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pain by elevating autophagy flux via inhibiting
mTOR pathway
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Abstract: Peripheral neuropathic pain is a complex disease, and treated based on underlying diseases. Emerging
evidences suggest that hyperbaric oxygen alleviates neuropathic pain. However, its cellular and molecular mechanism on pain relief is unknown. We hypothesize that hyperbaric oxygen alleviates neuropathic pain via activating
autophagy flux and inhibiting mTOR pathway. Hyperbaric oxygen effectively inhibited nerve injury induced autophagy
impairment and mTOR pathway activation in a rat spinal nerve ligation (SNL) model. Moreover, intrathecal injection
of rapamycin, an autophagy inducer, enhanced hyperbaric oxygen effect by further decreasing mTOR activity. In
contrast, chloroquine, an autophagy inhibitor, counteracted hyperbaric oxygen analgesic effect. These findings indicate that hyperbaric oxygen attenuated neuropathic pain by increasing spinal autophagic flux via inhibiting mTOR
pathway. Our study provides pre-clinical evidences in expediting hyperbaric oxygen become a safe clinical treatment
of neuropathic pain.
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Introduction
Neuropathic pain is a broader term that encompasses a series of different conditions resulting from injuries to peripheral or central nerve
system [22]. It is characterized by spontaneous
pain, hyperalgesia, and allodynia [46]. Traditional therapy is to treat underlying diseases
with adverse effects. A new and effective
chronic neuropathic pain treatment strategy is
needed.
Autophagy is a process of adaptive and survival
mechanism that protect cells from environmental changes and pathological stimuli [30].
Recent investigations showed that autophagy
might play an important role in the process of
neuropathic pain. It has been reported that
basal autophagy is impaired in spinal nerve
ligation (SNL) model [1, 16]. Autophagy is
impaired in neurons, GABAergic interneurons,
and astrocytes following peripheral nerve injury
[57]. A deficiency of autophagic activity in
Schwann cells is an early event of neuropathic

pain chronification [34]. Moreover, rapamycin,
an autophagy inducer, induces long-lasting
analgesia, inhibits interleukin-1β secretion [10],
improves nerve myelination [45], and prevents
pain chronification. Accordingly, neuropathic
pain was dramatic enhanced by autophagy
inhibitors [2, 45].
The mammalian target of rapamycin (mTOR),
which regulates the UNC-51-like kinase1/2
complex, is a key regulator in autophagic process [20]. mTOR pathway was activated in spinal cord [33] and spinal dorsal horn [16] in
models of neuropathic pain and bone cancer
model [23, 40, 41]. Activation of the mTOR complex promotes the phosphorylation of mTOR
downstream effectors, which further lead to
damage autophagy activity. Inhibition of mTOR
kinase could be a possible pharmacological target in the management of chronic pain [14, 33].
Rapamycin can reduce mechanical allodynia,
mechanical and temperature sensitivity [58],
and suppress microglial activation after spinal
cord injury [50]. Furthermore, recent evidence
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suggests that mTOR pathway promotes peripheral pain plasticity [21, 43] via changes in
translation control. mTOR pathway in cerebrospinal fluid-contacting nucleus (CSF-contacting
nucleus) has been shown involved in neuropathic pain model [32].

able ad libitum. Rats were randomly assigned
into 7 groups: sham, SNL, SNL+HBO, vehicle
(saline)+SNL+HBO, CQ+SNL+HBO, vehicle (DMSO)+SNL+HBO and RAPA+SNL+HBO.

Hyperbaric oxygen (HBO) treatment is effective
of treating neuropathic pain in both preclinical
and clinical studies [51]. HBO treatment can
preserve muscle and neuronal ultrastructural
integrity [38], reduce tumor necrosis factoralpha production [31], decrease spinal apoptosis [19], and inhibits the activation of astrocytes [15]. In addition, HBO treatment synergistically alleviates neuropathic pain with drug
treatment [42]. HBO alleviates neuropathic
pain through upregulation of heme oxygenase-1 (HO-1) [11, 55], which in turn enhances
autophagy [9]. Our previous study indicated
that the expression of spinal neuronal nitric
oxide synthase (NOS) and inducible NOS, were
significantly decreased in HBO group when
compared with the neuropathic pain group [17].
Furthermore, studies have demonstrated that
HBO preconditioning could induce neuroprotection by elevating autophagic activity [53, 54].

Spinal nerve ligation (SNL) was performed
according to the Kim & Chung model [26].
Under Chloral Hydrate (500 mg/kg) anesthesia, the rat was placed in a prone position and
the left paraspinal muscles were separated
from the spinous processes at the L4-S1 levels.
The left lumbar L6 transverse process was
carefully removed to identify the L4 and L5 spinal nerves. The left L5 spinal nerve was isolated and tightly ligated with a 4-0 silk thread.
Complete hemostasis was confirmed and the
skin was closed. The surgical procedure for the
sham group was identical to the SNL group with
no spinal nerve ligation.

