in humans.
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