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Abstract

Purpose: Hyperbaric oxygen (HBO) therapy has been suggested to palliate neuropathic pain, but the mechanisms involved
are not well understood. This study explored the involvement of microglial mitophagy via HBO relative to neuropathic pain
therapy.

Materials and methods: A total of 80 male Sprague Dawley rats were randomly divided into two groups: a normal group
(n=40) and a mitophagy inhibitor group (n=40) in which the mitophagy inhibitor cyclosporin A (CsA) was administrated
prior to chronic constriction injury (CCI). Groups (n= 10 rats per group) consisted of the following: control (C), sham
operation (S), sciatic nerve with chronic constriction injury (CCl), and a CCI plus HBO treatment (CCI 4+ HBO). Pain-related
behaviors were evaluated using mechanical withdraw tendency and thermal withdraw latency analysis. Mitochondrial mem-
brane potential was measured, and Western blot was employed to assess expression of NIX and BNIP3.
Immunofluorescence changes in neuron protein (NESTIN) and mitochondria inner or outer layer proteins (TIM23,
TOM20) were examined.

Results: HBO significantly ameliorated pain-related behaviors, which were downregulated by mitophagy inhibitors
(P < 0.05). Mitochondrial membrane potential indexes were decreased after HBO therapy, but were reversed in the mito-
phagy inhibitor group (P <0.05). HBO upregulated NIX and BNIP3 expression, which did not occur in the CCI group
(P < 0.05). However, expression was reduced when mitophagy inhibitors were administered. Inmunofluorescence examin-
ation showed that mitophagy in microglia was induced by CCI, which was upregulated after HBO treatment. This phenom-
enon was not observed in the mitophagy inhibitor group.

Conclusions: HBO therapy palliated CCl-induced neuropathic pain in rats by upregulating microglial mitophagy. These
results could serve as guidelines to improve neuropathic pain therapy using HBO to maximize therapeutic efficiency.
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Background Although research has shown that cellular autophagy

Neuropathic pain is closely related to its pathophysio-
logical state in the nervous system.'*? Research has dis-
covered that neuropathic pain shares several similarities
with other neurobiological processes, particularly with
respect to the development and maintenance of pain.’
In the past, neuropathic pain was mainly thought to be
caused by spinal neuronal cell death, but this point of
view has gradually become controversial.* In fact, apop-
tosis is not the only cellular transformative mode in the
development of pain behavior.® During periods of pain,
reactive oxygen species (ROS) are released, which can
damage the nerve and induce neuropathic pain.®’
ROS are also important factors in autophagy.®

can lead to neurodegeneration or neuronal dysfunction,’
the molecular mechanisms of neuropathic pain are still
unknown.

Autophagy is a lysosome-mediated intracellular cata-
bolic process involved in the degradation of damaged
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cells.'” Mitophagy is a type of selective autophagy in
which damaged mitochondria are removed to maintain
proper cellular functions.'" As a result, mitophagy clears
excessive ROS inside the cell and blocks ROS sources,
which are important in therapeutic management of
neuropathic pain.'”> Recent studies have shown that
this cellular activity is usually very low under normal
conditions, but can be upregulated by stress stimuli
such as hypoxia, nutrient starvation, energy depletion,
and other pharmacological or viral stimulation.'® After
autophagosome formation is impaired, subsequent accu-
mulation of damaged mitochondria interferes with cellu-
lar functions. Some authors have reported that
neuropathic pain may promote LC3-II and p62 upregu-
lation, while LC3-I and Beclin 1 levels were not dramat-
ically increased.'® This phenomenon illustrates that even
though autophagy is a factor in neuropathic pain, it can
be readily blocked for unknown reasons. Our previous
study have verified LC3 and P62 associated with autop-
hagy which may alleviate neuropathic pain."
Herein, we investigated whether degenerative mechan-
isms, particularly in the mitochondria, can modulate
neuropathic pain following chronic constriction injury
(CCI) in rats.

