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Whnt/B-catenin signaling is involved in various biological processes, including the
development of the central nervous system. The dysfunction of mitochondria has been
shown to participate in the progress of subarachnoid hemorrhage (SAH). Traumatic
subarachnoid hemorrhage (tSAH) is a serious complication in acute craniocerebral
trauma. Opioids can activate the canonical Wnt/B-catenin signaling pathway. c-Myc, a
downstream protein of Wnt/B-catenin signaling, contributes to the fusion of mitochondria.
Here, we investigated the protective roles of Propoxyphene (Pro) against Oxyhemoglobin
(OxyHb)-induced primary cultured neuron apoptosis. The data indicated that Pro rescued
active-B-catenin from OxyHb-induced decline. Furthermore, Pro attenuated OxyHb-
induced apoptosis and fission of mitochondria in primary cortical neurons. However,
the protective effects were abrogated under active-B-catenin-deficient conditions.
Together, the data presented here showed that Pro, a weak opioid analgesic drug,
attenuates OxyHb-induced mitochondria-dependent apoptosis in an active-f-catenin-c-
Myc-dependent manner.

Keywords: Propoxyphene, active-B-catenin, apoptosis, traumatic subarachnoid hemorrhage, mitochondrial

INTRODUCTION

Subarachnoid hemorrhage (SAH), which accounts for 5% of all stroke cases, is a severe neurological
disorder with extremely high rates of mortality and morbidity (Boettinger et al., 2017; Ye et al,,
2018). The causes of SAH are rupture of intracranial aneurysm and severe craniocerebral injury
(Anzabi et al., 2018). Traumatic subarachnoid hemorrhage (tSAH), a major complication of acute
craniocerebral trauma, may induce early brain injury (EBI) and elevation of intracranial pressure

Abbreviations: SAH, subarachnoid hemorrhage; tSAH, traumatic subarachnoid hemorrhage; Pro, propoxyphene; OxyHb,
oxyhemoglobin; EBI, early brain injury; DMEM, Dulbecco’s Modified Eagle’s Medium; FBS, fetal bovine serum; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; NC, immobilon nitrocellulose; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick-end labeling.
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(Dalle et al., 2018). The general assumption is that EBI induced
by a decrease in cerebral blood flow is the primary cause of poor
prognosis and plays an important role in the overall outcome
(Feng et al., 2016). Neuronal apoptosis, which induces disruption
of the blood-brain barrier, oxidative stress, brain edema, and
elevated intracranial pressure, is a common result of general EBI
(Ye et al, 2018). However, the exact molecular mechanisms
underlying neuronal apoptosis have not been fully studied. As a
major component of blood, oxyhemoglobin (OxyHb) has been
shown to be a major cause of cerebral vasospasm and decrease in
cerebral blood flow (Li et al., 2016). Therefore, OxyHb has been
used to mimic the pathology of SAH in primary rat
cortical neurons.

Wnt/B-catenin signaling is involved in various biological
processes, including proliferation and apoptosis (Wang et al.,
2018). The canonical Wnt/B-catenin signaling pathway has been
reported to play an important role in the development of the
central nervous system (Corachan et al., 2018). With the binding
of Wnt ligands to Frizzled and LRP5/6 receptors, the destruction
complex assembled by Axin, APC, and GSK3f is disrupted,
resulting in B-catenin protein stabilization in the cytoplasm
fraction and then translocation to the nucleus fraction, where
B-catenin protein binds to TCF/LEF transcription factor and
drives downstream gene expression (Fan et al., 2014).

Propoxyphene (Pro) is an opioid analgesic drug intended for
the treatment of mild pain (Mattoo et al., 2013). Because it is very
weak in comparison to commonly abused opioids such as
morphine and fentanyl, propoxyphene does not have a
substantial mental craving effect. The canonical Wnt/B-catenin
signaling pathway can be activated by various opioids (Wang J.
etal, 2017). Furthermore, the opioids show many beneficial roles
against damage in the central nervous system (Elyasi et al., 2014).

Mitochondria are vital organelles in eukaryotes and supply
energy for all cellular activities (Park et al., 2018). Mitochondrial
dysfunction has been shown not only in the progress of SAH
models but also in SAH patients (Cai et al., 2015). Mitochondrial
fission produces dysfunctional organelles, and fusion can maintain
the integrity of mitochondria. Mitochondrial disruption and
fission have been shown to occur after SAH (Wu et al,, 2017).
Furthermore, Wnt/B-catenin signaling is responsible for an
increase in membrane fusion (Graves et al., 2012).