The aim of this study is to address whether (1)
HBO treatment could enhance spinal autophagy to attenuate SNL induced neuropathic pain;
(2) pharmacological inhibition of autophagy
reverse HBO analgesic effect; (3) mTOR signaling pathway responsible for HBO treatment following SNL; (4) HBO treatment induced spinal
autophagy was mainly located in neurons or
astrocytes.
Materials and methods
Animals
This study was carried out in strict accordance
with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was
approved by the Institutional Animal Ethics
Committee of China Medical University. All surgical procedures were performed under 10%
chloralic hydras anesthesia, and all efforts
were made to minimize animal suffering. Adult
male Sprague-Dawley rats (200-300 g,
Changsheng biological technology, China,
n=48) were used in this study. The animals
were housed individually in plastic boxes at
23~25°C with standard chow and water avail2630

Surgical procedures and treatment

Chloroquine intraperitoneal injection: Chloroquine (c6628, Sigma) was dissolved in saline
before use (4 μg/ml). Rats (n=12) were random
divided into two groups: chloroquine IP injection with hyperbaric oxygen (CQ+SNL+HBO),
and saline IP injection with hyperbaric oxygen
(vehicle+SNL+HBO). Chloroquine group received intraperitoneal administration of 8 μg/kg/
day one dose per day from day 0 to day 5 after
SNL surgery. Same volume of saline was given
to saline with hyperbaric oxygen group.
Rapamycin (RAPA) intrathecal administration: a
PE-5 intrathecal catheter was inserted into the
subarachnoid space for drug delivery. Briefly, a
laminectomy of the L5 vertebra was performed
and the dura was cut. At the level of the L4/5
spinal cord, a polyethylene-5 catheter was
inserted into the subarachnoid space. The location of the intrathecal catheter was confirmed
by post-mortem examination after completion
of the experiments. Rapamycin (CST, 9904S)
was dissolved in DMSO and 10 μl (0.05 μg/μl),
RAPA+SNL+HBO group was injected slowly
once per day from day 0 to day 3 and received
HBO treatment once a day for five consecutive
days after SNL surgery. Same volume of DMSO
was given to DMSO with HBO group.
Hyperbaric oxygen treatment
The cylindrical HBO treatment chamber
(DS400-IV, Weifang Huaxin Oxygen Industry Co.
Ltd., Shandong, China) was precoated with
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soda lime on the bottom to minimize water
vapor and CO2 accumulation. Before pressurization, the chamber was flushed with pure oxygen for 10 min to displace the ambient air. After
rats were placed in the chamber, the pressure
was increased at a rate of 0.1 ATA/min to the
desired pressure (2.0 ATA) and maintained for
60 min. The chamber then decompressed to
normal room pressure at a rate of 0.1 ATA/min.
All rats in SNL+HBO group received HBO treatment once a day for five consecutive days
beginning on day 1 after SNL surgery. Rats in
the sham group and SNL group were placed
inside the chamber without HBO treatment.
Behavioral tests
The mechanical withdrawal threshold (MWT)
test was carried out to assess the response of
the hind paw to mechanical stimuli. Rats were
placed in Plexiglas chamber, MWT test was performed by stimulating the plantar surface of
the left hind paw using von Frey filaments
(Stoelting Company, USA). Each von Frey filament was held for approximate 5 s. Each trial
started with the application of a 0.6 g von Frey
force following an up-and-down procedure. A
positive response was defined as a quick withdrawal of the hind paw upon stimulation. When
a positive response occurred, a filament with a
lower force was applied. If a negative response
occurred, a filament with a higher force was
applied. This protocol was continued until the