Hyperbaric oxygen (HBO) is widely used in clinics to
treat neurological diseases, such as spinal cord injury and
cerebral ischemia.'®!” HBO is a noninvasive, easy pro-
cedure to implement, and patients are typically willing to
undergo treatment. While HBO exerts neuroprotective
effects via specific mechanisms, including inhibition of
inflammation, reduction of hypoxia, and improvement
of microcirculation,'®'? the antinociceptive mechanisms
of HBO are not well understood. A recently study sug-
gests that the analgesic effect of HBO may involve cellu-
lar modulation.”® We previously found that the
antinociceptive effect of HBO treatment is associated
with microglial autophagy.'> The discovery of a new
molecular mechanism related to HBO may be important
in managing neuropathic pain.

Materials and methods
Materials

The following materials were used in this study: ECL
Western blotting kit (Solarbio, Beijing, China), horse-
radish peroxidase (HRP) conjugated rabbit anti-goat
IgG, goat anti-rabbit IgG, goat anti-rat IgG (Pierce,
USA), cyclosporin A (CsA; 32489, Sigma, USA),
rabbit anti-rat NIX, BNIP3 IgG (D4R4B, CST, USA),
mitochondrion membrane potential kit (MAK 147,
Sigma, USA), mouse anti-rat Ibal IgG (ab6142,
Abcam, USA), mouse anti-rat TOMM20 IgG
(ab56783, Abcam, USA), rabbit anti-rat TIMM?23 IgG
(11123-1-AP, Proteintech, China), a fluorescence

microscope X81 (Olympus, Tokyo, Japan), and total
protein extraction kit (Keygen Biotech, Nanjing, China).

Animals

Male Sprague Dawley (SD) rats (260+20g) were
obtained from the Animal Care Center at Shengjing
Hospital of China Medical University. The study proto-
col was approved by the Institutional Animal Care and
Use Committee, Shengjing Hospital of China Medical
University, China. A total of 80 rats were randomly
separated into a normal control group without treatment
(n=40) and a mitophagy inhibitor group treated by
intraperitoneal injection of CsA (n=40). Each group
included four subgroups (=10 rats per group) as fol-
lows: control group (C group) in which CCI and HBO
were not performed; a sham operation group (S group)
in which the sciatic nerve was exposed, but not ligated
and HBO was not performed; sciatic nerve with CCI
group (CCI group) in which the sciatic nerve was ligated,
but HBO was not performed; and a CCI plus HBO treat-
ment group (CCI+HBO group) in which HBO was
initiated 6 h after CCI once a day for five days.

Experimental process

Rats in the mitophagy inhibitor group were intraperito-
neally injected with CsA (10 mg/kg) one day before CCI,
while rats in the normal group were intraperitoneally
injected with saline. Baseline mechanical withdrawal
thresholds (MWTs) and thermal withdrawal latencies
(TWLs) were measured in all rats one day before CCI.
CCI or sham operations were performed in the morning.
Pain-related behaviors were observed one, two, three,
four, five, six and seven days after CCI between 09:00
and 10:00 a.m. each day. Rats in the CCI+ HBO group
were first exposed to HBO 6 h after CCI once a day for
the following five days. Rats were sacrificed, and the
dorsal part of spinal cord was collected on the seventh
day after CCI (Figure 1).

CCl model preparation

Rats were anesthetized by peritoneal injection of 1%
sodium pentobarbital (40 mg/kg). CCI models were pre-
pared using a common method in which a posterolat-
eral incision on the right hind limb was made. We
found the right sciatic nerve trunk and loosely ligated
it with 4-0 silk thread to produce slight pressure on the
epineurium until momentary muscle contraction was
observed in the sciatic nerve distribution region.
Incisions were closed to complete the CCI model.
When regaining consciousness, rats were returned to
their cages. In the S group, the sciatic nerve was
exposed, but not ligated.
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Figure |. Experimental process. N: normal group; I: mitophagy inhibitor (CsA) group; B: baseline values; S: sham operation; CCl: chronic
constrictive injury; d: day; D: death (sample taken); HBO: hyperbaric oxygenation.

HBO treatment

In the CCI+HBO group, rats were treated with HBO
five times at a frequency of once per day following CCI.
On the first day, HBO treatment was given 6 h after CCI.
HBO conditions were described as follows. An HBO
chamber was purified with greater than 90% pure
oxygen. Pressure was increased at a rate of 0.0125
mPa/min to 0.25 mPa. Pure oxygen was allowed to fill
the chamber for 10 min. Rats were exposed under high
pressure for 60 min. Pressure was subsequently decreased
for 30 min at a constant rate.

