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Abstract
Background: Neuronal apoptosis and inflammation in the ventral horn of the spinal cord contribute to
denervated muscle atrophy post-burn. Hyperbaric oxygen therapy (HBOT) exerts anti-inflammation and
neuroprotection. Furthermore, hypoxia-inducible factor (HIF)-1α has been reported to promote
inflammation and apoptosis. We investigated the therapeutic potential of HBOT and the role of HIF-1α
post-burn.
Methods: Sprague-Dawley rats were divided into three groups: a control group, an untreated burn
group receiving burn and sham treatment, and a HBOT group receiving burn injury and HBOT. The burn
injury was induced with 75°C ± 5°C at the right hindpaw. HBOT (100% oxygen at 2.5 atmosphere, 90
min/day) and sham HBOT (21% oxygen at 1 atmosphere, 90 min/day) was started on day 28 after burn
injury and continued for 14 treatments (days 28-41). Incapacitance (hind limb weight bearing) testing was
conducted before burn and weekly after burn. At day 42 post-burn, the gastrocnemius muscle and the
spinal cord ventral horn were analyzed.
Results: HBOT improved burn-induced weight bearing imbalance. At day 42 post-burn, less
gastrocnemius muscle atrophy and fibrosis were noted in the HBOT group than in the untreated burn
group. In the ventral horn, HBOT attenuated the neuronal apoptosis and glial activation post-burn. The
increases in phosphorylated AKT/mTOR post-burn were reduced after HBOT. HBOT also inhibited
HIF-1α signaling, as determined by immunofluorescence and western blot.
Conclusions: HBOT reduces burn-induced neuronal apoptosis in the ventral horn, possibly through
HIF-1α signaling.
Key words: Burn injury, Hyperbaric oxygen therapy, Neuronal apoptosis, Denervated muscle atrophy,
Hypoxia-inducible factor-1α

Introduction
Skeletal muscle wasting is a common features
after burn injury and may last for months to years
[1-5]. It is often associated with several complications
and impaired rehabilitation. However, limited
research has investigated the underlying molecular
mechanism, and an effective strategy to attenuate the

long-term muscle atrophy after burn injury is lacking.
Burns can induce excessive protein degradation in
muscle [6], and our previous study suggested that
neuronal apoptosis in the spinal cord ventral horn
contributes to denervated gastrocnemius muscle
atrophy [7]. Neuroinflammation after burn injury also
http://www.medsci.org