least force that caused withdrawal was identified. The cut off value was 15 g. MWT tests
were performed on preoperative day 3 (baseline) and postoperative day 1, 3, 5, 7.
Western blotting
Rats were euthanized 7 days after surgery and
the spinal cord segment (L4-L5) was rapidly
removed, snap-frozen and stored at -80°C until
further processing. For protein extraction, each
spinal cord segment was homogenized in icecold RIPA lysis buffer (p0013B, Beyotime,
China) in the presence of protease inhibitors
(cod. P8349; Sigma-Aldrich, China) and incubated on ice for 30 min. Samples were then
centrifuged at 14,000 rpm for 30 min at 4°C.
Total protein content was determined in the
supernatants by the Bio-Rad DC Protein Assay
Kit (Bio-Rad Laboratories, China). For Western
blot analysis, equal amounts of total proteins
were separated by sodium dodecyl-sulfate poly-
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acrylamide gel electrophoresis (SDS-PAGE;
10%) and transferred onto PVDF membranes
(Immobilon-P, IPFL 000 10, Millipore, USA).
After blocking for 1 hour at room temperature
in Tris-buffered saline containing 0.05% Tween
20 (TBST) and 5% non-fat milk, the membranes
were incubated overnight at 4°C with the primary antibody directed against the protein of
interest. After several washes, an appropriate
HRP-conjugated secondary antibody (ZB-2301,
ZB2305, goat IgG; ZSGB-BIO, China) was
applied for 1 hour at room temperature.
Peroxidase activity was visualized using the
ECL Western Blotting Detection kit (NC15079,
SuperSignal west pico trial kit, Thermo, USA)
and capture images (c300, Azure biosystems,
USA). Signal intensity was measured using
Image J software (NIH, Bethesda, MD, USA). For
quantitative analysis, the Beclin 1, LC3-I, LC3II, p62, p-mTOR, p-p70S6k, mTOR, p70S6k and
signals of each sample were normalized to
GAPDH. Changes in signal intensity were then
expressed as fold increase of the ipsilateral
versus the contralateral side for each individual
animal.
The following primary antibodies and dilutions
were used: anti-LC3 1:1,000 (2775s; CST),
anti-p62/SQSTM1 1:1,000 (5114; CST), mTOR
(2983, CST), p-mTOR (2971, CST), p70S6k
(2708, CST), p-p70S6k (9234, CST), anti-GAPDH 1:10,000 (Vazyme; China), Beclin-1 antibody was obtained from Prof. Wang.
Immunofluorescence
Animals were deeply anesthetized and perfused transcardially through the ascending
aorta with 0.9% NaCl solution, followed by cold
4% paraformaldehyde in 0.1 M PBS. L5 spinal
cord segments were removed, post-fixed in the
same fixative solution overnight, and cytoprotected with 30% sucrose in ddH2O for 24 h at
4°C. The spinal cord was sectioned on cryostat
at 20 μm thickness. Sections were incubated
with primary antibody against LC3, followed by
incubation with the FITC-conjugated secondary
antibody (SA00003-2, Proteintech). For double
immunostainings, sections were sequentially
incubated also with anti-NeuN (neuronal marker; MAB377, Millipore) or anti-GFAP (astrocyte
marker; MAB360, Millipore) antibody followed
by incubation with TRITC-conjugated secondary
antibody (SA00007-1, Proteintech). Cell nuclei
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Figure 1. (A) The mechanical withdrawal threshold (MWT) tests were carried at 2 days before operation (baseline),
Day 1, 3, 5, 7 post operation. Hyperbaric oxygen treatment significantly increases the level of MWT. (B) The immunoblotting show the level of LC3-I, LC3-II, p62, Beclin 1 and mTOR, p70S6k, p-mTOR, p-p70S6k in the spinal cord
in sham group, SNL group and SNL+HBO group were shown. The SNL model was characterized by increase LC3-II,
p62, mTOR and p70S6k vs. sham group. SNL+HBO group shows higher LC3-II and lower p62 level and mTOR pathway is inactived vs. SNL group (C-H). Data was mean ± SEM of six rats for each group, *P<0.05.