Samples

On the seventh day, rats were anesthetized by peritoneal
injection of 1% sodium pentobarbital (40 mg/kg) and
intubated from the left ventricle to the ascending aorta.
Rats were perfused with a 0.9% saline solution until no
red perfusate was effused. After 0.1 M phosphate buffer
(pH 7.4) was perfused, the L4-L6 spinal cord segments
were removed.

Pain-related behaviors

Pain-related behaviors were observed once a day for
seven days after CCI between 09:00 and 10:00a.m.
MWT was tested using von Frey filaments. Rats were
placed in a test box and allowed to acclimatize for
30 min. Each von Frey filament was applied to the plan-
tar surface of the hind paw for 6s to 8s to observe the
hind paw withdrawal response. TWL was assessed to
quantitatively determine thermal sensitivity. Rats were
placed on the glass surface of a thermal testing apparatus
and allowed to acclimatize for 30 min before testing. A
mobile radiant heat source located under the glass was

focused onto the hind paw of each rat. The paw TWL
was recorded by a timer three times, and the mean of
these three trials was used. A cut-off time of 20s was
used to prevent potential tissue damage.

Mitochondrial membrane potential

The spinal cord tissue was separated and washed with
PBS (pH =7.4). Samples were minced on ice and filtered
with two layers of wet lens cleaning paper. Cells were
centrifuged at 4°C (500 r/min, 10 min). The supernatant
was discarded and these steps were repeated until single
cells were isolated for flow cytometry. Isolated spinal
cord cells were counted to 1 x 10%°/ml under a micro-
scope. After adjusting the number of cells, cells were
centrifuged at 1000 r/min, 4°C for 5min, and the super-
natant was separated for Mitochondrial membrane
potential (MMP) determination using an MMP kit
(MAK 147, Sigma, USA) according to the manufacturer
instructions.

NIX and BNIP3 expression

A total of 100 mg of spinal cord tissue in dorsal horn was
homogenized and total protein was separated using a
total protein extraction kit according to the instructions
provided. Protein content was determined, and proteins
were diluted with PBS to the same concentration. A total
of 20 pg of protein was loaded for electrophoresis. After
electrophoresis, gels were transferred to a cellulose mem-
brane and immersed in confining liquid for 60 min. The
membranes were incubated with anti-NIX and BNIP3
primary antibody (1:200) and anti-B-actin primary anti-
body (1:200) overnight. B-Actin served as an internal
reference. Membranes were washed with PBS and incu-
bated with secondary antibody (1:1) for 30 min, followed
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by rinsing. Expression of NIX and BNIP3 was detected
with ECL Western blotting kit using Quantity One soft-
ware on a DocTM XR gel imaging system (Bio-Rad,
USA).

Immunofluorescence

Spinal cord tissue was dissected on the seventh day after
CCI. After separating the spinal cord into 0.5 x 0.5 x 0.2
cm® and selecting the dorsal horn of the spinal cord. It
was fixed with 2.5% glutaraldehyde. Before observing
under the electron microscope, samples were placed in
the refrigerator for 12h at 4°C. Samples were washed
with PBS buffer, fixed with osmic acid, dehydrated
with acetone, and embedded with resin for subsequent
experiments. Samples were cut into thin sheets and
observed under fluorescence microscopy. To determine
whether mitophagy was involved in neurons, the samples
were subjected to immunofluorescence using mouse
monoclonal anti-nestin antibody and Tomm20 or
Timm23 antibody on an inverted fluorescence micro-
scope X81 (Olympus, Tokyo, Japan).

Statistical analysis

Data analysis was performed using SPSS version 21.0
(IBM Corporation, USA). Data are expressed as the
mean + SD. Two-way analysis of variance (ANOVA)
and Student-Newman-Keuls ¢ tests were used to com-
pare the indexes between groups. Differences were con-
sidered statistically significant at P <0.05.