Int. J. Med. Sci. 2021, Vol. 18
increases distant muscle mass loss [8].
Hyperbaric oxygen therapy (HBOT) involves
patients breathing 100% oxygen at between 1.5 and
3.0 standard atmospheres for an average duration of
90 mins. It is generally employed to treat conditions
such as decompression sickness, carbon monoxide
poisoning, and problem wounds [9]. HBOT attenuates
inflammation and oxidative reactions by improving
tissue oxygen starvation in experimental-induced
skeletal muscle injury and colitis models [10, 11].
Moreover, the neuroprotective effects of HBOT
reduce cognitive impairment [12-14]. Mu et al
reported that delayed HBOT (started 48 h after
ischemic brain injury) increased regenerative cell
proliferation [15]. Data increasingly support the
benefits of HBOT, including neuronal apoptosis
inhibition, neuroinflammation reduction, and
anti-oxidative capacity [16-20]. Dave et al. indicated
that HBOT protected against mitochondrial
dysfunction in a mouse model of motor neuron
disease [21]. Based on these evidence, we supposed a
potential therapeutic effect of HBOT for attenuating
neuronal apoptosis and inflammation in the ventral
horn of the spinal cord after burn injury.
Previous research showed that HBOT improved
wound healing by inhibiting hypoxia-inducible
factor-1α (HIF-1α) overexpression in an ischemic
wound model [22]. Nakazawa et al. reported that
burn-induced mitochondrial
dysfunction
and
activation of the HIF-1α pathway in mouse skeletal
muscle [23]. The HIF-1α pathway also plays critical
roles in several central nervous system (CNS)
disorders; however, the function of HIF-1α in CNS
impairments remains controversial. Upregulated
HIF-1α expression has promoted programmed
neuronal death in rat models of traumatic brain injury
[24, 25], cerebral ischemia [26, 27], and spinal cord
injury [28]. Furthermore, inflammatory stimuli are
potent activators of HIFs under normoxic conditions
and targeting HIF activity is a potential strategy for
tissue repair in inflammatory disorders [29-31]. The
HIF-1α signaling axis is also associated with the
activation of abnormal glial inflammation and
neuronal cell death in during cerebral ischemia [32].
Guo et al. indicated that HIF-1α axis activation
enhanced mesenchymalstromal cells migration and
reduced neuronal apoptosis in traumatic brain injury
[33]. Methods to upregulate the HIF-1α signaling
pathway [34, 35] and the administration of
recombinant adenovirus expressing HIF-1α [36] have
also been proposed to attenuate neuronal apoptosis in
cerebral ischemic injury. In the present study, we
investigates whether HBOT exerts neuroprotective
effects by targeting HIF-1α signaling in a burninduced denervated muscle atrophy rat model.
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Materials and Methods
Animals and Experimental Design
The experiment was approved by the
Institutional Animal care and Use Committee of
Kaohsiung Medical University (IACUC Approval
Number: 109045). A total of 18 adult male SpragueDawley rats (weighting 150-175 g) (BioLASCO
Taiwan Co., Ltd) were randomly allocated into three
groups, with 6 rats in each group. According to
previous researches, the group size is generally
adequate for detection of significant biological effects
in animals [37, 38]. The control group received a sham
burn injury and sham treatment. The untreated burn
group received a burn injury and sham HBOT. The
HBOT group received a burn injury and daily HBOT
for 2 weeks. Figure 1A presents the timeline of
experimental design. Burn injury was induced on day
0 as described previously [7]. The wounds were cared
with silver sulfadiazine ointment daily until they
healed, approximately 3-4 weeks after injury. The rats
in the HBOT group were placed in a hyperbaric
chamber (Genmall Biotechnology Co., Ltd., Taiwan)
and received HBOT (100% oxygen at 2.5 ATA for 90
mins) [39, 40] on days 28 to 41 after burn. The rats in
the other two groups were placed inside the same
chamber and received room air (21% oxygen at 1
