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Abstract: Spinal cord injury (SCI) is a serious medical problem with high mortality and disability rates. Hyperbaric 
oxygen (HBO) treatment is beneficial for neurological recovery after SCI, but the underlying mechanisms await 
characterization. This study examined whether HBO treatment following SCI in rats exerts a neuroprotective effect 
through activation of the toll-like receptor (TLR) 2/nuclear factor (NF)-κB signaling pathway. The SC of rats was in-
jured via T10 laminectomy. Experimental animals (n = 144) were divided into four groups: sham-operated (SH), SH + 
HBO, SCI, and SCI + HBO. Each group was subdivided into six subgroups (n = 6 per group) that were examined at 12 
h, and 1, 2, 3, 7, and 14 days post-injury. Functional recovery in the hind limb was evaluated using the Basso, Beat-
tie, and Bresnahan (BBB) scoring system. The expression of TLR2 and NF-кB was assessed by real-time polymerase 
chain reaction and Western blotting, while interleukin-1 (IL)-1β and tumor necrosis factor (TNF)-α levels were mea-
sured by enzyme-linked immunosorbent assay. TLR2 and NF-кB levels and histological scores were higher in the SCI 
than in the SH and SH + HBO groups at various time points. HBO treatment decreased TLR2 and NF-кB expression 
and histological scores as well as IL-1β and TNF-α levels compared to the SCI group at early post-injury stages. In 
addition, BBB scores were improved in the SCI + HBO relative to the SCI group at 7 and 14 days. HBO treatment may 
mitigate secondary injury to the SC by inhibiting inflammatory responses induced by TLR2/NF-кB signaling, thereby 
promoting functional recovery and improving neurological outcome.
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Introduction

Spinal cord injury (SCI) is a serious medical 
problem with high costs to healthcare, as well 
as social and psychological burdens. Trauma to 
the SC can cause irrecoverable primary dam-
age by destroying tissue as well as secondary 
injury including hemorrhage, edema, inflamma-
tion, excitotoxicity, and oxidative cell damage, 
which can lead to permanent loss of neurologi-
cal function [1, 2]. Treatments that mitigate 
secondary injury and promote SC tissue surviv-
al can preserve the anatomic substrate neces-
sary for functional recovery to take place.

Toll-like receptors (TLRs) are a family of signal 
transduction molecules that play a critical role 

in innate immunity and the inflammatory res- 
ponse via nuclear factor (NF)-κB-mediated sig-
naling [3, 4]. Of the 13 TLRs that have been 
identified in mouse, TLR2 has been associated 
with SCI-induced inflammation [5]. NF-κB is 
composed of a p65/p50 heterodimer in most 
cell types; once activated, the p65 subunit dis-
sociates from its inhibitor IκB-α and translo-
cates from the cytoplasm to the nucleus to acti-
vate the transcription of target genes, including 
pro-inflammatory cytokines such as interleukin 
(IL)-1β and tumor necrosis factor (TNF)-α [6, 7].

Hyperbaric oxygen (HBO) therapy is a medical 
treatment that administers 100% O2 at a con-
trolled pressure (greater than sea level) for a 
prescribed period of time (60–90 min). A grow-
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ing number of studies have shown that HBO 
treatment can reduce SCI and promote the 
recovery of neurological function [8-11]. How- 
ever, the mechanism underlying the neuropro-
tective effects of HBO has yet to be chara- 
cterized.

The present study examined whether HBO 
treatment exerts protective effects by altering 
NF-κB signaling, by measuring changes in the 
expression of TLR2 and NF-κB, as well as IL-1β 
and TNF-α levels in rats with acute SCI.

Materials and methods

Animals

Healthy adult male Sprague-Dawley rats, weigh-
ing 220-250 g, were purchased from the Center 
of Experimental Animals of Capital Medical 
University (Beijing, China). The study protocol 
was approved by the Committee for the Purpose 
of Control and Supervision of Experiments on 
Animals at the university. Animals were housed 
in a temperature-controlled environment under 
a 12:12 h light/dark cycle with access to a 
standard laboratory diet and water ad libitum. 
Each rat was determined to have normal motor 
function prior to surgery.