Results
MWT and TWL

Chronic constriction of the spinal nerve via ligation
induced severe mechanical allodynia. Ligation of the
spinal nerve produced early onset and long lasting mech-
anical hypersensitivity. Tactile hypersensitivity deter-
mined by von Frey filaments and heat stimulation
developed one day after CCI and was maintained for
up to seven days. Scores of MWT and TWL increased
dramatically in the CCI 4+ HBO group compared to the
CCI group, which indicates that HBO can alleviate this
hypersensitivity (Figure 2(a)) (P < 0.05). However, there
was no effect following HBO when the mitophagy inhibi-
tor CsA was added (Figure 2(b)) (P > 0.05).

MMP

To study whether mitophagy occurs, we examined the
early events of mitophagy based on a decrease in the
MMP. As shown in Figure 3, the mitochondrial mem-
brane potential in the rat spinal cord in the CCI and

CCI+ HBO groups was reduced to 81.2% and 69.2%,
respectively, compared with the C and S groups
(P <0.05). There were no differences between all
groups when the inhibitor CsA was administered
(P> 0.05) (Figure 3).

NIX and BNIP3 levels

In our previous study, we had verified HBO can upregu-
late autophagy by affecting the expression of LC3 and
P62."> So now we explored possible mechanisms by
which BNIP3 and NIX induce mitophagy in spinal ner-
vous cells. We evaluated NIX and BNIP3 levels by
Western blot in rats that underwent either CCI or
sham surgeries. Expression of these markers was ana-
lyzed in the L4-L5 portion of the spinal cord seven
days after injury. Compared with the C and S groups,
NIX and BNIP3 expression was higher in the CCI and
CCI+ HBO groups. Samples from rats that underwent
HBO showed higher NIX and BNIP3 levels than the
CCI group (P <0.05). However, HBO did not have
an effect on expression after CsA was administered
(Figure 4, P> 0.05).

Pathological changes in the spinal cord

To show the process of mitophagy, we observed the
outer/inner membrane protein TOM20/TIM23 and
neuron marker NESTIN by fluorescence microscopy,
which has been shown to be an effective method of
detecting mitophagy. Compared with the S group,
there were a large number of red and green fluorescence
signals merging into an orange signal in the CCI and
CCI+HBO groups. Colorful fluorescence ratio in the
CCI and CCI+HBO groups was greater than in the S
group, especially in the CCI+HBO group (Figures 5
and 7, P <0.05). This indicates that CCI induces mito-
phagy in the microglia and that HBO may upregulate
this process. However, HBO did not have an effect
when CsA was administered (Figures 6 and 7, P > 0.05).

Discussion

Chronic pain is an agonizing condition that can nega-
tively affect quality of life and overall health. Current
therapies include drugs, nerve blockers, and electrical
stimulation, which provide limited relief. Thus, it is
urgent to find more effective treatments. With the discov-
ery of neurobiological and molecular mechanisms, we can
attempt to study the effects of nerve injury on the autop-
hagic process. Mitochondria are the primary source of
ROS, and ROS can induce mutations in mtDNA that
lead to protein deficiencies and restrict the ability to
self-repair,”' leaving cells more vulnerable to ROS
attack. In addition, ROS can damage mitochondrial
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Figure 3. Mitochondrial membrane potential of the rat spinal
cord. The MMP in CCl and CCI+ HBO group reduced to 81.2%
and 69.2% separately, compared with C group and S group

(P < 0.05).While there are no difference in all groups when
inhibitor CsA administration (P> 0.05).

proteins and lipids by inducing oxidative stress.>> These
damaged mitochondria have the potential to further
induce more ROS via defective electron transport
chains.?® Therefore, damaged, aging, and excess mito-
chondria are risk factors in cells. Mitophagy may mani-
fest as follows: (a) mitochondria aggregated at the
periphery of the nucleus; (b) degeneration of mitochon-
dria and appearance of a vacuole bilayer membrane struc-
ture; (c) mitophagy formation by the double membrane
structure package mitochondria; (d) mitophagy is a pro-
cess which fuse with lysosomes to form mitophagy-lyso-
somes; and (e) mitochondria that are unable to degrade.**
These phenomena can directly reflect damage to the mito-
chondria as well as mitophagy. Appropriate clearance of
mitochondria is important for maintaining homeostasis
in cells, which is accomplished by mitophagy.
Mitophagy can also result in mitochondrial vesicle
acidification and mtDNA degradation. Mitochondrial
depolarization directly affects changes in mitochondrial
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Figure 4. Qualitative (a) and quantitative (b) Western blot of NIX and BNIP3 after treatment with sham peration, CCl + HBO, and CCl.
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present in the C and S group and blots became gradually stronger after CCl and especially CCl 4+ HBO therapy (P < 0.05). The blots
presented in the CCI" and CCl+ HBO’ group became similar with C’ and S’ group (P > 0.05).