Opioids can activate the canonical Wnt/B-catenin signaling
pathway (Dunbar et al., 2006). c-Myc, a down-stream protein of
Wnt/B-catenin signaling, contributes to the fusion of
mitochondria (Graves et al.,, 2012). Previous studies have
shown that excessive mitochondrial fission is involved in the
EBI stage following SAH (Wu et al., 2017). This study, therefore,
aims to investigate the protective role of propoxyphene against
OxyHb-induced cell apoptosis in primary cortical neurons.

MATERIALS AND METHODS
Primary Cell Culture

Pregnant SD rats were purchased from the animal center of the
Fourth Military Medical University. Primary rat cortical neurons
were obtained from the embryos of pregnant SD rats. The brains

of SD rat embryos were removed with appropriate instruments.
The cortical tissues were carefully dissected and placed in Hank’s
balanced salt solution. The tissues were then digested in 0.125%
trypsin for 15 min at 37°C and balanced with Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Grand Island, NY,
USA). The digested tissues were filtered through a sterile mesh
filter and centrifuged at 1000 rpm for 5 min. The cells were
cultured with neurobasal medium (Gibco, Grand Island, NY,
USA). The primary cortical neurons were cultured to day 7 for
different treatments. To establish the in vitro model of SAH, the
cortical neurons were exposed to 10 uM OxyHb (purity=90%,
Ruibio, 07109) based on a previous study (Li et al., 2016).

Reagents

DMEM and fetal bovine serum (FBS) were purchased from
Gibco (Gaithersburg, MD). Propoxyphene (1 mg/ml, ampule
of 1 ml) and MTT (purity>98%) were obtained from Sigma-
Aldrich (St. Louis, MO). Oxyhemoglobin (purity=90%, Ruibio,
07109) was obtained from Bomei Biotechnology Co., Ltd. (Hefei,
China). MitoTracker Red was purchased from Life Technologies
(Massachusetts, USA). Antibodies to active-f-catenin, actin, and
cleaved caspase-8 were purchased from Cell Signaling (Beverly,
MA, USA). Antibodies to -catenin, Bcl,, Bax, and c-Myc were
purchased from Abcam (Cambridge, UK). Anti-mouse-HRP IgG
and anti-rabbit -HRP IgG were obtained from Biosynthesis
Biotechnology (Beijing, China).

Transfection

Primary rat cortical neurons were seeded in 6-well plates. The
cells were then transfected with B-catenin siRNA or negative
control siRNA (GenePharma, Shanghai, China) using
Lipofectamine 2000 for 48 h (Liu et al., 2017). The final
concentration of siRNA was 50 nmol/L, and the B-catenin
siRNA sequences are shown in Table 1.

Western Blot Analysis

Primary rat cortical neurons were suspended in lysis buffer after
treatment. Equivalent amounts of protein were then loaded and
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to immobilon
nitrocellulose (NC) membranes (Millipore, Boston, USA). The
NC membranes were blocked with 5% BSA in TBST at room
temperature for 2 h and incubated with primary antibodies
overnight at 4°C. The membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies for 2 h
at room temperature. The protein bands were detected using a
Bio-Rad imaging system (Bio-Rad, Hercules, USA).

TABLE 1 | The siRNA sequences targeting B-catenin.

Sense 5’-UUCUCCGAACGUGUCACGUTT -3’
Antisense 5'-ACGUGACACGUUCGGAGAATT-3’
Sense 5’-GCUGUUCUAUUCCGAAUGUTT -3’
Antisense 5’-ACAUUCGGAAUAGAACAGCTT -3’
Sense 5’-GCCUUAGUAAACAUAAUGATT -3’
Antisense 5’-UCAUUAUGUUUACUAAGGCTT -3’

Negative Control siRNA
B-catenin siRNAT

B-catenin siRNA2
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TUNEL Staining

Primary neuron apoptosis was analyzed using terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay. Briefly, after being fixed in 4% formaldehyde solution in
PBS for 20 min and permeabilized with 0.2% Triton X-100 for 10
min, the cortical neurons were incubated with TUNEL reaction
mixture at 37°C for 1 h. After being washed three times with PBS,
the slides were incubated with DAPI for 5 min in the dark.
Finally, the TUNEL-positive cells were examined with a
fluorescence microscope (C2 Si; Nikon, Japan).

Immunofluorescence

Cortical neurons were grown on the slides and fixed in 4%
formaldehyde solution in PBS for 10 min. After permeabilization
with 0.2% Triton X-100 for 30 min and blocking with 5% BSA for
2 h, the primary cortical neurons were incubated with primary
antibodies at 4°C overnight. The cells were then washed with PBS
three times and labeled with secondary antibodies. The nuclei
were labeled with DAPI. Fluorescence images were obtained with
a fluorescence microscope (C2 Si; Nikon, Japan).

