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Abstract. The clinical application of hyperbaric oxygen
therapy (HBOT) in spinal cord injury (SCI) has been reported,
however the mechanism underlying its therapeutic effects
remains to be elucidated. In the present study, SCI was
modeled in male Sprague-Dawley rats. A total of 120 rats
were randomly divided into four groups: Sham-operated
group (SH); sham-operated and hyperbaric oxygen group
(SH+HBO); spinal cord injury group (SCI) and spinal cord
injury and hyperbaric oxygen treatment group (SCI+HBO).
The rats in each group were randomly divided into five
smaller groups (12 h, 1, 3, 7 and 14 days after surgery). The
mRNA and protein expression levels of NACHT domain-,
leucine-rich-repeat- and pyrin domain-containing protein 3
(NALP3) inflammasome, including NALP3, adaptor molecule
apoptosis-associated speck-like protein (ASC) and caspase-1
were determined at several time points following injury. The
results of the present study demonstrated that HBOT compro-
mised the mRNA and protein expression levels of NALP3,
ASC and caspase-1 in the SCI model rats and HBOT mitigated
SCl-induced interleukin 1f release in the injured spinal cord
tissue. It was concluded that HBOT is an effective approach,
which can prevent against spinal cord injury, likely by inacti-
vating NALP3 inflammasome.
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Introduction

Spinal cord injury (SCI) is a devastating disease, which
results in the disruption of neural structures and permanent
neurological deficits (1-3). SCI leads to primary injury, which
damages cord integrity and secondary injury, which causes
further tissue damage and eventually leads to cell death (4).
Secondary injury occurs minutes following injury and lasts
for several weeks (5) due to ischemia, edema, generation of
free radicals and oxidative stress (ROS) and inflammatory
responses (6). Among these factors, ROS is important in the
stage of secondary injury, which causes inflammation and
death of the injured nerve cells (7).

The most generally accepted drug to control secondary
damage following SCI is methylprednisolone (MP). However,
the side effects caused by this drug limit the clinical application
of MP (8). A more safe and effective approach in preventing
the onset of edema, ischemia and tissue destruction during
the stage of secondary injury is urgently required. Hyperbaric
oxygen therapy (HBOT) is a clinical strategy, which involves
administering 100% oxygen for a prescribed period of time
at a pressure above that of atmospheric pressure at sea level.
This strategy has proven to be beneficial for treating acute
and chronic SCI, by increasing oxygen tension in the tissue
surrounding the wound (9,10). Previous studies regarding the
effects of HBOT on SCI have focussed predominantly on
improving neurological function and histological scores (11).
However, the molecular mechanism underlying the effects
of HBOT remain to be elucidated. As a multimeric protein
complex that mediates the release of pro-inflammatory inter-
leukin (IL)-1P, the NACHT domain-, leucine-rich-repeat- and
pyrin domain-containing protein 3 (NALP3) inflammasome
has received considerable attention in SCI (12). The inflamma-
some consists of NALP3, adaptor molecule apoptosis-associated
speck-like protein (ASC) and caspase-1. Formation of the
inflammasome results in the production of bioactive IL-1f (13),
which triggers the release of other inflammatory cytokines
and causes important biological effects associated with tissue
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injury. Villegas er al demonstrated that the activation of the
NALP3 inflammasome is an important pathway involved in
ROS-mediated lung injury (14). Therefore, activation of the
NALP3 inflammasome may also be involved in SCI.

The present study investigated the effects of HBOT on the
expression of the NALP3 inflammasome and IL-1f following
SCI and revealed that HBOT rescued damaged motor func-
tions following SCI and compromised NALP3 inflammasome
expression and IL-1f release. These results improve current
understanding and assist in further investigations of the molec-
ular mechanisms underlying and application of HBOT in SCI.

Materials and methods

Animals. Healthy male Sprague-Dawley rats (2-3-months-old,
weighing 250-300 g) were housed in pairs for at least 5 days
after their arrival to the laboratory. The rats had access
to food and water ad libitum and were maintained in a
normal 12 h light/dark cycles in a regulated environment.
The present study was approved and performed in accor-
dance with the ethical guidelines of the Committee on the
Ethics of Animal Experiments, Capital Medical University
(permit no. 2010-D-013; Beijing, China).