were counterstained with DAPI. Immunofluorescence images were taken under a Nikon
C1Si confocal microscope.
Statistical analysis
All statistical analysis was carried out with IBM
SPSS Statistics 22 software. Data were analyzed by Student’s t-test or one-way or two-way
ANOVA followed by the Tukey post hoc test. The
results were expressed as the mean ± SEM. p
values <0.05 were considered significant.
Results
Hyperbaric oxygen produced anti-nociceptive
effect and induced autophagy in spinal cord
Ligation of the spinal nerve L5 produced an
early onset and long lasting mechanical hypersensitivity. SNL rats received hyperbaric oxygen
treatment for 5 days significantly reduced
severity and duration of mechanical allodynia
(Figure 1A) as measured by Von Frey filaments.
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LC3 is the most widely monitored autophagyrelated protein. The nonlipidated and lipidated
forms are referred to as LC3-I and LC3-II
respectively [5, 28]. LC3-II is autophagosomal
membrane-associated form, which indicates
autophagosome formation. Spinal cord segments were harvested for Western blotting on
POD7. There was no significant difference in
LC3-1 expression among Sham, SNL and
SNL+HBO groups (Figure 1C). However, LC3-II
level was significantly increased in SNL group in
comparison to the sham group. SNL+HBO group
further increased LC3-II expression as compared to SNL (Figure 1D).
Increases in the level of autophagosomes or
LC3-II can reflect either the induction of autophagy or inability to clean autophagosome or
amphisome [5]. To confirm whether the autophagy is induced with HBO, we further analyzed
expression of SQSTM1/p62 protein, which
should be accumulated when autophagy is
impaired. As expected, SNL group showed a
higher p62 level than sham group, HBO treatment reversed this effect (Figure 1E).
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to vehicle+SNL+HBO group
(Figure 2A) on day 1.
LC3-II formation and p62
expression were markedly
increased in CQ+SNL+HBO
group in comparison to vehicle+SNL+HBO group (Figure 2B-E), which suggested
that CQ inhibited the autophagic activation by HBO
treatment.
Rapamycin enhance HBO
treatment effect via inhibiting mTOR pathway
The above results suggest
that HBO treatment inhibits
mTOR pathway and increases autophagy in spinal cord.
To further test this hypothesis, we examined the effects
of intrathecally administrating rapamycin on SNLFigure 2. A. Significant reductions were observed in MWT from day 1 in
induced mechanical pain
CQ+SNL+HBO group in comparision to vehicle+SNL+HBO group. B. Rep(Figure 3A) and the expresresentative Western blots of LC3-II and p62 from CQ+SNL+HBO group
sion of mTOR and p70S6K
and vehicle+SNL+HBO group were shown. C-E. LC3-II and p62 protein levels were significantly increased in the CQ+SNL+HBO group compared to
phosphorylation level (Figuvehicle+SNL+HBO group. Values were expressed as mean ± SEM. n=6,
re 3B). A significant increase
*P<0.05.
of MWT was observed in
RAPA+SNL+HBO group in
Beclin-1/Atg6 is a key protein in the induction
comparision to vehicle+SNL+HBO group (Figure
of autophagy and is essential for autophago3A) from POD3. The activity of mTOR and
some formation [18]. A slight increase of
p70S6K was decreased in RAPA+SNL+HBO
Beclin-1 was observed in SNL and SNL+HBO
group, compared with vehicle+SNL+HBO group
groups as compared to sham group (Figure 1F)
(Figure 3C, 3D) as detected by western
but the difference did not reach statistical
blotting.
significance.
LC3 is mainly expressed in neurons following
mTOR and mTOR pathway downstream target
hyperbaric oxygen treatment
protein p70S6K were evaluated by western
To further characterize the cellular localization
blotting. Both p-mTOR and p-p70S6K were
of spinal autophagy following HBO treatment,
increased in SNL as compared to sham group,
immunofluorescent staining was performed
and HOB treatment further decreased the
using antibodies against LC3, neuronal marker
activity of these proteins (Figure 1G, 1H).
NeuN, and astrocytic marker GFAP. LC3 was
Blockage of autophagy activity diminished
mainly expressed in neurons as LC3 was coloHBO’s analgesic effects
calized with NeuN in spinal cord sections in
SNL+HBO group (Figure 4).
To further confirm that HBO alleviates pain
through activation of autophagy, rats were
Discussion
injected with Chloroquine (CQ), an autophagy
Neuropathic pain is characterized by pain
blocker. A significant reduction of MWT was
hypersensitivity that is mediated by both
observed in CQ+SNL+HBO group in comparison