Mitochondrial Staining

The morphology of mitochondria was detected by MitoTracker
Red according to the manufacturer’s instructions. Briefly,
cortical neurons were grown on slides and stained for 30 min
with 10 nM MitoTracker Red at room temperature.
Mitochondria were imaged under a fluorescence microscope
(C2 Si; Nikon, Japan).

Measurement of Cell Viability

Cell viability was determined by MTT assay. Primary cortical
neurons were cultured in 9-well plates. After the designed
treatment, the medium was replaced with MTT solution for 2-
4 h at 37°C. The MTT solution was then discarded, and 150 pl
DMSO was added. Absorbance was read at 490 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA). Cell viability
was calculated using the following formula: cell viability (%) =
optical density in test well per experiment/optical density in
control well per experimentx100%.
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FIGURE 1 | tSAH induced apoptosis and inactivation of Wnt signaling in primary cultured neurons. (A) Western blot analysis of active-B-catenin and B-catenin in
primary cultured neurons at 12, 24, and 48 h after OxyHb exposure. (B, C) Relative amounts of active-B-catenin/actin and B-catenin/actin (mean + SD; n = 3; *p <
0.05). (D) Western blot analysis of the Bcl2/Bax level in primary cultured neurons at 12, 24, and 48 h after OxyHb exposure. (E) Relative Bcl2/Bax values (mean +
SD; n = 3; *p < 0.05; **p < 0.01). (F) Western blot analysis of cleaved caspase-8/actin level in primary cultured neurons treated as described in A. (G) Expression of
cleaved caspase-8 (mean + SD; n = 3; *p < 0.05). (H) Morphological changes in primary cultured neurons (scale bar, 50 um).
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Statistical Analysis

All results are expressed as mean + SEM. Prism 5 (GraphPad
Software, San Diego, CA, USA) was used to analyze the data in
our study. Statistical analysis was conducted using one-way
analysis of variance (ANOVA) followed by Bonferroni test for
multiple groups. The value of P < 0.05 was considered to be
statistically significant.

catenin in primary cultured cells treated as described in H (scale bar, 50 um).

RESULTS

tSAH-Induced Rat Cortical Neuron
Apoptosis

A cell tSAH model was established by adding OxyHDb to the rat
cortical neurons. The Western blots indicated that the levels of
active-B-catenin were gradually decreased in the rat cortical

OxyHb(24h) B C
A Propoxyphenc
Con Con 6h 12h 24h 48h - 15 * * g 15
. . € [ | oe— 5
Active B-catenin e = = o s —— £ — £
m‘-’_E 1.0 iﬁ 1.0
@3 £
2 g
Total B-Catenin | o w— e w— g o— 3% E
T8 os & 05
2 ®
- 3 2
actin - a— - ] 5
- - L & 0.0
Con Con 6h 12h 24h 48h Con Con 6h 12h 24h  48h
Propoxyphene Propoxyphene
OxyHb(24h) OxyHb(24h)
OxyHb(24h) E F
D Propoxyphenc G
Con Con 5uM 101M 20uM 207 %k * 315
£ * 3
Active B-calenin s == == == 5 1 £ Active B-catenin W s
g £
23 8 10
@9 <
2240 H
Total B-catenin g s Total B-catenin === =
I3 3 05
© 20
2 s e
] 2 )
actin | e e eum = - O s aCtin e w— w—
0.0 & 0o
Con Con SuM 10uM 20uM Con Con 5uM 10pM 20uM N
Proj h vnhone .\@\g Q\;Y' _Q§’
poxyphene Propoxyphene 3 s
H OxyHb(24h) OxyHb(24h) ooo“ Q\é‘(\ ,3;5“(\
&
Active B-catenin e — - o—
OxyHb+Pro
Total B-catenin = e - : .
y = J° Control OxyHb+Pro +p-cateninsiRNA
ACN | e e——— —
OxyHb(24h) - + + +
Control IRNA  +  + + -
p-catenin SIRNA - -+
Pro - - 4+ 4
E 15-
< KK Kk
k| i i1
G..E 1.0
]
Zc
S
TRos
2
k]
]
o 0.0
E 15-
s *
£ —
= 10
€
§
k]
2 05
@
2
s
g 0.0
OxyHb(ah) -+ +  +
Control SRNA +  +  + =
B-catenin SiRNA = -+
Pro - -+ o+