Animal surgery

SCI was induced using a weight drop device as 
previously described [12]. Rats were anaesthe-
tized by intraperitoneal injection of 10% chloral 
hydrate at a dose of 350 mg/kg. A longitudinal 
incision was made extending from the mid- to 
low thoracic region, followed by a laminectomy 
that included all T10, to expose the SC without 
damaging the dura. SCI was induced by a 
Multicenter Animal Spinal Cord Injury Study 
impactor using a 10-g rod from a distance of 25 
mm, and its successful application was 
assessed by the presence of edema and hem-
orrhage in SC tissue; purple but intact dura; 
wagging tail reflex; bilateral lower limb flutter/
retraction; and flaccid paralysis. The injuried 
muscle and skin were sutured in layers and ani-
mals were allowed to recover. Manual bladder 
expression was performed twice a day until 
rats were able to urinate unaided, and a single 
dose of penicillin (0.8 mg/g) was administered 
daily by subcutaneous injection until the hema-
turia ceased.

Experimental groups

Rats (n = 144) were randomly assigned to one 
of four groups: sham-operated (SH), SH + HBO, 
SCI, and SCI + HBO. Each group was subdivided 
into six subgroups (n = 6 rats per group) corre-
sponding to the following post-operative time 
points: 12 h, and 1, 2, 3, 7, and 14 days. 
Animals in the SH and SH + HBO groups under-
went a T10 laminectomy without SCI.

HBO treatment

After flushing CO2 from a hyperbaric chamber 
(701 Space Research Institute, Beijing, China) 
with 100% O2, rats in the SH + HBO and SCI + 
HBO groups were placed inside 6 h after sur-
gery for a 60-min exposure to HBO (100% O2) at 
2.0 atmospheres absolute (ATA) once a day. 
The chamber pressure was increased to 2.0 
ATA over 10 min and gradually decompressed 
over 5 min to normobaric air (21% O2) at the 
end of the session. Rats in SH and SCI groups 
were treated with normobaric air at 1.0 ATA.

Behavioral tests

A motor function recovery test was performed 
at each time point after surgery using the scor-
ing system of Basso, Beattie, and Bresnahan 
(BBB) [13], which ranges from complete paraly-
sis to complete mobility and comprises 21 cri-
teria for lower limb movement including limb 
movement; weight-bearing capability; coordi-
nated and proper gait; movement at all hind 
limb joints; full weight support; and appropriate 
limb, body, and tail positions. The animals were 
scored by two investigators who were not part 
of this study and were blinded with respect to 
the treatment undergone by each animal.

Tissue sample collection

Animals were anesthetized at the appropriate 
time point, and transcardial perfusion was per-
formed with saline followed by ice-cold 4% 
paraformaldehyde. The SC (4-6 mm length) 
containing the injury site was dissected, and 
divided into two parts: one was fixed with 10% 
formaldehyde solution at 4°C for 1 week for his-
tological evaluation, and the other was stored 
at -80°C and used for molecular analyses.

Histology

The SC tissue was embedded in paraffin and 
sectioned at a thickness of 5 μm. Sections 
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Figure 1. Effect of HBO on neurological recovery after SCI. The func-
tional recovery of the hindlimb was evaluated and assigned a Basso, 
Beattie, and Bresnahan (BBB) score at the indicated time points follow-
ing SCI. HBO, hyperbaric O2; SCI, spinal cord injury; SH, sham-operated. 
Data are shown as mean ± standard deviation. *P < 0.05.

scored for edema, neutrophil infil-
tration, and hemorrhage on a scale 
of 0 to 4 as follows: 0 = none or 
minor; 1 = modest or limited; 2 = 
intermediate; 3 = widespread or 
prominent; and 4 = widespread 
and most prominent [14]. Samples 
were analyzed by a pathologist who 
was blinded to the experimental 
procedure and sampled region.

Enzyme-linked immunosorbent 
assay (ELISA)

IL-1β and TNF-α levels in SC tissue 
homogenates were measured by 
ELISA using commercial kits (Du- 
oSet ELISA Development Systems; 
R&D Systems, Minneapolis, MN, 
USA) according to the manufactur-
er’s instructions and an ELISA ana-
lyzer (Coda, Bio-Rad, Hercules, CA, 
USA). Results are expressed as pg/
mg of SC tissue.