atmosphere for 90 min/day) as a sham treatment. An
incapacitance meter (Singa Technology, Taipei,
Taiwan) was used to measure the ratio of weight
distributed between an injured and non-injured
hindpaw, while normal rats distribute weight 50-50.
Measurement was performed on day 0 before burn
injury and once weekly after burn until the rats were
be sacrificed. The weight balance tests were
performed over a 5-s period for 3 measurements, and
the change in hindpaw weight distribution was
calculated as described previously [41].
At 6 weeks after burn injury, the rats were
anesthetized with the use of Zoletil 50 (50 μg/g;
Virbac Laboratory, Australia). The gastrocnemius
muscle and ventral horn of the spinal cord (L3-5
segments) were harvested. Gastrocnemius tissue
sections were stained with hematoxylin and eosin
(H&E), picrosirius red, and Masson’s trichrome stains
according to the manufacturers’ instructions and
visualized through light microscopy. The average
muscle cross-sectional area of each group was
acquired from six stained sections of each specimen
by a Nikon Eclipse E600 microscope, and images were
captured with a Nikon Digital Sight DS-5M imaging
system. The Masson’s trichrome-stained images was
employed for fibrotic analysis with Image Pro-Plus 6.0
image analysis software (Media Cybernetics,
Bethesda, MD, USA) after observation under a
http://www.medsci.org
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microscope. The muscle sections were also incubated
overnight with muscle ring finger-1 (MuRF-1,
1:200; Bioss Antibodies, Beijing, China), and laminin
(1:200;
GeneTex,
Irvine,
CA,
USA)
for
immunofluorescence analysis. Western blot of
atrogin-1 (1: 1000; Affinity Biosciences, Changzhou,
China) was performed to observe muscle atrophy,
and caspase cascades (caspase-3, 1: 1000; Cell
Signaling Technology, Beverly, MA, USA; caspase-9,
1: 1000; Novus Biologicals, Littleton, CO, USA) were
evaluated in muscle sections. The protein bands were
visualized using the ECL Western Blotting Detection
Kit and Bio-Rad ChemiDoc XRS system. The band
intensity was also quantified and plotted by Quantity
One Software.
Furthermore, neuronal apoptosis in the ventral
horn of the spinal cord was investigated with terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay, and images were recorded with an
inverted microscope (Leica DMI6000). Immunofluorescence staining for phosphorylated NFκB
(p-NFκB, 1: 200; Cell Signaling Technology), glial
fibrillary acidic protein (GFAP, 1: 500;Arigobio,
Taiwan), cleaved caspase 3 (1: 1000; Cell Signaling
Technology), HIF-1α (1:200; Bioss Antibodies, Beijing,
China) and neuron-specific nuclear protein (NeuN,
1:1000; Millipore, Temecula, CA, USA) in the ventral
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horn was performed and analyzed through a
fluorescence microscope (Leica DMI6000). In
addition, Western blot was used to investigate
p-NFκB (1: 1000; Cell Signaling Technology), p-IκB (1:
1000; Cell Signaling Technology), cleaved caspase 3 (1:
1000; Cell Signaling Technology), cleaved caspase 9 (1:
1000; Novus Biologicals), BCL-2-associated X (BAX,
1:1000; ProteinTech Group, Chicago, IL, USA), B-cell
lymphoma 2 (BCL-2, 1:500; Abcam, Cambridge, MA,
USA), phosphorylated AKT (p-AKT, 1:1000; Cell
Signaling Technology), AKT (1:1000; Cell Signaling
Technology), phosphorylated mammalian target of
rapamycin (p-mTOR, 1:1000; Cell Signaling,
Technology), mTOR (1:1000, Cell Signaling
Technology), HIF-1α (1:500; Bioss Antibodies) and
β-actin (1:5000; Novus Biologicals) in the ventral horn.
The significance of differences between groups
was identified by paired Student’s t-test or one-way
ANOVA followed by the post hoc Dunnett’s test for
multiple comparisons as appropriate. All data were
expressed as mean ± standard deviations (SD) and
95% confidence interval (CI), which are respectively
indicated by bar graphs and error bars. SPSS version
14.0 (SPSS, Inc., Chicago, IL, USA) was used to
analyze the experimental results. A p-value <0.05 was
considered significant.