FIGURE 2 | Pro rescued active-B-catenin from OxyHb-induced decline. (A) Primary cultured neurons exposed to OxyHb were pretreated with 10 uM Pro for 6, 12,
24, or 48 h, and Western blots were conducted. (B, C) Relative amounts of active-B-catenin/actin and B-catenin/actin (mean + SD; n = 3; *p < 0.05). (D) Western
blot analysis of active-f3-catenin and B-catenin level in primary cultured neurons pretreated with 5, 10, or 20 uM Pro for 24 h before adding OxyHb. (E, F) Relative
amounts of active-B-catenin/actin and B-catenin/actin (mean + SD; n = 3; *p < 0.05). (G) Western blot analysis of active-B-catenin and B-catenin level in primary
cultured neurons transfected with B-catenin siRNA. (H) Cells transfected with B-catenin siRNA were treated with Pro before adding OxyHb, and Western blots were
conducted. (I) Relative amounts of active-B-catenin/actin and B-catenin/actin (mean + SD; n = 3; *p < 0.05; **p < 0.01). (J) Immunofluorescence analysis of active-f-
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neurons at 12, 24, and 48 h following OxyHb treatment and that
the relative protein level of total B-catenin was stable (Figures
1A-C). Besides, the results showed that, compared to the control
group, the ratio of Bcl2/Bax was significantly decreased in rat
cortical neurons 12, 24, and 48 h after OxyHb treatment (Figures
1D, E). Furthermore, the level of cleaved caspase-8 increased
markedly and remained stable during the OxyHb treatment
compared with that of the control group (Figures 1F, G). The
study of morphological changes in rat cortical neurons indicated
that neurons showed a loss of condensation of the soma, a
shrinkage of the neuron and neuronal arborization after 12, 24,
and 48 h of OxyHb treatment (Figure 1H).

Pro Rescued Active-B-Catenin From

the OxyHB-Induced Decline

Rat cortical neurons exposed to OxyHb were pretreated with 10
UM Pro for 6, 12, 24, and 48 h. The results indicated that the level
of active-B-catenin reached a maximum concentration after 24 h
of Pro treatment before adding OxyHb compared with cells
treated with OxyHb alone and that the level of total B-catenin
was stable (Figures 2A-C). Further study that took into
consideration the concentration of Pro showed that the level of
active-B-catenin in cells pretreated with 10 or 20 uM Pro for 24 h
before adding OxyHb was approximately 2.5 times higher than
that of cells treated with OxyHb alone (Figures 2D-F). Primary
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cortical neurons were transfected with B-catenin siRNA1 or 3-
catenin siRNA2, and the results showed that the B-catenin
siRNA2 worked effectively (Figure 2G). The B-catenin siRNA2
was then used in the subsequent experiments. The Western blots
showed that Pro could reverse the down-regulation of active-f-
catenin induced by adding OxyHb and that silencing -catenin
largely abrogated the positive effect of Pro in primary cortical
neurons (Figures 2H, I). Furthermore, the immunofluorescence
results also indicated that Pro reversed the down-regulation of
active-B-catenin induced by adding OxyHb and that silencing -
catenin abrogated the positive effect of Pro in primary cortical
neurons (Figure 2J).

Pro Attenuated OxyHB-Induced Apoptosis
in Primary Cortical Neurons via Wnt
Signaling

Western blots indicated that OxyHb treatment markedly
increased the expression of cleaved caspase-8. The
pretreatment of Pro ameliorated the activation of cleaved
caspase-8. Conversely, knockdown of B-catenin largely
abrogated the protective effect of Pro against OxyHb-induced
activation of cleaved caspase-8 (Figures 3A, B). The same
conclusion was obtained when we analyzed the Bcl2/Bax ratio
in Western blots (Figures 3C, D). The study of morphological
changes in rat cortical neurons indicated that the loss of
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FIGURE 3 | Modulation of primary cortical neuron apoptosis by Pro via Wnt signaling. (A) Western blot analysis of the cleaved caspase-8/actin level in primary