Western blotting

SC tissue was homogenized in ice-
cold isolation solution containing 
250 mmol/L sucrose, 10 mmol/L 
triethanolamine, 1 mg/mL leupep- 
tin, and 0.1 mg/mL phenylmethyl-
sulfonyl fluoride. Homogenates 
were centrifuged at 15,000 g for 
10 min at 4°C, and the protein con-
centration in the supernatant was 
measured using a protein assay kit 
(Sunbio, Beijing, China). Total pro-
tein (50 μg) was resolved by 12% 
sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and 
transferred to polyvinylidene difluo-
ride membranes, which were incu-
bated overnight at 4°C with prima-
ry antibodies against TLR2 (1:10 
00), NF-κB (1:1000), and β-actin 
(1:2,000) (all from Santa Cruz Bi- 
otechnology, Inc., Santa Cruz, CA, 
USA). After washing, membranes 
were incubated with horseradish 
peroxidase-conjugated secondary 
antibodies (Santa Cruz Biotech- 
nology, Inc.) diluted at 1:5000 for 1 

Figure 2. Effect of hyperbaric O2 (HBO) on spinal cord tissue after spinal 
cord injury (SCI). Hematoxylin and eosin-stained sections were exam-
ined 1 day after surgery in (A) sham-operated controls (SH); (B) SH ani-
mals receiving HBO treatment; (C) animals sustaining SCI; and (D) SCI 
animals receiving HBO treatment. Tissue damage consisting of edema, 
hemorrhage, and neutrophil infiltration was observed in the SCI group, 
which was improved by HBO treatment. Magnification: 400×.

were stained with hematoxylin and eosin, and 
the injury was examined by microscopy and 

h at 37°C, and signals were detected using an 
enhanced chemiluminescence kit (BestBio Inc., 
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Shanghai, China). The film was scanned (Konica 
Minolta Medical Imaging USA, Inc., Wayne, NJ, 
USA) and protein expression was quantified 
with Adobe Photoshop (Adobe, Mountain View, 
CA, USA). and LabWorks software (UVP, Upland, 
CA, USA).

Real-time polymerase chain reaction (RT-PCR)

Total RNA was isolated from frozen SC tissue 
using Trizol reagent (Invitrogen, Carlsbad, CA, 
USA) and an RNA extraction kit (Biomed, 
Beijing, China). RNA was reverse-transcribed to 
obtain cDNA, and RT-PCR was performed using 
the BioEasy SYBR Green I Real Time PCR Kit 
and Line-Gene sequence detector (Bioer, 
Hangzhou, China). The following primer sets 
were used: rat glyceraldehyde 3-phosphate-
dehydrogenase (GAPDH), 5′-GGT GAA GGT CGG 
TGT GAA CG-3′ (forward) and 5′-CTC GCT CCT 
GGA AGA TGG TG-3′ (reverse); TLR2, 5′-TGA TGC 
TGC CAT TCT CAT TC-3′ (forward) and 5′-CGC 
AGC TCT CAG ATT TAC CC-3′ (reverse); and 
NF-κBp65, 5′-TCA CGG GAC CTG GCT GGG AG-3′ 
(forward) and 5′-CCG CCG AAG CTG CAT GGA 
CA-3′ (reverse). The cycling conditions were as 
follows: 95°C for 2 min; and 45 cycles of 95°C 
for 20 s, 59°C for 25 s, and 72°C for 30 s. Data 
were analyzed using the Line-Gene software. 
The mRNA expression levels were calculated 
with the 2−ΔΔCT method and normalized to GA- 
PDH levels.

SCI + HBO groups had complete hind limb 
paralysis with scores between 0 and 1. The 
BBB score of the SCI + HBO group increased 
starting from day 3, and on post-operative days 
7 and 14, was significantly higher than for the 
SCI group (Figure 1). These results suggest that 
HBO treatment improves motor functioning in 
rats after SCI.

SC tissue from the SH + HBO group had normal 
histological characteristics similar to those of 
the SH group (Figure 2A, 2B). In contrast, the 
SCI group had prominent hemorrhage, edema, 
neutrophil infiltration, and disordered tissue 
structure (Figure 2C). The pathological features 
of SC tissue from animals in the SCI + HBO 
group were markedly attenuated (Figure 2D); 
the histological scores confirmed that HBO 
treatment had a protective effect against SCI-
induced tissue damage (Figure 3).