membrane.”® Polarization is an important indicator of
mitophagy. Many studies have reported that
Parkinson’s disease (PD) is a progressive neurodegenera-
tive disease that is related to accumulating impaired
mitochondria.’® To date, there have been no reports on
neuropathic pain. Therefore, we measured the function
of mitochondria and explored related mechanisms.

CsA is an amino acid polypeptide with immune
inhibitory properties. It is also a specific inhibitor of
mitochondrial permeability transition pores.?’” The mito-
chondrial permeability transition pore is a nonspecific
pore in the inner and outer membranes of mitochondria
and is a common pathway for cell injury or death. It is
also one of the end effectors of hypoxia/refusion and
other types of damage.”® CsA can inhibit cell apoptosis
or necrosis by blocking the mitochondria permeability
transition pore channel. As an immune inhibitor, CsA
also can act with cyclophilin D to inhibit opening of the
mitochondrial permeability transition pores.”’ As a

result, CsA inhibits mitochondrial depolarization and
mitophagy, leading to a marked decrease in the
number of mitophagy bodies. We used CsA to verify
that HBO can act through mitophagy given that specific
indices, such as MMP and mitochondrial inner or outer
protein levels, changed during the experimental period.
We can deduce that HBO has an effect through mito-
chondrial permeability transitive pores or on the mito-
chondrial membrane.

Our previous study showed that hypersensitivity to
mechanical and thermal stimulation developed on the
third day following CCI and lasted up to 28 days.*
However, the present study only observed changes for
seven days after CCI. We found that gradual downregu-
lation of MWT and TWL was detectable in the CCI
model seven days after injury. Although mitophagy is a
continuous phenomenon, we found that the seventh day
of pain processing was the optimal time point for deter-
mining mitophagy based on earlier experiments (data not
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Figure 5. Immunostaining of each group with TOMM20,
TIMM23, and NESTIN. Compared with the S group, there were a
large number of red and green fluorescence signals merging into an
orange signal in the CCl and CCIl+ HBO groups. Colorful fluor-
escence ratio in the CCl and CCl + HBO groups was greater than
in the S group, especially in the CCl+ HBO group.

shown), and day 7 was selected to evaluate MMP, NIX,
and BNIP3. MWT and TWL in the CCI and
CCI+ HBO groups were gradually reduced, but HBO
induced upregulation, which indicates that HBO can
effectively alleviate neuropathic pain. This effect was
not significant when the mitophagy inhibitor was admin-
istered. Therefore, HBO may influence neuropathic pain
through mitophagy. Mitophagy is also likely involved in
molecular antinociceptive mechanisms of HBO.

LC3 and P62 are both key proteins involved in autop-
hagy. With the presence of Atg4, LC3 precursor was
processed into soluble LC3-I which can change into
lipid soluble LC3-1I-PE under the action of phosphati-
dylethanolamine (PE), Atg3, and Atg7.*" LC3-II partici-
pates the extension of autophagy lysosome membrane
until autolysosome formation.**> P62 that locates in the
cytoplasm combines with the ubiquitin protein. Then
P62 protein combines with LC3-11 protein to build a
complex formation. And it is degradated in lysosome
ultimately.®>® In autophagy process, P62 will continue
to be consumed. In our previous study, compared with
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Figure 6. Immunostaining of each group with TOMM20,
TIMM23, and NESTIN after mitophagy inhibitor CsA administra-
tion. C’, §’, CCI’, and CCI 4 HBO’ represented the corresponding
groups after mitophagy inhibitor CsA administration. Compared
with the S’ group, there were a large number of red and green
fluorescence signals merging into an orange signal in the CCI and
CCI 4 HBO groups. Colorful fluorescence ratio was similar in
these three groups.

the CCI group, the expression of LC3-1I in HBO group
was higher in dorsal horn part of spinal cord. While the
expression of P62 was low in HBO group, which indi-
cated that the autophagy activity of HBO was higher
without P62 accumulation. Although the CCI group is
not as high as the HBO group, it also induces autophagy,
which may be a stress response after spinal cord injury.