Figure 1. Experimental design and behavior test results. (A) Time course of experimental design. (B) Incapacitance test results of each group at indicated time points.
Ratio of weight distributed between an injured and non-injured hindpaw was measured. HBOT significantly improved the weight bearing of right hindpaw on week 5 and week
6 post-burn. Data are displayed as mean ± standard deviation. ***p < 0.001 (n=6 rats per group).
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Figure 2. HBOT improves burn-induced muscle atrophy and fibrosis by histological examination. (A) Hematoxylin and Eosin (H&E) stain and (B)
immunofluorescences of Laminin of gastrocnemius muscle cross-sections for each group at days 42 post-burn. HBOT improves the decrease of myofiber cross-sectional area
post-burn. (C) Picrosirius red and (D) Masson’s trichrome stain of gastrocnemius muscle section to display total collagen content. Results are shown as percentage area of
collagen in gastrocnemius muscle section. There is a significant increase of collagen deposition in gastrocnemius muscle in untreated burn groups compared with control and
HBOT groups. Original magnifications×400. Scale bars, 50 µm. *p < 0.05, **p < 0.01 compared with indicated group.

Results
As Figure 1B shows, the weight-bearing capacity
of right hindpaw was markedly decreased in the
untreated burn group and lasted for 6 weeks after
burn. The HBOT group exhibited greater weightbearing capacity at days 35 and day 42 post-burn than
did the untreated burn group (95% CI: 10.67-17.11,
p=0.0003; 95% CI: 14.65-19.96, p=0.0001, respectively).
These results indicate that HBOT improved the force
distribution evenly.
Gastrocnemius muscle sections were stained
with H&E and an anti-laminin antibody to investigate
the muscle fiber architecture and cross-sectional area
in Figure 2; burn injury significantly decreased the
diameter of muscle fibers, but HBOT significantly
increased the mean fiber cross-sectional area as
compared with sham treatment after burn (95% CI:
153.0-986.8, p <0.05). According to picrosirius red
staining and Masson’s trichrome staining, HBOT
mitigated the extent of fibrotic area after burn (Figure
2). Furthermore, the immunofluorescence in the

gastrocnemius muscle showed that the expression of
the E3 ubiquitin ligase MuRF-1, which is activated
during muscle atrophy, was significantly decreased in
the HBOT group (Figure 3A). We also assessed the
level of atrogin-1, a muscle-specific protein that plays
a key role in muscle atrophy, through Western
blotting. The atrogin-1 expression in the untreated
burn group was significantly higher than that in the
control group and significantly lower in the HBOT
group (95% CI 0.94-1.71, p <0.001) (Figure 3B). In
addition, HBOT reduced the overexpression of
cleaved caspase-3 and cleaved caspase-9 in the
gastrocnemius muscle post-burn (Figure 3C). These
results indicate that HBOT suppressed burn-induced
muscle atrophy.
In the ventral horn, the anti-inflammatory and
anti-apoptotic effects of HBOT were investigated.
HBOT decreased NFκB-mediated astrocyte activation
post-burn, as determined through immunofluorescence (Figure 4A) and attenuated the
overexpression of p-NF-κB and p-IκB, as determined
through Western blotting (Figure 4B). Double-label
http://www.medsci.org
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staining of TUNEL with NeuN was performed to
colocalize neuronal apoptosis; compared with the
control, the TUNEL and NeuN-positive cells was
more abundant in the untreated burn group, but
apoptotic neuronal cells were less in the HBOT group
(Figure 5A). Merged images revealed more cleaved
capase-3 immunostaining in the NeuN-positive cells
in the untreated burn group, but HBOT decreased the
number of caspase-3-positive neurons post-burn.
Furthermore, HBOT reduced the expression of
cleaved caspase-3, cleaved caspase-9, and BAX
(apoptosis regulator)/BCL-2 (anti-apoptotic protein)
post-burn through Western blotting (Figure 5B).
These results suggest that HBOT can reduce
neuroinflammation and apoptosis in the ventral horn.
We previously reported that the AKT/mTOR
pathway was engaged in burn-induced motor neuron
apoptosis [42]. HIF-1α is a crucial regulator involved
in tissue inflammation and cellular apoptosis.
Western blotting showed that the expression of
p-AKT/AKT, p-mTOR/mTOR, and HIF-1α was
elevated post-burn, and clearly decreased after HBOT
(Figure 6A). Double immunofluorescence also
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revealed that the HIF-1α- and NeuN-positive labeling
cells increased in the untreated burn group and
decreased in the HBOT group (Figure 6B).

Discussion
In the present study, we investigated the
therapeutic effect of delayed HBOT (2.5 ATA, 90
min/day), which was started at 5 weeks after burn
injury for 14 treatments, and the therapeutic
mechanism underlying the chronic phase of
burn-induced neuromuscular damage after HBOT.
HBOT reduced the gait disturbance of the injured
limb as well as gastrocnemius muscle atrophy after
burn injury in rats. Inflammation and apoptosis in the
ventral horn contributing to denervated muscle
atrophy were key pathogenic processes in the burn
model. HBOT attenuated burn-induced neuroinflammation and neuronal apoptosis in the ventral
horn of the spinal cord. Our findings also suggest that
the therapeutic effect of HBOT involves the HIF-1α
pathway.