Spinal cord injury model. Spinal cord injury was performed
aseptically under anesthesia by intraperitoneal injection of 10%
chloral hydrate at a dose of 350 mg/kg. Using the method
described by Basso et al (15), the rats were positioned prone
on an operating table, the T10 spinous process area was steril-
ized, followed by a laminectomy, including T10, to expose the
spinal cord. The Multicenter Animal Spinal Cord Injury Study
impactor was used in order to produce the SCI. The moderate
SCI was created by dropping a 10 g rod from a distance of
25 mm. The characteristics of a successful model included: A
wagging tail reflex in the rats, retraction of the lower limbs and
flaccid paralysis of the lower extremities. The animals were
allowed to recover from the anesthetic and surgical procedures
in intensive care. Post-surgery, the bladder was compressed
manually by abdominal pressure twice a day until the bladder
reflex was restored. Rats were administered with Penicillin G
sodium (Zhengdong Taisheng Pharmaceutical Co., Ltd., Shanxi,
China) for 3 days.

Experimental groups. A total of 120 rats were randomly divided
into four groups: Sham-operated (SH); sham-operated and
hyperbaric oxygen treatment (SH+HBO); spinal cord injury
(SCI) and spinal cord injury and hyperbaric oxygen treatment
(SCI+HBO). The rats in each group were then randomly divided
into five smaller time-specific sub-groups: 12 h, 1, 3, 7, 14 days
after surgery. The rats in the SH group underwent laminectomy
without SCI or HBO treatment.

Hyperbaric oxygen treatment. The SH+HBO and SCI+HBO
rats were placed into a custom-made, transparent acrylic plastic
pressure chamber (701 Space Research Institute, Beijing, China)
immediately following surgery and received 60 min HBOT at
2 atmospheres absolute (ATA) twice per day at 8 h intervals
for the first 3 days and daily thereafter. Compression air was
performed at a rate of 1 kg/cm?/min to 2 ATA/100% oxygen and
was maintained for 60 min. The chamber was ventilated with
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100% oxygen at a rate of 8 1/min. During HBO exposure, the
oxygen contents were continuously monitored and maintained
at 295%. To minimize the effects of diurnal variation, all the
HBO exposures began at 8 AM and 4 PM. The rats in the SH
and SCI groups were exposed to normobaric air at 1 ATA for
60 min.

Evaluation of motor function and sample collec-
tion. The recovery of motor function was evaluated by
Basso-Bettie-Bresnahan (BBB) scores using open-field loco-
motor assessment 12 h, 1, 3,7 and 14 days after surgery (15).
In an open-field chamber (120x120 cm), the behavior of the rats
was observed for 5 min by three individuals in a blinded-manner.
The scale was designed to reflect progressive motor rating scores
and the BBB score was counted based on movement of the joints
of the hind limb, weight-bearing capability, coordination and
proper gait and tail position.

Following the evaluation of motor function, the animals were
sacrificed using chloral hydrate. The spinal segments of the
injured sites were removed. Each sample was stored in liquid
nitrogen and used for polymerase chain reaction (PCR) and
Western blot analysis.

Reverse transcription quantitative PCR (RT-gPCR). The
total RNA was extracted from the frozen spinal cord tissues
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) and a BioEasy SYBR Green I Real Time PCR
kit (Sangon Biotech, Shanghai, China). The RNA was then
reverse transcribed to synthesize cDNA. qPCR was performed
using a Line-Gene sequence detector (Applied Biosystems, Inc.,
Carlsbad, CA, USA). NALP3, ASC, caspase-1 and actin primers
were used as listed in Table I. RT-qPCR was performed using
a UU-DNA gRT-PCR real-time detection system (Applied
Biosystems, Inc.) using SYBR® green I dye detection (ww). The
RT-qPCR reaction was incubated at 94°C for 30 sec, followed by
45 cycles of 94°C for 20 sec and 60°C for 25 sec. The data were
analyzed using the detector software (ABI 7500, software 1.3;
Applied Biosystems, Inc.). The RT-qPCR products were verified
following electrophoresis on 1% agarose gels and melting curve
analysis. The amplified NALP3, ASC, caspase-1 and actin prod-
ucts were 118, 103, 125 and 128 bp, respectively. The relative
quantification of mRNA expression levels were calculated using
the 22T method.