BNIP3 and NIX are proteins related to the BH3-only
family, which induce both cell death and autophagy.
They are also two key proteins for mitophagy function
that play a role in the initiation step and formation of
autophagosomes.* NIX is a target of mitochondria for
elimination and BNIP3 regulates mitophagy in response
to hypoxia. NIX and BNIP3 were markedly increased
with accumulation of autophagosomes in the L[4-L5
spinal cord segment on the injured side in rats that
underwent CCI, but this effect was absent in the sham
group. NIX recruits autophagy components that do not
rely on mitochondrial depolarization, thus inducing
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Figure 7. The quantification and statistical analysis on the
immunuostaining. Normal groups (a) and inhibitor groups (b)
immunostaining quantification shows relative fluorescence ratio in
the CCl and CCl+ HBO groups was greater than in the S group,
especially in the CCl + HBO group (P < 0.05). However, HBO did
not have an effect when CsA was administered (P > 0.05).

mitochondrial autophagy.®® In many cases, BNIP3 and
NIX expression induces autophagy possibly due to spe-
cific protein characteristics.>® However, depolarization
of the mitochondrial membrane is not necessarily indi-
cative of mitophagy induction. It may represent activity
at the mitochondrial membrane or a functional change in
the mitochondria. We found a slightly higher expression
of NIX and BNIP3, resulting in reduced accumulation of
dysfunctional macromolecules or organelles. Progression
of mitophagy disruption has been shown to correlate
with neurological dysfunction.’” Moreover, the autopha-
gic machinery is required for remodeling of neuronal
dendrites and axons and for maintaining CNS plasti-
city.®® In neurodegenerative diseases, impairment of
this last function has been suggested as a cause for pro-
gressive anatomical and functional alterations of the
CNS when massive cell loss is still undetectable.®® The
molecular and cellular processes responsible for long-
lasting abnormal sensory activation underlying chronic
pain are poorly understood. However, it is now clear that

structural and functional changes in neurons result in
alterations in sensory processing following nerve injury
and contribute to the development and maintenance of
neuropathic pain.** To our knowledge, this is the first
work reporting an impairment of spinal autophagy in a
model of neuropathic pain and provides a platform for
future studies regarding the role of this degradative path-
way in pain processing.

In summary, our data demonstrate that mitophagy
may participate in pain processes. There are several limi-
tations to this study. First, the time point seven days
after CCI was optimal for mitophagy, which was dis-
covered through initial experiments. While formation
of mitophagy is a dynamic process, we only selected a
single time point, which may have certain limitations. To
further clarify the dynamic changes in the mitophagy
process, we should observe multiple time points.
Second, using both autophagosome and lysosome mar-
kers to co-localize and monitor this dynamic process
may provide more persuasive results. Finally, the mito-
chondrial membrane potential is not completely repre-
sentative of mitochondrial function. ATP levels,
respiratory function, and intracellular calcium ion
levels should be monitored in future experiments. More
in-depth study to explore important neuroprotective
mechanisms of HBO on mitophagy will be necessary.

Authors’ contributions

GH designed the experiments, wrote and interpreted the
manuscript; KL performed immunofluorescence obser-
vation and participated in data analysis; LL performed
the behavioral study and mitochondrial membrane
potential detection; XYL performed the Western blot
experiments; PZ supervised experiments and revised the
manuscript. All authors read and approved the final
manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by the National Natural
Scientific Foundation of China (NSFC, 81600971) and
Science and Technology Program of Shenyang (F15-199-1-35).

References

1. Ogawa S, Arakawa A, Hayakawa K, et al. Pregabalin for
neuropathic pain: why benefits could be expected for mul-
tiple pain conditions. Clin Drug Investig 2016; 36: 877-888.



Han et al.

10.

11.

12.

13.

14.

15.

16.

17.

Crowell AD, King K, Deitermann A, et al. Implication of
hypothalamus in alleviating spinal cord injury-induced
neuropathic pain. Ann Neurosci 2016; 23: 171-175.