Figure 3. HBOT attenuates burn-induced muscle wasting by immunofluorescence and western blot. (A) Immunofluorescence of muscle ring finger-1 (MuF-1)
(red) in gastrocnemius muscle. MuF-1 which participates in skeletal muscle atrophy, was up-regulated in untreated burn group and HBOT attenuated the phenomenon. Nuclei
of the cells in the muscle sections were counterstained with DAPI (blue). (B) Western blot analysis of atrogin-1, an important regulators of ubiquitin-mediated protein
degradation in skeletal muscle. HBOT attenuated a significant decrease of atrogin-1 following burn. (C) Western blot analysis of cl-caspase-3 and -9. HBOT also improve the
up-regulation of caspase cascades post-burn. Scale bars, 50 µm. *p < 0.05, **p < 0.01 compared with indicated group.
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Figure 4. HBOT inhibits burn-induced neuroinflammation in the ventral horn of spinal cord. (A) Representative immunofluorescence images of GFAP (red) and
NFkB (green) is the ventral horn of spinal cord. HBOT decreases NFkB-mediated astrocyte activation post-burn. (Scale bars, 50 µm). (B) Western blot analysis of p-NFkB and
p-IkB in the ventral horn of spinal cord. HBOT attenuated the increase of p-NFkB and p-IkB following burn. *p < 0.05, **p < 0.01, ***p < 0.001 compared with indicated group.

Figure 5. HBOT attenuates burn-induced neuronal apoptosis in the ventral horn of spinal cord. (A) Merged images of TUNEL assay (red) and NeuN (green).
Decreased TUNEL-positive cells (double stained, arrows) in HBOT group. (B) Images of cleaved(cl)-caspase-3 (red)/NeuN (green) double immunofluorescence shows that
HBOT decreases the number of caspase-3 positive neuron post-burn (double stained, arrows) (Scale bars, 100 µm). (C) Western blot analysis of cl-caspase-3, cl-caspase-9, BAX
and BCL-2. A decrease of caspase cascades and BAX/BCL-2 ratio in HBOT group. *p < 0.05, **p < 0.01, ***p < 0.001 compared with indicated group.
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Figure 6. HBOT attenuates burn-induced neuronal apoptosis by modulating AKT/mTOR/ HIF-1α. (A) Western blot analysis of AKT, mTOR and HIF-1α. HBOT
decreases the expression of AKT, mTOR and HIF-1α post-burn. (B) Immunofluorescence of HIF-1α (red) and NeuN (green). Images of HIF-1α (red)/NeuN (green) double
immunofluorescence shows that HBOT decreases the number of HIF-1α positive neuron post-burn (double stained, arrows). (Scale bars, 100 µm). *p < 0.05, **p < 0.01
compared with indicated group.

HBOT has been reported to reduce tissue
hypoxia, inflammatory response, and neovascularization. However, evidence of the benefits of HBOT in
burn care remains insufficient [43-45]. In addition, the
optimal dosage and timing of HBOT are uncertain for
burn care. Experimental and clinical studies suggest
the use of HBOT in burn wound healing [46, 47].
Adjunctive HBOT has been suggested to reduce
postburn bacterial translocation and sepsis [48, 49].
Furthermore, data increasingly support HBOT as a
part of a neuroprotective strategy in stroke [50-52],
neurodegenerative diseases [53-55] and traumatic
brain injury [56] to improve functional recovery. In
this study, we found a benefit of delayed HBOT
(administered at days 28-41 after burn injury) for
reducing long-term neuromuscular complications
post-burn.
The effects of HBOT depend on dosage,
pressure, duration, frequency, and the cumulative
number of treatments. Our previous burn study in
rats showed that 2-weeks HBOT sustained a
protective effect longer than 1-week HBOT [38]. In the
present study, 14 sessions of HBOT at 2.5ATA (90
mins, once daily) attenuated cell apoptosis and