Protein preparation. The spinal cord tissues were frozen in
liquid nitrogen and then stored at -80°C prior to analysis. The
tissues were homogenized in a sodium dodecyl sulfate (SDS)
sample buffer containing a mixture of protease and phosphatase
inhibitors (Sigma-Aldrich, St. Louis, MO). The homogenates
were centrifuged at 15,000 x g for 10 min at 4°C. The super-
natants were collected and the protein concentrations were
quantified using a protein assay kit (Pierce Biotechnology, Inc.,
Rockford, IL, USA).

Western blotting. The proteins (20 ug/sample) were sepa-
rated using 12% SDS polyacrylamide gel electrophoresis
(SDS-PAGE). Following electrophoresis, the proteins were trans-
ferred onto polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA), blocked using 5% nonfat dry milk for
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Table I. Primer sequences.
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Primer

Sequence

NALP3 forward primer
NALP3 reverse primer
ASC forward primer
ASC reverse primer
Caspase-1 forward primer
Caspase-1 reverse primer
GAPDH forward primer
GAPDH reverse primer

5'-CCTGGGATTTCTCCACAACT-3'
5'-CAGTCTGGAAGAACAGGCAA-3'
5'-GCACAGCCAGAACAGAACAT-3'
5-AGCACATTGCCATACAGAGC-3'
5-TGGTCTTGTGACTTGGAGGA-3'
5'-CCTGGGAAGAGGTAGAAACG-3'
5'-CAACTCCCTCAAGATTGTCAGCAA-3'
5'- GGCATGGACTGTGGTCATGA-3'

NALP3, NACHT domain-leucine-rich-repeat and pyrin domain-containing protein 3; ASC, apoptosis-associated speck-like protein.

Table II. Basso-Bettie-Bresnahan score in each group at different time points following spinal cord injury.

Time SH SH+HBO SCI SCI+HBO
12h 18.72+6.05 19.45+7 24 0.27+0.51° 0.28+0.29°
1 day 19.33+7.29 20.23+6.35 0.27+031° 0.3020.26
3 days 20.25+7.34 20.49+7.54 1.03+0.66° 1.2540.75°
7 days 20.61+7.58 20.55+7.16 2.56+1.24° 527+2.14%0
14 days 20.47+6.81 20.38+6.88 7.39+3.08" 11.35+4 .22

Values are presented as the mean + standard deviation (n=6). *P<0.01, SCI and SCI + HBO groups compared with SH and SH+HBO groups;
P<0.05, SCI+HBO groups compared with the SCI groups. SCI, spinal cord injury group; HBO, hyperbaric oxygen treatment; SH, sham-operated.

1 h at room temperature in Tris-buffered saline containing
0.1% Tween 20 (TBS-T; Amresco, Inc., Solon, OH, USA) and
incubated overnight at 4°C with rat monoclonal anti-NALP3
(1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
US), anti-ASC (1:1,000, Santa Cruz Biotechnology, Inc.) and
anti-caspases-1 (1:2,000, Santa Cruz Biotechnology, Inc.)
antibodies. The membranes were washed in TBS-T and were
incubated with horseradish peroxidase-labeled secondary
antibody (Santa Cruz Biotechnology, Inc.) for 2-3 h at room
temperature. Following this, proteins were detected using
enhanced chemiluminescence agents (ECL Plus, Pierce
Biotechnology, Inc.) and exposure to X-ray film. To quantify
protein levels, the X-ray films were scanned using a Minolta
scanner (MFC-7470D; Brother Industries, Ltd, Tokyo, Japan)
and analyzed using Adobe Photoshop software. The labeling
densities were quantified using LabWorks software (UVP,
Upland, CA, USA).