cultured neurons treated as described in Figure 2H. (B) Expression of cleaved caspase-8 (mean + SD; n = 3; *p < 0.05; **p < 0.01). (C) Western blot analysis of
Bcl2/Bax level in primary cultured neurons treated as described in Figure 2H. (D) Relative optical density of Bcl2 normalized to Bax (mean + SD; n = 3; *p < 0.05;
**p < 0.01). (E) Morphological changes in primary cultured neurons treated as described in Figure 2H (scale bar, 50 um). (F) Primary cultured neurons stained for
TUNEL (scale bar, 100 um). (G) Ratios of TUNEL-positive/Total primary cultured cells (mean + SD; n = 3; *p < 0.05). (H) Results of MTT assay in primary cultured
cells treated as described in Figure 2H (mean + SD; n = 3; “p < 0.05; “*p < 0.01).
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condensation of the soma, shrinkage of the neuron, and neuronal
arborization induced by OxyHb treatment could be attenuated
by Pro treatment and that silencing -catenin largely abrogated
the positive effect of Pro (Figure 3E). The TUNEL staining
indicated that OxyHb treatment induced the up-regulation of
TUNEL-positive cells and that Pro pretreatment before adding
OxyHb induced a significant decrease of TUNEL-positive cells
compared with the OxyHDb treatment group. However, silencing
[3-catenin abolished the protective effects of Pro, as indicated by
the change in TUNEL-positive cells (Figures 3F, G). The same
conclusion was obtained in the MTT assay (Figure 3H).

OxyHB-Induced Mitochondrial Fission
Could be Prevented by Pro via Wnt
Signaling

The level of mitochondrial fission was analyzed using
MitoTracker, and the results suggested that OxyHb induced
significant mitochondrial fission. After pretreatment with Pro

before adding OxyHb, the amount of mitochondrial fission was
partially alleviated. However, silencing [-catenin abrogated the
protective effect of Pro against the mitochondrial fission
phenotype induced by OxyHb (Figures 4A, B). c-Myc may
modulate the fission and fusion of mitochondria. The Western
blots indicated that Pro could reverse the inactivation of c-Myc
induced by OxyHb and that knockdown of B-catenin largely
abrogated this positive effect of Pro in primary culture neurons
(Figures 4C, D).

DISCUSSION

EBI induced by a decrease of cerebral blood flow is an important
pathological feature and primary cause of poor prognosis in
tSAH (Chen et al., 2018). A common result of EBI is neuronal
apoptosis, which induces disruption of the blood-brain barrier,
oxidative stress, brain edema, and elevated intracranial pressure
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(Zhang et al., 2017; Ye et al., 2018). It has been reported that the
inactivation of Wnt/B-catenin signaling is associated with
neuronal apoptosis (Takadera et al., 2012). In the present
study, we found that tSAH significantly induced neuronal
apoptosis in vitro, as evidenced by the up-regulation of cleaved
caspase-8 and down-regulation of the Bcl2/Bax ratio. Further, we
found a marked inactivation of Wnt/B-catenin signaling in the
primary cultured neurons following tSAH, as indicated by the
loss of active-P3-catenin.

Dunbar et al. have shown that Wnt/B-catenin signaling is
activated after opioid treatment in the rat cerebral cortex
(Dunbar et al., 2006). Propoxyphene, a weak opioid analgesic
drug, is used in the treatment of mild pain (Hayes et al.,, 2015;
Larochelle et al., 2015). Our results indicated that the neuronal
apoptosis and down-regulation of active-f-catenin induced by
OxyHb exposure could by abrogated by pretreatment with Pro.
To confirm the modulatory effect of Pro in Wnt/B-catenin
signaling-mediated apoptosis following tSAH, we pretreated
primary cultured neurons with Pro before OxyHb exposure,
which was used to mimic tSAH in vitro, and used B-catenin
siRNA to downregulate the B-catenin expression. The results
showed that knockdown of B-catenin largely abrogated the
protective effect of Pro against OxyHb-induced activation of
cleaved caspase-8, down-regulation of the Bcl2/Bax ratio, and
increase of TUNEL-positive cells. Furthermore, the study of
morphological changes in rat cortical neurons showed that the
loss of condensation of the soma, shrinkage of the neuron, and
neuronal arborization induced by OxyHb treatment was
attenuated by Pro treatment and that silencing B-catenin
largely abrogated the positive effect of Pro. Taken together, the
results of the present study demonstrate that inactivation of
Wnt/B-catenin signaling is involved in tSAH-induced apoptosis
and that Pro protects cortex neurons against tSAH-induced
apoptosis via modulating the accumulation of active-B-catenin.