2633

Am J Transl Res 2017;9(5):2629-2638

Hyperbaric oxygen induces autophagy in neuropathic pain

Figure 3. MWT (A) from day 3 show a higher level in RAPA+SNL+HBO group compared with vehicle+SNL+HBO group.
(B) Evaluation the effect of rapamycin in SNL+HBO rats: Western blot analysis of spinal cord from RAPA+SNL+HBO
group and vehicle+SNL+HBO group rats. (C, D) p-mTOR and p-p70S6k were significantly decreased in the
RAPA+SNL+HBO group compared to the vehicle+SNL+HBO group. Signals of each band were normalized to the
respective GAPDH. Data were expressed as mean ± SEM. n=6, *P<0.05.

Figure 4. Double immunostaining showed that LC3 (green) were present almost in neuronal cell exclusively, as
shown by NeuN (red)-positive (A) cell bodies, not within GFAP (red)-positive structure (B). Each image is from L5
spinal cord sections of SNL+HBO group. Scale bars =50 μm. SNL+HBO group rats L5 were shown above, n=6.

peripheral and central neuronal synaptic plasticity [33]. It is a significant health problem
worldwide. Treatments of neuropathic pain
remain a challenge due to the complex changes
in the functions of receptors, enzymes, and
voltage-dependent ion channels in sensory
neurons [29]. Neighboring astrocytes and
microglia act as powerful modulators of pain
[6].
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Autophagy responds to environmental cues
through regulatory factors that signal to the
autophagic machinery, which consists of products of the autophagy-related genes (atg) [4].
Beclin 1 autophagy signaling complex includes
subunits ATG14L, VPS34 and p150/VPS15
[37]. Stimulation of Beclin1-interacting complex
generates phosphatidylinositol-3-phosphate
(PI3P), which promotes autophagosomal mem-
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brane nucleation [13, 39]. ATG14L-Beclin
1-VPS34 complex may reflect the central pathway for pre-autophagosomes initiation [4]. LC3
was the first mammalian protein discovered to
be specifically associated with autophagosomal membranes. The conversion of a cytosolic
truncated form of LC3 (LC3-I) to autophagosomal membrane-associated and phosphatidylethanolamine-conjugated form (LC3-II) indicates autophagosome formation. It is worth to
be noted that impaired autophagosome-lysosome fusion may result in increasing LC3 level
[4]. A method for detecting the autophagic flux
is measuring p62 (SQSTM1/sequestosome 1)
degradation [3, 24, 36].
Our data showed that LC3-II accumulation was
accompanied with a significant elevation of
p62 levels in SNL model indicating a blockade
of autophagic flux in SNL model [1, 2, 16, 57].
Hyperbaric oxygen treatment has positive
effects on relief of neuropathic pain in rat models and clinical patients. SNL promoted the
expression of LC3-II, the autophagosome-associated LC3 form. However, LC3-I and Beclin 1
expression were not changed. In contrast, p62
was strongly up-regulated, indicating a block of
autophagosomes turnover in this experimental
neuropathic pain model. HBO treatment induces the formation of autophagosomes following
SNL and degradation of p62, indicating spinal
autophagy is elevated after HBO treatment.
However, the expression of p62 can also be
modulated by other factors [28]. Presentation
of p62 might not be sufficient to estimate the
autophagic flux.
Lysosomal degradation can be inhibited by
administrating inhibitiors, which can neutralize
the lysosomal pH such as bafilomycin A1, NH4Cl
and chloroquine [25, 44]. Bafilomycin A1 can
cause autophagosomes fusion block and neutralize the pH as well, but the inhibition of fusion
may the result of the block in ATP2A activity
[35]. Moreover, chloroquine can block autophagosomes fusion with lysosomes in comparasion with NH4Cl. To confirm the upregulation of
spinal autophagy following HBO treatment,
chloroquine was intrathecally administrated as
an autophagy degradation inhibitor. Immunoblotting results showed that LC3-I, LC3-II level
were significantly increased, and p62 level was
parallel with LC3-II. These data, for the first
time, show that HBO treatment relieves neuropathic pain by enhancing spinal autophagic
flux. Interestingly, Beclin-1 expression had no
2635

differences among sham, SNL and SNL+HBO
groups.
Molecular mechanisms underlying neuropathic
pain are complex, and neurons and microglia
cells play different roles in neuropathic pain. To
further characterize the cellular localization of
autophagy, LC3-NeuN and LC3-GFAP co-localization were investigated by immunofluorescence in SNL+HBO group. Our data showed that
LC3 was mainly expressed in NeuN positive
cells, not in GFAP, indicating HBO treatment
induced spinal autophagy activation in neurons
not in astrocytes. HBO treatment could attenuate neuropathic pain by inhibiting astrocyte
activating [59], while the exact mechanisms
through which autophagy in neurons may be
linked to astrocyte activation in neuropathic
pain following HBO treatment need to be further elucidated.
mTOR can negatively regulate autophagy [20,
33]. mTOR pathway is an important molecular
mechanism of pain onset and maintenance.
Previous studies have reported that mTOR
pathway is activated in neuropathic pain not
only in spinal level, such as spinal neurons [58]
and glial cells [7, 50], but also in rostral ventromedial medulla (RVM) [52] and cerebrospinal
fluid-contacting nucleus [32]. Using Rapamycin,
we showed that HBO treatment reduces mTOR
phosphorylation and up-regulate autophagy in
SNL model. Moreover, inhibition of mTOR signaling pathway promotes autophagy is a novel
perspective for management of neuropathic
pain. This study provides a new molecular
understanding of hyperbaric oxygen treatment
in neuropathic pain relieving.
Acknowledgements
We thank Prof. Liu Yang for expert technical
advice, Prof. Jin Li, Wang Lili for skillful advice.
Supported by National Natural Science Foundation of China grant: No. 81600971.
Disclosure of conflict of interest
None.
Authors’ contribution
Zhao Ping and Liu Yongda designed and conceived the experiments. Liu Yongda performed
the experiments. Liu Yongda, Wang Zhibin analyzed experimental data. Reagents, materials
Am J Transl Res 2017;9(5):2629-2638

Hyperbaric oxygen induces autophagy in neuropathic pain
and analysis tools are contributed by Zhao Ping,
Liu Yongda, Han Guang.
Address correspondence to: Ping Zhao, Department
of Anesthesiology and Pain Management, Shengjing
Hospital of China Medical University, No. 36 Sanhao
Street, Heping District, Shenyang 110004, Liaoning,
China. E-mail: zhaop@sj-hospital.org