. Hulse RP, Drake RA, Bates DO, et al. The control of

alternative splicing by SRSF1 in myelinated afferents con-
tributes to the development of neuropathic pain. Neurobiol
Dis 2016; 96: 186-200.

Heo BH, Shin JY, Park KS, et al. Effects of tianeptine on
the development and maintenance of mechanical allodynia
in a rat model of neuropathic pain. Neurosci Lett 2016;
633: 82-86.

Dellarole A, Morton P, Brambilla R, et al. Neuropathic
pain-induced depressive-like behavior and hippocampal
neurogenesis and plasticity are dependent on TNFRI1 sig-
naling. Brain Behav Immun 2014; 41: 65-81.

Lei Y, Sun Y, Lu C, et al. Activated glia increased the level
of proinflammatory cytokines in a resiniferatoxin-induced
neuropathic pain rat model. Reg Anesth Pain Med 2016;
41: 744-749.

Li T, Xu Y, Liu L, et al. Brucella melitensis 16M regulates
the effect of AIR domain on inflammatory factors, autop-
hagy, and apoptosis in mouse macrophage through the
ROS signaling pathway. PLoS One 2016; 11: ¢0167486.
Ratliff EP, Barekat A, Lipinski MM, et al. Brain trauma
and autophagy: what flies and mice can teach us about
conserved responses. Autophagy 2016; 12: 2256-2257.

. Babcock DT, Shen W and Ganetzky B. A neuroprotective

function of NSF1 sustains autophagy and lysosomal traf-
ficking in Drosophila. Genetics 2015; 199: 511-522.

Ikeda Y, Shirakabe A, Brady C, et al. Molecular mechan-
isms mediating mitochondrial dynamics and mitophagy
and their functional roles in the cardiovascular system.
J Mol Cell Cardiol 2015; 78: 116-122.

Arruda MA, Barcellos-de-Souza P, Sampaio AL, et al.
NADPH oxidase-derived ROS: key modulators of heme-
induced mitochondrial stability in human neutrophils.
Exp Cell Res 2006; 312: 3939-3948.

Abdel-Wahab BA and Abdel-Wahab MM. Protective
effect of resveratrol against chronic intermittent hypoxia-
induced spatial memory deficits, hippocampal oxidative
DNA damage and increased p47Phox NADPH oxidase
expression in young rats. Behav Brain Res 2016; 305:
65-75.

Mai S, Muster B, Bereiter-Hahn J, et al. Autophagy pro-
teins LC3B, ATGS and ATGI12 participate in quality con-
trol after mitochondrial damage and influence lifespan.
Autophagy 2012; 8: 47-62.

Loran OB, Siniakova LA, Seregin AV, et al. Hyperbaric
oxygenation in the treatment of patients with interstitial
cystitis: clinical and morphological rationale. Urologiia
2011; 3: 3-5.

Han G, Li L and Zhao P. Hyperbaric oxygen induced
autophagy in neuropathic rats. J China Med Univ 2016;
45: 349-351.

Almzaiel AJ, Billington R, Smerdon G, et al. Effects of
hyperbaric oxygen treatment on antimicrobial function
and apoptosis of differentiated HL-60 (neutrophil-like)
cells. Life Sci 2013; 93: 125-131.

LuY, Kang J, Bai Y, et al. Hyperbaric oxygen enlarges the
area of brain damage in MCAO rats by blocking

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

autophagy via ERK1/2 activation. Eur J Pharmacol 2014;
728: 93-99.

Sun Y, Liu D, Su P, et al. Changes in autophagy in rats
after spinal cord injury and the effect of hyperbaric oxygen
on autophagy. Neurosci Lett 2016; 618: 139-145.
Vasudevan D, Naik MM and Mukaddam QI. Efficacy and
safety of methylcobalamin, alpha lipoic acid and pregaba-
lin combination versus pregabalin monotherapy in improv-
ing pain and nerve conduction velocity in type 2 diabetes
associated impaired peripheral neuropathic condition.
[MAINTAIN]: Results of a pilot study. Ann Indian Acad
Neurol 2014; 17: 19-24.