Mitochondria are important organelles that participate in
many important cellular processes, including the production of
ROS, energy metabolism, and apoptosis (Wang et al., 2016). It
has been reported that mitochondrial dysfunction participated in
the pathological process of SAH models (Chou et al., 2017;
Wang Z. et al,, 2017). A balance between mitochondrial fusion
and fission is crucial to mitochondrial morphology and function
(Kawano et al., 1995). The expression of c-Myc can restore the
mitochondrial volume and induce increased fusion (Graves et al.,
2012). Excessive mitochondrial fission has been shown to be
involved in the EBI stage following SAH (Wu et al., 2017). In the
present study, silencing B-catenin abrogated the protective effect

REFERENCES

Anzabi, M., Ardalan, M., Iversen, N. K., Rafati, A. H., Hansen, B., and
Ostergaard, L. (2018). Hippocampal atrophy following subarachnoid
hemorrhage correlates with disruption of astrocyte morphology and capillary
coverage by AQP4. Front. Cell. Neurosci. 12, 19. doi: 10.3389/fncel.2018.00019

Boettinger, S., Kolk, F., Broessner, G., Helbok, R., Pfausler, B., Schmutzhard, E.,
et al. (2017). Behavioral characterization of the anterior injection model of

of Pro against the mitochondrial fission phenotype induced by
OxyHb. Further, Pro could reverse the inactivation of c-Myc
induced by OxyHb, and the knockdown of B-catenin largely
abrogated this positive effect of Pro. We thus hypothesize that
Pro protects primary cultured neurons from OxyHb-induced
mitochondrial fission in an active-f-catenin-c-Myc-
dependent manner.

We conclude that, together, the data presented in this study
demonstrate a protective effect of Pro on the EBI after tSAH and
suggest the importance of Wnt/B-catenin signaling in this effect.
Pro, a weak opioid analgesic drug, attenuates OxyHb-induced
mitochondria-dependent apoptosis in an active-f-catenin-c-
Myc-dependent manner. Our study demonstrates a new
molecular cascade underlying tSAH-induced cell apoptosis and
suggests that promoting the accumulation of active-B-catenin is
a potential therapeutic strategy for the treatment of tSAH.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
supplementary material.

AUTHOR CONTRIBUTIONS

YL, JW, and LL designed this research. HL, ZL and GG wrote the
manuscript. HC participated in the TUNEL staining. ZZ
performed primary cell culture. TL performed mitochondrial
staining and immunofluorescence. XZ carried out the
Western blots.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81401044, 81230043).

ACKNOWLEDGMENTS

We thank American Journal Experts (AJE) for their highly
qualified English language editing.

subarachnoid hemorrhage. Behav. Brain Res. 323, 154-161. doi: 10.1016/
j.bbr.2017.02.004

Cai, J.,, Cao, S., Chen, J., Yan, F., Chen, G., and Dai, Y. (2015). Progesterone
alleviates acute brain injury via reducing apoptosis and oxidative stress in a rat
experimental subarachnoid hemorrhage model. Neurosci. Lett. 600, 238-243.
doi: 10.1016/j.neulet.2015.06.023

Chen, T, Pan, H,, Li, J., Xu, H,, Jin, H,, Qian, C,, et al. (2018). Inhibiting of RIPK3
attenuates early brain injury following subarachnoid hemorrhage: possibly

Frontiers in Pharmacology | www.frontiersin.org

January 2020 | Volume 10 | Article 1616


https://doi.org/10.3389/fncel.2018.00019
https://doi.org/10.1016/j.bbr.2017.02.004
https://doi.org/10.1016/j.bbr.2017.02.004
https://doi.org/10.1016/j.neulet.2015.06.023
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

Propoxyphene Protects Cortical Neurons

through alleviating necroptosis. Biomed. Pharmacother. 107, 563-570. doi:
10.1016/j.biopha.2018.08.056

Chou, S. H,, Lan, J.,, Esposito, E., Ning, M., Balaj, L., Ji, X,, et al. (2017).
Extracellular mitochondria in cerebrospinal fluid and neurological recovery
after subarachnoid hemorrhage. Stroke 48, 2231-2237. doi: 10.1161/
STROKEAHA.117.017758

Corachan, A., Ferrero, H., Aguilar, A., Garcia, N., Monleon, J., Faus, A., et al.
(2018). Inhibition of tumor cell proliferation in human uterine leiomyomas by
vitamin D via Wnt/beta-catenin pathway. Fertil. Steril 111 (2), 397-407. doi:
10.1016/j.fertnstert.2018.10.008

Dalle, O. C., Rennert, R. C., Schupper, A. J., Gabel, B. C., Gonda, D., Peterson, B.,
et al. (2018). The identification of a subgroup of children with traumatic
subarachnoid hemorrhage at low risk of neuroworsening. J. Neurosurg. Pediatr.
22 (5), 559-566. doi: 10.3171/2018.5.PEDS18140

Dunbar, S. A., Karamian, I, Roberts, L., and Zhang, J. (2006). Increased
prostaglandin E2 release and activated Akt/beta-catenin signaling pathway
occur after opioid withdrawal in rat spinal cord. Anesthesiology 105, 154-159.
doi: 10.1097/00000542-200607000-00025