References
[1]

Berliocchi L, Russo R, Maiarù M, Levato A, Bagetta G, Corasaniti MT. Autophagy impairment
in a mouse model of neuropathic pain. Mol
Pain 2011; 7: 83.
[2] Berliocchi L, Maiarù M, Varano GP, Russo R,
Corasaniti MT, Bagetta G, Tassorelli C. Spinal
autophagy is differently modulated in distinct
mouse models of neuropathic pain. Mol Pain
2015; 11: 3.
[3] Bjørkøy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn A, Stenmark H, Johansen T.
p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced cell death. J Cell
Biol 2005; 171: 603-614.
[4] Choi AM, Ryter SW, Levine B. Autophagy in human health and disease. N Engl J Med 2013;
368: 651-662.
[5] Chu CT. Autophagic stress in neuronal injury
and disease. J Neuropathol Exp Neurol 2006;
65; 423-432
[6] Cohen SP, Mao J. Neuropathic pain: mechanisms and their clinical implications. BMJ
2014; 348: f7656.
[7] Cui J, He W, Yi B, Zhao H, Lu K, Ruan H, Ma D.
mTOR pathway is involved in ADP-evoked astrocyte activation and ATP release in the spinal
dorsal horn in a rat neuropathic pain model.
Neuroscience 2014; 275: 395-403.
[8] Descalzi G, Ikegami D, Ushijima T, Nestler EJ,
Zachariou V, Narita M. Epigenetic mechanisms
of chronic pain. Trends Neurosci 2015; 38:
237-246.
[9] Dong C, Zheng H, Huang S, You N, Xu J, Ye X,
Zhu Q, Feng Y, You Q, Miao H, Ding D, Lu Y.
Heme oxygenase-1 enhances autophagy in
podocytes as a protective mechanism against
high glucose-induced apoptosis. Exp Cell Res
2015; 337: 146-159.
[10] Feng T, Yin Q, Weng ZL, Zhang JC, Wang KF,
Yuan SY, Cheng W. Rapamycin ameliorates
neuropathic pain by activating autophagy and
inhibiting interleukin-1β in the rat spinal cord.
J Huazhong Univ Sci Technolog Med Sci 2014;
34: 830-837.
[11] Feng Y, Zhang Z, Li Q, Li W, Xu J, Cao H. Hyperbaric oxygen preconditioning protects lung
against hyperoxic acute lung injury in rats via
heme oxygenase-1 induction. Biochem Biophys Res Commun 2015; 456: 549-554.

2636

[12] Gabryel B, Kost A, Kasprowska D. Neuronal autophagy in cerebral ischemia-a potential target
for neuroprotective strategies? Pharmacol Rep
2012; 64: 1-15.
[13] Gallagher LE, Williamson LE, Chan EY. Advances in autophagy regulatory mechanisms. Cells
2016; 5; e24.
[14] Géranton SM, Jiménez-Díaz L, Torsney C, Tochiki KK, Stuart SA, Leith JL, Lumb BM, Hunt
SP. A rapamycin-sensitive signaling pathway is
essential for the full expression of persistent
pain states. J Neurosci 2009; 29: 1501715027.
[15] Gu N, Niu JY, Liu WT, Sun YY, Liu S, Lv Y, Dong
HL, Song XJ, Xiong LZ. Hyperbaric oxygen therapy attenuates neuropathic hyperalgesia in
rats and idiopathic trigeminal neuralgia in patients. Eur J Pain 2012; 16: 1094-1105.
[16] Guo JS, Jing PB, Wang JA, Zhang R, Jiang BC,
Gao YJ, Zhang ZJ. Increased autophagic activity in dorsal root ganglion attenuates neuropathic pain following peripheral nerve injury.
Neurosci Lett 2015; 599: 158-163.
[17] Han G, Li L, Meng LX. Effects of hyperbaric oxygen on pain-related behaviors and nitric oxide
synthase in a rat model of neuropathic pain.
Pain Res Manag 2013; 18: 137-141.
[18] Hiebel C, Kromm T, Stark M, Behl C. Cannabinoid receptor 1 modulates the autophagic flux
independent of mTOR- and BECLIN1-complex.
J Neurochem 2014; 131: 484-497.
[19] Hu Q, Fang L, Li F, Thomas S, Yang Z. Hyperbaric oxygenation treatment alleviates CCI-induced neuropathic pain and decreases spinal
apoptosis. Eur J Pain 2015; 19: 920-928.
[20] Huang H, Kang R, Wang J, Luo G, Yang W, Zhao
Z. Hepatitis C virus inhibits AKT-tuberous sclerosis complex (TSC), the mechanistic target of
rapamycin (MTOR) pathway, through endoplasmic reticulum stress to induce autophagy. Autophagy 2013; 9: 175-195.
[21] Huang SY, Sung CS, Chen WF, Chen CH, Feng
CW, Yang SN, Hung HC, Chen NF, Lin PR, Chen
SC, Wang HM, Chu TH, Tai MH, Wen ZH. Involvement of phosphatase and tensin homolog deleted from chromosome 10 in rodent
model of neuropathic pain. J Neuroinflammation 2015; 12: 59.
[22] Jensen TS, Baron R, Haanpää M, Kalso E, Loeser JD, Rice AS, Treede RD. A new definition of
neuropathic pain. Pain 2011; 152: 22042205.
[23] Jiang Z, Wu S, Wu X, Zhong J, Lv A, Jiao J, Chen
Z. Blocking mammalian target of rapamycin alleviates bone cancer pain and morphine tolerance via µ-opioid receptor. Int J Cancer 2016;
138: 2013-2020.
[24] Johansen T, Lamark T. Selective autophagy
mediated by autophagic adapter proteins. Autophagy 2011; 7: 279-296.