Shinkai Y, Abiko Y, Ida T, et al. Reactive sulfur species-
mediated activation of the Keapl-Nrf2 pathway by 1,2-
Naphthoquinone through sulfenic acids formation under
oxidative stress. Chem Res Toxicol 2015; 28: 838-847.
Nie S, Yue H, Zhou J, et al. Mitochondrial-derived react-
ive oxygen species play a vital role in the salicylic acid sig-
naling pathway in Arabidopsis thaliana. PLoS One 2015;
10: e0119853.

Koirala S, Guo Q, Kalia R, et al. Interchangeable adaptors
regulate mitochondrial dynamin assembly for membrane
scission. Proc Natl Acad Sci 2013; 110: E1342-E1351.
Lupfer C, Thomas PG, Anand PK, et al. Receptor inter-
acting protein kinase 2-mediated mitophagy regulates
inflammasome activation during virus infection. Nat
Immunol 2013; 14: 480-488.

Ding WX and Yin XM. Mitophagy: mechanisms, patho-
physiological roles, and analysis. Bio/l Chem 2012; 393:
547-564.

Olszewska DA and Lynch T. PINKI1, parkin, and autop-
hagy receptors: a new model of mitophagy. Mov Disord
2016; 31: 1628-1629.

Liu Y, Lin J, Zhang M, et al. PINK1 is required for timely
cell-type specific mitochondrial clearance during Drosophila
midgut metamorphosis. Dev Biol 2016; 419: 357-372.
Tuerkmen A, Bosche K, Liickemann L, et al. Rats taste-
aversive learning with cyclosporine A is not affected by
contextual changes. Behav Brain Res 2016; 312: 169-173.
Bhatt V, Lin A, Beyer K, et al. Analysis of cyclosporine A
levels supports new dosing guidelines in adult double-unit
cord blood transplant recipients to optimize immunosup-
pression early post-transplant. Biol Blood Marrow
Transplant 2016; 22: 1533—-1534.

Miyazaki Y, Azuma A, Inase N, et al. Cyclosporine A
combined with low-dose corticosteroid treatment in
patients with idiopathic pulmonary fibrosis. Respir
Investig 2015; 53: 288-295.

Han G, Li L and 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.

Jacquin E, Leclerc-Mercier S, Judon C, et al
Pharmacological modulators of autophagy activate a par-
allel noncanonical pathway driving unconventional LC3
lipidation. Autophagy 2017; 15: 1-14.

Gomez-Sanchez R, Yakhine-Diop SM, Rodriguez-Arribas
M, et al. mnRNA and protein dataset of autophagy markers
(LC3 and p62) in several cell lines. Data Brief 2016; 7:
641-647.



Molecular Pain

33.

34.

35.

36.

Chen Q, Zhou Y, Richards AM, et al. Up-regulation of
miRNA-221  inhibits  hypoxia/reoxygenation-induced
autophagy through the DDIT4/mTORCI1 and Tp53inpl/
p62 pathways. Biochem Biophys Res Commun 2016; 474:
168-174.

Sil S, Ghosh R, Sanyal M, et al. A comparison of neuro-
degeneration linked with neuroinflammation in different
brain areas of rats after intracerebroventricular colchicine
injection. J Immunotoxicol 2016; 13: 181-190.

O’Sullivan TE, Johnson LR, Kang HH, et al. BNIP3- and
BNIP3L-mediated mitophagy promotes the generation of
natural killer cell memory. Immunity 2015; 43: 331-342.
Ney PA. Mitochondrial autophagy: origins, significance,
and role of BNIP3 and NIX. Biochim Biophys Acta 2015;
1853: 2775-2783.

37.

38.

39.

40.

Springer MZ and Macleod KF. In Brief: Mitophagy:
mechanisms and role in human disease. J Pathol 2016;
240: 253-255.

Tan T, Zimmermann M and Reichert AS. Controlling
quality and amount of mitochondria by mitophagy:
insights into the role of ubiquitination and deubiquitina-
tion. Biol Chem 2016; 397: 637-647.

Blom SM, Pfister JP, Santello M, et al. Nerve injury-
induced neuropathic pain causes disinhibition of the anter-
ior cingulate cortex. J Neurosci 2014; 34: 5754-5764.
Kozma CM, Provenzano DA, Slaton TL, et al.
Complexity of pain management among patients
with nociceptive or neuropathic neck, back, or osteoarth-
ritis diagnoses. J Manag Care Spec Pharm 2014; 20:
455-466b.