Elyasi, L., Eftekhar-Vaghefi, S. H., and Esmaeili-Mahani, S. (2014). Morphine
protects SH-SY5Y human neuroblastoma cells against 6-hydroxydopamine-
induced cell damage: involvement of anti-oxidant, calcium blocking, and anti-
apoptotic properties. Rejuvenation Res. 17,255-263. doi: 10.1089/rej.2013.1473

Fan, K, Li, N,, Qi, J., Yin, P,, Zhao, C, Wang, L, et al. (2014). Wnt/beta-catenin
signaling induces the transcription of cystathionine-gamma-lyase, a stimulator of
tumor in colon cancer. Cell. Signal. 26, 2801-2808. doi: 10.1016/j.cellsig.2014.08.023

Feng, D., Wang, B., Ma, Y., Shi, W., Tao, K., Zeng, W., et al. (2016). The Ras/Raf/
Erk Pathway mediates the subarachnoid hemorrhage-induced apoptosis of
hippocampal neurons through phosphorylation of p53. Mol. Neurobiol. 53,
5737-5748. doi: 10.1007/512035-015-9490-x

Graves, J. A., Wang, Y., Sims-Lucas, S., Cherok, E., Rothermund, K., Branca, M. F.,
et al. (2012). Mitochondrial structure, function and dynamics are temporally
controlled by c-Myc. PloS One 7, €37699. doi: 10.1371/journal.pone.0037699

Hayes, C. J., Hudson, T. ], Phillips, M. M., Bursac, Z., Williams, J. S., Austin, M. A.,
et al. (2015). The influence of propoxyphene withdrawal on opioid use in
veterans. Pharmacoepidemiol. Drug Saf. 24, 1180-1188. doi: 10.1002/pds.3851

Kawano, S., Takano, H., and Kuroiwa, T. (1995). Sexuality of mitochondria:
fusion, recombination, and plasmids. Int. Rev. Cytol. 161, 49-110. doi:
10.1016/s0074-7696(08)62496-1

Larochelle, M. R,, Zhang, F., Ross-Degnan, D., and Wharam, J. F. (2015). Rates of
opioid dispensing and overdose after introduction of abuse-deterrent
extended-release oxycodone and withdrawal of propoxyphene. JAMA Intern.
Med. 175, 978-987. doi: 10.1001/jamainternmed.2015.0914

Li, X,, Zhao, L., Yue, L,, Liu, H., Yang, X., Wang, X, et al. (2016). Evidence for the
protective effects of curcumin against oxyhemoglobin-induced injury in rat
cortical neurons. Brain Res. Bull. 120, 34-40. doi: 10.1016/
j.brainresbull.2015.11.006

Liu, P., Su, J., Song, X., and Wang, S. (2017). Activation of nuclear beta-catenin/c-
Myc axis promotes oxidative stress injury in streptozotocin-induced diabetic
cardiomyopathy. Biochem. Biophys. Res. Commun. 493, 1573-1580. doi: 10.1016/
jbbrc.2017.10.027

Mattoo, S. K., Mahajan, S., Nebhinani, N., and Phuljhele, S. (2013). Diplopia with
dextropropoxyphene withdrawal. Gen. Hosp. Psychiatry 35, 100-101. doi:
10.1016/j.genhosppsych.2012.10.009

Park, W., Park, S., Lim, W., and Song, G. (2018). Chrysin disrupts intracellular
homeostasis through mitochondria-mediated cell death in human
choriocarcinoma cells. Biochem. Biophys. Res. Commun. 503, 3155-3161.
doi: 10.1016/j.bbrc.2018.08.109

Takadera, T., Fujibayashi, M., Koriyama, Y., and Kato, S. (2012). Apoptosis
induced by SRC-family tyrosine kinase inhibitors in cultured rat cortical
cells. Neurotox. Res. 21, 309-316. doi: 10.1007/s12640-011-9284-5

Wang, B., Cai, Z,, Tao, K., Zeng, W., Lu, F., Yang, R,, et al. (2016). Essential control
of mitochondrial morphology and function by chaperone-mediated autophagy
through degradation of PARK7. Autophagy 12, 1215-1228. doi: 10.1080/
15548627.2016.1179401

Wang, J., Zhu, G., Huang, L., Nie, T., Tao, K,, Li, Y., et al. (2017). Morphine
administration induces change in anxiety-related behavior via Wnt/beta-catenin
signaling. Neurosci. Lett. 639, 199-206. doi: 10.1016/j.neulet.2017.01.005