Am J Transl Res 2017;9(5):2629-2638

Hyperbaric oxygen induces autophagy in neuropathic pain
[25] Ju JS, Varadhachary AS, Miller SE, Weihl CC.
Quantitation of “autophagic flux” in mature
skeletal muscle. Autophagy 2010; 6: 929-935.
[26] Kim SH, Chung JM. An experimental model for
peripheral neuropathy produced by segmental
spinal nerve ligation in the rat. Pain 1992; 50:
355-363.
[27] Kiriyama Y, Nochi H. The function of autophagy
in neurodegenerative diseases. Int J Mol Sci
2015; 16: 26797-26812.
[28] Klionsky DJ. Developing a set of guidelines for
your research field: a practical approach. Mol
Biol Cell 2016; 27: 733-738.
[29] Latremoliere A, Woolf CJ. Central sensitization:
a generator of pain hypersensitivity by central
neural plasticity. J Pain 2009; 10: 895-926.
[30] Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell 2008; 132: 27-42.
[31] Li F, Fang L, Huang S, Yang Z, Nandi J, Thomas
S, Chen C, Camporesi E. Hyperbaric oxygenation therapy alleviates chronic constrictive injury-induced neuropathic pain and reduces tumor necrosis factor-alpha production. Anesth
Analg 2011; 113: 626-633.
[32] Li G, Lu X, Zhang S, Zhou Q, Zhang L. mTOR
and Erk1/2 signaling in the cerebrospinal fluid-contacting nucleus is involved in neuropathic pain. Neurochem Res 2015; 40: 10531062.
[33] Lisi L, Aceto P, Navarra P, Dello Russo C. mTOR
kinase: a possible pharmacological target in
the management of chronic pain. Biomed Res
Int 2015; 2015: 394257.
[34] Marinelli S, Nazio F, Tinari A, Ciarlo L, D’Amelio
M, Pieroni L, Vacca V, Urbani A, Cecconi F, Malorni W, Pavone F. Schwann cell autophagy
counteracts the onset and chronification of
neuropathic pain. Pain 2014; 155: 93-107.
[35] Mauvezin C, Nagy P, Juhász G, Neufeld TP. Autophagosome-lysosome fusion is independent
of V-ATPase-mediated acidification. Nat Commun 2015; 6: 7007.
[36] Mizushima N, Yoshimori T. How to interpret
LC3 immunoblotting. Autophagy 2007; 3: 542545.
[37] Mizushima N, Yoshimori T, Ohsumi Y. The role
of ATG proteins in autophagosome formation.
Annu Rev Cell Dev Biol 2011; 27: 107-132.
[38] Mychaskiw G, Pan J, Shah S, Zubkov A, Clower
B, Badr A, Zhang JH. Effects of hyperbaric oxygen on skin blood flow and tissue morphology
following sciatic nerve constriction. Pain Physician 2005; 8: 157-161.
[39] Nixon RA. The role of autophagy in neurodegenerative disease. Nat Med 2013; 19: 983997.
[40] Obara I, Tochiki KK, Géranton SM, Carr FB,
Lumb BM, Liu Q, Hunt SP. Systemic inhibition
of the mammalian target of rapamycin (mTOR)
pathway reduces neuropathic pain in mice.
Pain 2011; 152: 2582-2595.