inflammatory response in the ventral horn. Several
studies have proposed that HBOT downregulates
NF-κB signaling to attenuate the inflammatory
reaction after spinal cord injury [57-59]. In our
experimental burn model, HBOT reduced the
activation of p-NF-κB and p-IκB in ventral horn after
burn injury. NF-κB plays a critical role in the control
of cell division and apoptosis. The activation of NF-κB
in microglia in response to injury promotes neuronal
degeneration [60]. Furthermore, an increase in the
ratio of BAX to BCL-2 and the activation of caspase-3
and caspase-9 were found in the ventral horn after
burn injury. HBOT markedly reduced the number of
apoptotic neuronal cells post-burn and decreased the
expression of BAX/BCL-2, caspase-3 and caspase-9.
In addition to denervated muscle atrophy after
burn, our results showed that HBOT decreased the
expression of caspases, and reduced the upregulation
of E3-ubiquitin ligases in gastrocnemius tissue. HBOT
promotes the recovery of induced muscle injury [61].
Increased myogenesis [11], modulated efficiency of
skeletal muscle mitochondria [62], and enhanced
differentiation of satellite cells [63] have been reported
to facilitate injured muscle recovery with HBOT. In
http://www.medsci.org
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this study, HBOT attenuated the expression of
caspase-3 and caspase-9 in gastrocnemius muscle,
indicating that HBOT protects muscle tissue from
apoptosis. Ubiquitin-proteasome proteolytic pathway
activation also plays an important role in burninduced skeletal muscle wasting by accelerating the
breakdown of myofibrillar proteins [64-66]. Atrogin-1
and MuRF-1 are two muscle-specific E3 ubiquitin
ligases that are excellent markers of muscle atrophy
[67]. HBOT decreased the expression atrogin-1 postburn in gastrocnemius tissue by Western blotting
analysis. Immunofluorescence also revealed that
HBOT significantly reduced the number of MuRF-1positive cells after burn injury.
The role of HIF-1α in HBOT attenuating
burn-induced motor neuron death remains unknown.
Previous reports have suggested that HBOT promotes
neurogenesis by reducing the expression of HIF-1α
[68, 69]. In rat model of spinal cord injury, the protein
production of HIF-1α was elevated after injury, but
HBOT reduced the expression of HIF-1α [70]. HIFs
play important roles in physiological and pathological
conditions, involving survival, the cell-cycle, and
metabolism [71, 72]. They are activated by hypoxic
stress; however, it also frequently has been found in
normoxic conditions [73, 74]. Stiehl et al. hypothesized
that HIF-1α was activated in normoxia by peptides
such as insulin and interleukin‐1β through the
phosphatidylinositol 3‐kinase pathway [74]. A review
paper also indicated possible molecular crosstalk
between HIFs and NF‐κB for a variety of medical
conditions [75] because HIFs are connected to
inflammation and amplify NF-κB. Our results showed
HBOT suppresses the activation of NF-κB, IκB and
HIF-1α in the ventral horn to prevent neuronal
apoptosis after burn injury. In addition, the AKT/
mTOR pathway has been suggested to play a key role
in the regulation of the cell cycle [76-78], and
inhibiting AKT/mTOR signaling protected neurons
from apoptosis [79]. Moreover, AKT pathway is the
major upstream mediator of HIF-1α activation
regardless of oxygen concentrations [80, 81]. Our
previous study indicated that burn induced
programmed cell death in the ventral horn through
AKT/mTOR pathway [82]. In this study, HBOT
reduced the expression of p-AKT and p-mTOR and
HIF-1α in the ventral horn in a rat model of burn
injury. We suggested that HBOT attenuates motor
neuron apoptosis by modulating AKT/mTOR/
HIF-1α signaling pathway and inactivating apoptosisassociated proteins.
HBOT has great potential in the treatment of
neuronal injuries [83-85]. However, there are some
limitations of our study. First, the optimal timing and
total number treatments of HBOT require further

3828
researches to clarify the effectiveness of HBOT.
Second, we chose to delay HBOT until burn wound
healing; however, the efficacy of early HBOT was not
evaluated in this model. Third, the role of HIF-1α in
the therapeutic effect of HBOT in our burn model
remains to be fully elucidated. Fourth, follow-up
studies are needed to investigate the effectiveness
HBOT in the long term. Fifth, whether HBOT have the
synchronous effect on motor neuron and muscle
repair needs further research to clarify.

Conclusion
Our study suggests that HBOT mitigates burninduced neuronal apoptosis in ventral horn post-burn
by modulating HIF-1α signaling. HBOT further
attenuated denervated gastrocnemius muscle atrophy
and fibrotic changes after burn injury.
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