Enzyme-linked immunosorbent assay. The levels of IL-1f in the
tissue homogenates were measured using enzyme-linked immu-
nosorbent assay (ELISA) kits (MyBioSource, Inc., San Diego,
CA,USA). The pre-coated microtiter plate wells were numbered
and 100 pl of the sample and standard specimens were added
to each well. The assays were performed in duplicate. The
optical density (OD) was determined using a microplate
reader (Multiskan MK3; Thermo Scientific, Waltham, MA,
USA) at 450 nm and a calibration curve was created by plotting
the average OD values of each calibrator on the Y-axis against

the concentration value on the X-axis. The best-fit curve was
then produced through the points on the graph.

Statistical analysis. Statistical analysis was performed using
SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). All quan-
titative data were expressed as the mean =+ standard deviation.
One-way analysis of variance was used to test the differences
in the BBB scores and the expression of NALP3, ASC and
caspase-1. Student’s t-test was used for certain BBB scores
due to an unequal homogeneity of variance. P<0.05 was
considered to indicate a statistically significant difference.

Results

HBOT increases the BBB score of the rats following spinal
cord injury. The BBB scores in the SCI and SCI+HBO groups
were significantly lower compared with those in the SH and
SH+HBO groups (P<0.01), although gradual recovery was
observed in the rats of the SCI and SCI+HBO groups over
time, HBOT caused a significant increase in the BBB score
on the 7th and 14th days after surgery compared with the
SCI group (P<0.05). No significant difference was observed
between the BBB scores of the SH and SH+HBO groups
(P>0.05; Table II).

HBOT suppresses the SCIl-induced increase of the
NALP3 inflammasome. Western blot analysis and RT-qPCR
were used to analyze the expression levels of the NALP3
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Table I1I. Effect of hyperbaric oxygen therapy on levels of IL-1f in spinal cord tissue following spinal cord injury (n=6).
Time SH SH+HBO SCI SCI+HBO
12h 80.23+7.11 77.35+4.86 107.69+4.13* 102.28+2.87*
1 day 84.98+6.25 82.38+3.95 126.44+3.37* 117.35+5.35°
3 days 79.15+4.22 82.34+9.04 104.27+3.85° 95.44+4 55b¢
7 days 83.88+3.32 80.45+5.82 97.24+2.20° 89.26+3.77%¢
14 days 79.19+6.27 80.41+3.65 92.16+5.65* 89.22+4 .58°

Values are presented as the mean + standard deviation (n=6). *P<0.01 for SCI and SCI+HBO groups versus SH and SH+HBO groups; "P<0.05
for SCI and SCI+HBO groups versus SH and SH+HBO groups; and ‘P<0.01. SCI, spinal cord injury group; HBO, hyperbaric oxygen treat-

ment; SH, sham-operated.
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Figure 1. Reverse transcription quantitative polymerase chain reaction
analysis of the mRNA level of (A) NALP3, (B) ASC and (C) caspase-1 in the
spinal cords of all groups rats at different time points following surgery. Data
are presented as the mean = standard deviation. “P<0.01 SCI and SCI+HBO
groups, vs.SH and SH+HBO groups; P <0.05 SCI and SCI+HBO groups, vs.
SH and SH+HBO groups; *P<0.01 and “P<0.05 SCI+HBO group, vs. SCI
group. ASC, apoptosis-associated speck-like proteins; SCI, spinal cord
injury; HBO, hyperbaric oxygen treatment; SH, sham-operated.

inflammasome, including NALP3, ASC and caspase-1, in
the spinal cord tissue. The expression levels of NALP3, ASC
and caspase-1 in the SCI groups were significantly increased

compared with those in the SH and SH+HBO groups at
all time points (P<0.05 or P<0.01; Figs. 1-4). The mRNA
and protein expression levels of NALP3 and of ASC and
caspase-1 peaked 12 h and 1 day after surgery, respectively.
The mRNA and protein expression levels of NALP3 in
the SCI+HBO group were significantly reduced compared
with those in the SCI group at 1, 3 and 7 days after surgery
(P<0.05 or P<0.01; Figs. 1A and 2). The mRNA and protein
expression levels of ASC and caspase-1 were significantly
reduced in the SCI+HBO group compared with those in
the SCI group 3 and 7 days after surgery (P<0.05; Figs. 1B
and C, 3 and 4).