HBO treatment suppresses the upregulation 
of TLR2 and NF-κBp65 expression observed 
in SCI

Injury to the SC resulted in upregulation of TLR 
signaling pathway components. The expression 
levels of TLR2 and NF-κBp65 protein (Figures 4 
and 5, respectively) and transcript (Figure 6) 
were higher in the SCI than in the SH and SH + 
HBO groups 12 h, and 1, 2, 3, and 7 days after 

Figure 3. Effect of HBO on histological score after SCI. Scores were 
assigned based on the presence of edema, neutrophil infiltration, and 
hemorrhage on a scale of 0 to 4 at the indicated time points after SCI. 
HBO, hyperbaric O2; SCI, spinal cord injury; SH, sham-operated. Data 
are shown as mean ± standard deviation. **P < 0.01 vs. SH and SH + 
HBO groups; #P < 0.05, ##P < 0.01 vs. SCI group.

Statistical analysis

All quantitative data are presented 
as mean ± standard deviation. Da- 
ta were analyzed by one-way analy-
sis of variance using SPSS v. 15.0 
software (SPSS Inc., Chicago, IL, 
USA). Statistical significance was 
set at P < 0.05.

Results

HBO promotes motor function 
recovery and reduces tissue dam-
age after SCI

The extent of motor function recov-
ery was evaluated based on BBB 
locomotor scores. Immediately af- 
ter the surgery, rats in the SH and 
SH + HBO groups had scores of 
20-21 and were able to walk nor-
mally, while those in the SCI and 
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injury (P < 0.01). On day 14, TLR2 mRNA and 
protein levels were higher in the SCI and SCI + 
HBO than in the SH and SH + HBO groups, but 
the differences were not statistically signifi- 
cant.

NF-κBp65 protein and mRNA expression in the 
SCI group was increased compared to SH and 
SH + HBO groups on day 14 (P < 0.05), while 
the levels in the SCI + HBO group were compa-

rable to those in the SH and SH + HBO groups. 
Moreover, the expression of both molecules 
was significantly lower in the SCI + HBO than in 
the SCI group on days 1, 2, 3, and 7, although 
there was no difference at 12 h or 14 days. 
Thus, upon injury to the SC, TLR2 and NF-κBp65 
mRNA and protein expression reached peak 
values on post-operative day 1, but with HBO 
treatment the levels gradually decreased there-
after until day 14.

Figure 4. Effect of HBO on toll-like receptor (TLR) 2 protein expression in the spinal cord after SCI. A: A representative 
immunoblot is shown. Lane 1, SH; lane 2, SH + HBO; lane 3, SCI; lane 4, SCI + HBO. β-actin was used as a loading 
control. B: TLR2 expression was quantified from immunoblots at the indicated time points. HBO, hyperbaric O2; SCI, 
spinal cord injury; SH, sham-operated. Data are shown as mean ± standard deviation.*P < 0.05, **P < 0.01 vs. SH 
and SH + HBO groups; #P < 0.05 vs. SCI group.

Figure 5. Effect of HBO on nuclear factor (NF)-κBp65 protein expression in the spinal cord after SCI. A: A representa-
tive immunoblot is shown. Lane 1, SH; lane 2, SH + HBO; lane 3, SCI; lane 4, SCI + HBO. β-actin was used as a load-
ing control. B: NF-κBp65 expression was quantified from immunoblots at the indicated time points. HBO, hyperbaric 
O2; SCI, spinal cord injury; SH, sham-operated. Data are shown as mean ± standard deviation. *P < 0.05, **P < 0.01 
vs. SH and SH + HBO groups; #P < 0.05, ##P < 0.01 vs. SCI group.
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HBO treatment attenuates the expression of 
proinflammatory cytokines released upon SCI

The proinflammatory cytokines IL-1β and TNF-α 
were present at low levels in the SH and SH + 
HBO groups (Figure 7). Injured rats in the SCI 
group showed an increase in IL-1β level com-
pared to SH and SH + HBO groups at 12 h, and 
1, 2, and 3 days; however, compared to the SCI 
group, HBO-treated rats (SCI + HBO) had atten-
uated IL-1β level on days 1 and 2 (P < 0.05). 
Similarly, TNF-α was present at a higher level in 
the SCI than in the SH and SH + HBO groups at 
12 h, and 1, 2, 3, and 7 days, but HBO treat-
ment decreased TNF-α level relative to the SCI 
group 1, 2, and 3 days after surgery. Thus, IL-1β 
and TNF-α levels peaked on day 1 after SCI, 
and then gradually returned to baseline values. 
Collectively, these data indicate that HBO treat-
ment can mitigate the histological damage 
wrought by SCI and promote functional recov-

(Figure 6) and protein (Figure 4) expression 
were upregulated in response to SCI, which was 
accompanied by the activation of an inflamma-
tory response.