Wang, Z.,, Guo, S., Wang, J., Shen, Y., Zhang, J., and Wu, Q. (2017). Nrf2/HO-1
mediates the neuroprotective effect of mangiferin on early brain injury after
subarachnoid hemorrhage by attenuating mitochondria-related apoptosis and
neuroinflammation. Sci. Rep. 7, 11883. doi: 10.1038/s41598-017-12160-6

Wang, J. C, Li, Y. Q,, Feng, D. Y., Zhou, X, Yan, F. Q,, Li, Y, et al. (2018). Loss of
Sfrp2 contributes to the neurological disorders related with morphine withdrawal
via Wnt/beta-catenin signaling. Behav. Brain Res. 359, 609-618. doi: 10.1016/
j.bbr.2018.10.005

Wu, P, Li, Y., Zhu, S.,, Wang, C,, Dai, J., Zhang, G., et al. (2017). Mdivi-1 Alleviates
early brain injury after experimental subarachnoid hemorrhage in rats,
possibly via inhibition of drpl-activated mitochondrial fission and oxidative
stress. Neurochem. Res. 42, 1449-1458. doi: 10.1007/s11064-017-2201-4

Ye, Z. N, Wu, L. Y, Liu, J. P,, Chen, Q, Zhang, X. S, Lu, Y,, et al. (2018).
Inhibition of leukotriene B4 synthesis protects against early brain injury
possibly via reducing the neutrophil-generated inflammatory response and
oxidative stress after subarachnoid hemorrhage in rats. Behav. Brain Res. 339,
19-27. doi: 10.1016/j.bbr.2017.11.011

Zhang, X., Wu, Q,, Zhang, Q,, Lu, Y,, Liu, J., Li, W,, et al. (2017). Resveratrol
attenuates early brain injury after experimental subarachnoid hemorrhage via
inhibition of NLRP3 inflammasome activation. Front. Neurosci. 11, 611. doi:
10.3389/fnins.2017.00611

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Li, Wang, Li, Cheng, Zhang, Luo, Zhang, Gao, Lu and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

January 2020 | Volume 10 | Article 1616


https://doi.org/10.1016/j.biopha.2018.08.056
https://doi.org/10.1161/STROKEAHA.117.017758
https://doi.org/10.1161/STROKEAHA.117.017758
https://doi.org/10.1016/j.fertnstert.2018.10.008
https://doi.org/10.3171/2018.5.PEDS18140
https://doi.org/10.1097/00000542-200607000-00025
https://doi.org/10.1089/rej.2013.1473
https://doi.org/10.1016/j.cellsig.2014.08.023
https://doi.org/10.1007/s12035-015-9490-x
https://doi.org/10.1371/journal.pone.0037699
https://doi.org/10.1002/pds.3851
https://doi.org/ 10.1016/s0074-7696(08)62496-1
https://doi.org/10.1001/jamainternmed.2015.0914
https://doi.org/10.1016/j.brainresbull.2015.11.006
https://doi.org/10.1016/j.brainresbull.2015.11.006
https://doi.org/10.1016/j.bbrc.2017.10.027
https://doi.org/10.1016/j.bbrc.2017.10.027
https://doi.org/10.1016/j.genhosppsych.2012.10.009
https://doi.org/10.1016/j.bbrc.2018.08.109
https://doi.org/10.1007/s12640-011-9284-5
https://doi.org/10.1080/15548627.2016.1179401
https://doi.org/10.1080/15548627.2016.1179401
https://doi.org/10.1016/j.neulet.2017.01.005
https://doi.org/10.1038/s41598-017-12160-6
https://doi.org/10.1016/j.bbr.2018.10.005
https://doi.org/10.1016/j.bbr.2018.10.005
https://doi.org/10.1007/s11064-017-2201-4
https://doi.org/10.1016/j.bbr.2017.11.011
https://doi.org/10.3389/fnins.2017.00611
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Propoxyphene Mediates Oxyhemoglobin-Induced Injury in Rat Cortical Neurons Through Up-Regulation of Active-&beta;-Catenin
	Introduction
	Materials and Methods
	Primary Cell Culture
	Reagents
	Transfection
	Western Blot Analysis
	TUNEL Staining
	Immunofluorescence
	Mitochondrial Staining
	Measurement of Cell Viability
	Statistical Analysis

	Results
	tSAH-Induced Rat Cortical Neuron Apoptosis
	Pro Rescued Active-&beta;-Catenin From the OxyHB-Induced Decline
	Pro Attenuated OxyHB-Induced Apoptosis in Primary Cortical Neurons via Wnt Signaling
	OxyHB-Induced Mitochondrial Fission Could be Prevented by Pro via Wnt Signaling

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