HBOT downregulates the SCI-induced release of IL-1p.
The levels of IL-1f in the injured spinal cord tissue was
significantly increased compared with those in the SH and
SH+HBO groups at any time points and peaked 1 day after
surgery. Compared with the SCI group, the IL-1f level in the
SCI+HBO group was significantly decreased 3 and 7 days after
surgery (P<0.05; P<0.01; Table III).

Discussion

The NALP3 inflammasome is a well-characterized inflam-
masome consisting of NALP3, ASC and caspase-1. NALP3
is a member of the NOD-like receptor family, which has the
ability to sense pathogen products in the cytoplasm (16) and
elicit an immune response. The NALP3 protein recruits the
adaptor molecule ASC via an N-terminal protein-protein
interaction in the pyrin domain. ASC activates caspase-1 via
its C-terminal domain, subsequently leading to the release of
mature IL-1p3 (17,18).

At the stage of secondary damage following SCI, forma-
tion of oxygen radicals and cell membrane lipid peroxidation
are observed (19,20). Overproduction of ROS causes irrevers-
ible damage to neurons, including organelles and membranes.
However, ROS-mediated intracellular signaling pathways
following SCI remain to be fully elucidated. ROS are impli-
cated in the activation of the NALP3 inflammasome (21).
Kauppinen et al (22) examined the ability of ROS to activate
inflammasome signaling in retinal pigment epithelium (RPE)
cells and demonstrated that 4-hydroxy-2-nonenal, a highly reac-
tive end-product of the lipid peroxidation reaction, significantly
increased the mRNA level of NALP3. This study provided
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Figure 2. (A) Quantification analysis of NALP3 and (B) immunoblot of NALP3 in the spinal cords of all groups of rats. Data are presented as the mean + stan-
dard deviation. “"P<0.01 for SCI and SCI+HBO groups, vs. SH and SH+HBO groups; “P<0.05 for SCI and SCI+HBO groups, vs. SH and SH+HBO groups;
*P<0.01 and *P<0.05 for SCI+HBO group, vs. SCI group. NALP3, NACHT domain-, leucine-rich-repeat- and pyrin domain-containing protein 3; SCI, spinal
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Figure 4. (A) Quantification analysis of caspase-1 and (B) immunoblot of caspase-1 in the spinal cords of all groups of rats Data are presented as the
mean =+ standard deviation. “P<0.01 for SCI and SCI+HBO groups, vs. SH and SH+HBO groups; and “P<0.05 for SCI+HBO group, vs. SCI group. SCI, spinal

cord injury; HBO, hyperbaric oxygen treatment; SH, sham-operated.

evidence that oxidative stress can activate NALP3 inflam-
masome signaling in RPE cells, which are important in the
pathogenesis of age-related macular degeneration. Western blot-
ting and RT-qPCR analysis in the current study demonstrated
that the expression levels of the inflammasome components,
including NALP3, ASC and caspase-1, were up-regulated in
the SCI groups compared with the SH and SH+HBO groups
and levels peaked 12 h and 1 day after surgery respectively.
The NALP3 protein is a core component of the inflammasome.