Activated TLRs bind to the adaptor molecule 
MyD88, which associates with IL-1 receptor-
associated kinase 4, leading to the sequential 
activation of tumor necrosis factor-associated 
factor 6 and the inhibitor of κB complex. This 
leads to the degradation of IκB and activation 
of NF-κB, which regulates a host of target genes 
including the proinflammatory cytokines TNF-α 
and IL-1β [3, 7, 19, 20]. In the CNS, aberrant 
activation of NF-κB has been observed in neu-
rons and glia following SCI [21-23], and inhibit-
ing its activation may attenuate SCI-induced 
inflammation and apoptosis [24, 25]. As for 
TLR2, in this study, NF-κBp65 mRNA (Figure 6) 
and protein (Figure 5) expression were 
increased in rats that sustained SCI compared 
to sham-operated animals.

Figure 6. Effect of HBO on toll-like receptor (TLR) 2 and nuclear factor 
(NF)-κBp65 mRNA expression in the spinal cord after SCI. Transcript 
levels were measured by real-time quantitative PCR and normalized 
to the expression level of glyceraldehyde 3-phosphate-dehydrogenase. 
HBO, hyperbaric O2; SCI, spinal cord injury; SH, sham-operated. Data 
are shown as mean ± standard deviation. *P < 0.05, **P < 0.01 vs. SH 
and SH + HBO groups; #P < 0.05, ##P < 0.01 vs. SCI group.

ery by suppressing the inflamma-
tory response via attenuation of TL- 
R/NF-κB signaling.

Discussion

The results of this study showed 
that HBO treatment following SCI in 
rats exerts a protective effect by 
mitigating inflammation and resul-
tant tissue damage, while promot-
ing the recovery of locomotor func-
tion. This effect occurred through 
inhibition of the TLR2/NF-κB signa- 
ling pathway and consequent sup-
pression of proinflammatory cyto-
kine levels.

TLRs recognize pathogen-associat-
ed molecular patterns of microor-
ganisms and are therefore key me- 
diators of the innate immune resp- 
onse [15]. Cellular damage or str- 
ess stimulates the release of end- 
ogenous ligands collectively refe- 
rred to as danger-/damage-associ-
ated molecular patterns that are 
recognized by TLRs [16], which 
elicit an inflammatory response in 
pathological states including CNS 
injury and various diseases [5, 17, 
18]. Consistent with these reports, 
in the present study, TLR2 mRNA 
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The proinflammatory cytokines IL-1β and TNF-α 
mediate SCI-induced inflammation [26, 27]. 
Indeed, elevated levels of IL-1β and TNF-α were 
observed in animals immediately after SCI 
(Figure 7), although the levels returned to base-
line values after 2 weeks. These results provide 
evidence that the TLR2/NF-κB signaling path-
way is activated upon SCI and induces an 
inflammatory response by increasing the levels 
of these cytokines. Interestingly, the activation 
of NF-κBp65 persisted for a longer period than 
TLR2 upregulation (i.e., up to 2 weeks vs. 1 
week after SCI). This suggests that NF-κB acti-
vation may be regulated by other factors, such 
as extracellular signal-regulated kinase 1/2 
signaling [28].

It is well-established that HBO treatment is 
beneficial in cases of acute and chronic SCI. 
Exposure to HBO decreased expression levels 
of superoxide dismutase, glutathione peroxi-
dase, nitric oxide synthase, and NO in SC tis-
sue, and improved neuroregeneration after SCI 
[10]. HBO also suppressed SCI-induced edema, 
stabilized the blood-spinal cord barrier, and 

and extensive cell necrosis (Figures 2 and 3). 
Moreover, locomotor behavior scores were also 
improved in rats exposed to HBO after SCI 
(Figure 1). Thus, the suppression of inflamma-
tion and cytokine release induced by HBO treat-
ment resulted in less damage to the tissue and 
greater functional recovery. Results from the 
neurological examination also indicate that a 
better outcome can be achieved by repeated 
HBO treatments.

In conclusion, exposure to HBO following SCI 
protects the SC from secondary injury by inhib-
iting the TLR2/NF-κB-mediated inflammatory 
response, resulting in significant recovery of 
neurological function. Future studies will focus 
on elucidating the underlying mechanisms, and 
determining the extent to which repeated expo-
sure to HBO can benefit human patients that 
sustain SCI.
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