2637

[41] Obara I, Medrano MC, Signoret-Genest J, Jiménez-Díaz L, Géranton SM, Hunt SP. Inhibition of
the mammalian target of rapamycin complex 1
signaling pathway reduces itch behaviour in
mice. Pain 2015; 156: 1519-1529.
[42] Peng Z, Wang S, Huang X, Xiao P. Effect of hyperbaric oxygen therapy on patients with herpes zoster. Undersea Hyperb Med 2012; 39:
1083-1087.
[43] Price TJ, Dussor G. AMPK: an emerging target
for modification of injury-induced pain plasticity. Neurosci Lett 2013; 557: 9-18.
[44] Cai Q, Lu L, Tian JH, Zhu YB, Qiao H, Sheng ZH.
Snapin-regulated late endosomal transport is
critical for efficient autophagy-lysosomal function in neurons. Neuron 2010; 68: 73-86.
[45] Rangaraju S, Verrier JD, Madorsky I, Nicks J,
Dunn WA Jr, Notterpek L. Rapamycin activates
autophagy and improves myelination in explant cultures from neuropathic mice. J Neurosci 2010; 30: 11388-11397.
[46] Scholz J, Woolf CJ. The neuropathic pain triad:
neurons, immune cells and glia. Nat Neurosci
2007; 10: 1361-1368.
[47] Shariatpanahi M, Khodagholi F, Ashabi G,
Aghazadeh Khasraghi A, Azimi L, Abdollahi M,
Ghahremani MH, Ostad SN, Noorbakhsh F,
Sharifzadeh M. Ameliorating of memory impairment and apoptosis in amyloid β-injected
rats via inhibition of nitric oxide synthase: possible participation of autophagy. Iran J Pharm
Res 2015; 14: 811-824.
[48] Shen C, Yan J, Erkocak OF, Zheng XF, Chen XD.
Nitric oxide inhibits autophagy via suppression
of JNK in meniscal cells. Rheumatology 2014;
53: 1022-1033.
[49] Shi G, Shi J, Liu K, Liu N, Wang Y, Fu Z, Ding J,
Jia L, Yuan W. Increased miR-195 aggravates
neuropathic pain by inhibiting autophagy following peripheral nerve injury. Glia 2013; 61:
504-512.
[50] Tateda S, Kanno H, Ozawa H, Sekiguchi A, Yahata K, Yamaya S, Itoi E. Rapamycin suppresses microglial activation and reduces the development of neuropathic pain after spinal cord
injury. J Orthop Res 2017; 35: 93-103.
[51] Thompson CD, Uhelski ML, Wilson JR, Fuchs
PN. Hyperbaric oxygen treatment decreases
pain in two nerve injury models. Neurosci Res
2010; 66: 279-283.
[52] Wang J, Feng DY, Li ZH, Feng B, Zhang H, Zhang
T, Chen T, Li YQ. Activation of the mammalian
target of rapamycin in the rostral ventromedial
medulla contributes to the maintenance of
nerve injury-induced neuropathic pain in rat.
Neural Plast 2015; 2015: 394820.
[53] Wang YC, Zhang S, Du TY, Wang B, Sun XQ. Hyperbaric oxygen preconditioning reduces ischemia-reperfusion injury by stimulating autophagy in neurocyte. Brain Res 2010; 1323:
149-151.

Am J Transl Res 2017;9(5):2629-2638

Hyperbaric oxygen induces autophagy in neuropathic pain
[54] Yan W, Zhang H, Bai X, Lu Y, Dong H, Xiong L.
Autophagy activation is involved in neuroprotection induced by hyperbaric oxygen preconditioning against focal cerebral ischemia in rats.
Brain Res 2011; 1402: 109-121.
[55] Yin X, Wang X, Fan Z, Peng C, Ren Z, Huang L,
Liu Z, Zhao K. Hyperbaric oxygen preconditioning attenuates myocardium ischemia-reperfusion injury through upregulation of heme oxygenase 1 expression: PI3K/Akt/Nrf2 pathway
involved. J Cardiovasc Pharmacol Ther 2015;
20: 428-438.
[56] Yoon SY, Kim DH. Alzheimer’s disease genes
and autophagy. Brain Res 2016; 1649: 201209.
[57] Zhang E, Yi MH, Ko Y, Kim HW, Seo JH, Lee YH,
Lee W, Kim DW. Expression of LC3 and Beclin
1 in the spinal dorsal horn following spinal
nerve ligation-induced neuropathic pain. Brain
Res 2013; 1519: 31-39.

2638

[58] Zhang W, Sun XF, Bo JH, Zhang J, Liu XJ, Wu LP,
Ma ZL, Gu XP. Activation of mTOR in the spinal
cord is required for pain hypersensitivity induced by chronic constriction injury in mice.
Pharmacol Biochem Behav 2013; 111: 64-70.
[59] Zhao BS, Meng LX, Ding YY, Cao YY. Hyperbaric
oxygen treatment produces an antinociceptive
response phase and inhibits astrocyte activation and inflammatory response in a rat model
of neuropathic pain. J Mol Neurosci 2014; 53:
251-261.

Am J Transl Res 2017;9(5):2629-2638