The present study revealed that the mRNA levels of NALP3
in the SCI groups were 2.2-fold higher compared with the
SH groups. The levels of the adaptor protein ASC were
moderately induced during the process. The mRNA levels in
the SCI groups were 2.7-fold higher compared with the SH
and SH+HBO groups. Pro-caspase-1 is an substrate-specific
protease and is recruited by ASC via its C-terminal domain
and cleaved to form active caspase-1. Levels of ASC-induced
cleavage of pro-caspase-1 were measured in the present study.
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The mRNA levels of caspase-1 were 3.1-fold higher in the SCI
group compared with the SH and SH+HBO groups. Juliana et al
suggested that NALP3 requires post-translational modifications
prior to the inflammasome activation (23). Among the modifica-
tions, de-ubiquitylation of NALP3 is critical for its activation,
possibly in a mitochondrial ROS-dependent manner (24-26).
Based on previous studies, the present study hypothesized
that following SCI, overproduction of ROS promotes NALP3
de-ubiquitylation, facilitating its activation and enhancing its
ability to interact with ASC and caspase-1. The present study
demonstrated that simultaneous upregulation of NALP3,
caspase-1 and ASC occurs following SCI, suggesting that the
ROS generated in the process of second injury induces the
formation of the functional NALP3 inflammasome.

HBOT has been demonstrated to ameliorate the hypoxic
state at the site of SCI by decreasing MDA levels and increasing
levels of SOD, GSH, and CAT (27,28). These studies indicated
that HBOT reduced the formation of ROS to protect the injured
neurons of the spinal cord during this stage of trauma (29,30).
In the present study, the mRNA and protein expression levels
of NALP3 in the SCI+HBO group were significantly reduced
compared with those in the SCI group 1, 3 and 7 days after
surgery. The mRNA and protein expression levels of ASC
and caspase-1 were significantly reduced in the SCI+HBO
group compared with those in the SCI group 3 and 7 days
after surgery. A study by Rubartelli suggested that cellular
oxidation and its own anti-oxidant reactions may be involved
in modulating NALP3 activation (31). Therefore, the present
study hypothesized that HBOT hypersaturated circulating
plasma with dissolved oxygen, increasing the oxygen tension
around the injured spinal cord tissue and upregulating antioxi-
dant ability of tissue to counter ROS production. Inhibition of
ROS is hypothesized to prevent the activation of the NALP3
inflammasome.

IL-1p is important in the pathogenesis and progression of
secondary injury in SCI. In vitro, expression levels of IL-1$
were increased following SCI, with the mRNA and protein
levels peaking 1 h and 8 h after injury, respectively and levels
remained elevated for at least 72 h (32,33). The pro-inflamma-
tory cytokine IL-1p is central in initiating an inflammatory
response. Pro-IL-1f3 can be produced through Toll-like recep-
tors (TLRs) and NF-kB signaling, and remain as inactive
intracellular precursors until they are activated (34). Caspase-1
cleaves a 116 amino acid region from the N-terminus of
pro-IL-1p to convertitinto active IL-1f. Kool et al demonstrated
that aluminium triggers macrophages to release mature IL-1p
in a NALP3- and ASC-dependent manner (35). In the present
study, the levels of IL-1f in spinal cord tissue were analyzed
using ELISA. IL-1p was significantly increased and peaked
24 h after surgery. Notably, HBOT significantly decreased the
levels of IL-1p3 3 and 7 days after surgery compared with the
SCI groups. These data suggested that the increased level of
IL-1p aligned with the increased level of caspase-1 following
SCI. Notably, HBOT compromised expression of caspase-1
and IL-1P. Yang et al (36) indicated that HBOT could reduce
the secondary injury of SCI via down-regulating the expres-
sion of NF-kB. These data suggested that HBOT attenuated
the secondary injury of SCI due to the inhibition of IL-1f tran-
scription and inhibition of the NALP3 inflammasome pathway,
which activates IL-1f.
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In order to evaluate the recovery of motor function, BBB
scores were measured. The BBB scores were significantly
lower in the SCI and SCI+HBO groups compared with the
SH group. However, the BBB score was significantly increased
in the SCI+HBO groups compared with the SCI groups on
the 7th and 14th days after surgery. The results of the BBB
scores suggested that HBOT preserved the injured spinal cord
tissue, promoting neurological recovery following SCI.

In conclusion, the present study demonstrated that HBOT
prevents spinal cord injury by inhibiting the activation of the
NALP3 inflammasome, including all the components of this
pathway. The results demonstrated that HBOT is an effective
approach to relieve secondary injury in the early stages of SCI.
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