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Effect of Hyperbaric Oxygenation on
Intervertebral Disc Degeneration
An In Vivo Study With Sprague-Dawley Rats
I-Chun Wang, MD, Hsien-Tao Liu, MD, Chung-Ming Yu, MD, Shu-Wen Whu, PhD, Song-Shu Lin, MS,
Chun-I Su, MD, Chih-Hwa Chen, MD, and Wen-Jer Chen, MD

Study Design. An in vivo study was conducted to test the effect of
hyperbaric oxygenation (HBO) on intervertebral disc degeneration
in Sprague-Dawley rats.
Objective. To observe the changes in intervertebral disc height
and levels of glycosaminoglycan, collagen, interleukin-1β (IL-1β),
prostaglandin E2 (PGE2), and inducible nitric oxide synthase (iNOS)
in degenerated intervertebral discs after HBO therapy.
Summary of Background Data. Although the involvement of IL1β, PGE-2, NO, and low O2 concentration has been demonstrated
in intervertebral disc degeneration, the actual mechanism is not
clear. It has been reported that HBO influences changes in IL-1β,
PGE-2, NO, and O2 concentration. Previously, a study demonstrated
an in vitro positive effect of HBO on the human nucleus pulposus.
Thus, an in vivo study in animals was necessary.
Methods. Twelve Sprague-Dawley rats were each injected with
chondroitinase ABC in 2 proximal intervertebral discs of the tail.
After treating with 100% oxygen at 2.5 atmospheres 2 hours per
days for 10 days, the change in disc height was determined by
radiography. The amounts of PGE-2, iNOS, glycosaminoglycan, and
total collagen in the intervertebral disc were quantified by enzymelinked immunosorbent assay. Tissue morphology and the distribution
of glycosaminoglycan, IL-1β, and iNOS in the intervertebral disc
were assessed by histology and immunohistochemistry. The area of
IL-1β in the intervertebral discs was quantified using image analysis
software.
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Results. HBO therapy stopped the decrease in intervertebral disc
height, caused an increase in the amount of glycosaminoglycan,
and inhibited IL-1β, PGE-2, and iNOS production.
Conclusion. HBO provides a potential treatment modality for
intervertebral disc degeneration.
Key words: hyperbaric oxygenation, intervertebral disc degeneration, Sprague-Dawley rat model, in vivo. Spine 2013;38:
E137–E142
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s an important cause of lower back pain, disc degeneration has been and continues to be investigated. Many
hypotheses seek to explain the process of intervertebral disc degeneration. Microanatomically, intervertebral
disc degeneration is similar to disc degeneration due to aging.
The structural changes in the intervertebral disc markedly
alter the microenvironment of the disc. Vessel depletion1,2 and
oxygen concentration change3–5 leading to the loss of nutrient
supply are thought to play an important role in disc degeneration.6,7 Biochemically, chemical mediators such as interleukin (IL)-1, IL-6, prostaglandin E2 (PGE2), nitric oxide (NO),
and matrix metalloproteinases participate in some processes
of disc degeneration, including inhibition of nuclear proteoglycan synthesis and enhanced matrix degradation.8–10
Hyperbaric oxygenation (HBO) induces new vessel formation11 and increases tissue oxygen concentration.12,13 In
addition, a close relationship between HBO and cell-cycle
alteration, apoptosis, collagen, proteoglycans, and NO has
been reported. Other effects include suppression of IL-1β
secretion,14,15 decreased NO production,16,17 increased glycosaminoglycan (GAG) synthesis,17,18 acceleration of bone healing,19,20 and stimulation of fibroblasts.21,22
Reports in the English literature regarding HBO and disc
degeneration are rare. In a previous study, it was demonstrated that HBO therapy can be anti-inflammatory: it suppress the production of inflammatory cytokines and chemical mediators including IL-1β, PGE-2, and NO in cultured
nucleus pulposus cells (NPCs).23 In our study, we tested the
effect of HBO on intervertebral disc degeneration in vivo
in Sprague-Dawley rats. We hoped to use the results of this
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Figure 2. Average disc height determined by radiography 7 and 14
days after injection of intervertebral discs with chondroitinase ABC.
The average disc height was significantly lower in control group
specimens than HBO group specimens at each time point (*P < 0.05;
**P < 0.01). HBO indicates hyperbaric oxygenation.

Histology

animal study to establish a model for treating degenerative
disc disease.

Each specimen was thawed for several hours, placed in a
solution of 10% neutral buffered formaldehyde for 24 hours,
transferred to a sealed vial containing a solution of 70% ethanol and decalcifying agent for 7 to 10 days, washed with
water, paraffin-embedded, and then sectioned. Sections were
stained with hematoxylin-eosin and Safranin O.

MATERIALS AND METHODS

IL-1β and iNOS Immunochemistry

Figure 1. Effect of hyperbaric oxygen on cells in intervertebral discs of
the Sprague-Dawley rat tail injected with chondroitinase ABC.

Study Design
Twelve age-matched Sprague-Dawley rats (weight, 300 g)
were randomized into 2 groups: control group (tail injected
with lyophilized chondroitinase ABC; n = 6) and HBO group
(tail injected with lyophilized chondroitinase ABC and treated
with HBO; n = 6). The HBO-treated animals were exposed
to 100% oxygen at 2.5 atmospheres 2 hours per day for 10
days, beginning on day 2 (the day after tail injection). Disc
height was determined by radiography on days 7 and 14.

Animal Preparation and Tail Injection
The disc degeneration model described by Norcross et al24
was used. Lyophilized chondroitinase ABC (0.25 units/mL;
Sigma-Aldrich, St. Louis, MO) was prepared in phosphate
buffered saline (PBS) with 0.1% bovine serum albumin (pH
7.4). One hundred microliters of chondroitinase ABC solution was injected using a 27-gauge needle into 2 proximal
intervertebral discs in the tail on day 1 (Figure 1). On day 14,
all rats were killed and the tails harvested and frozen for later
evaluation of histology, IL-1β area, and content of PGE2,
inducible nitric oxide synthase (iNOS), GAG, and collagen.

Disc Height Measurement
On days 7 and 14, radiographs of all rat tails were obtained
to measure the heights of both experimental intervertebral
discs. The mean intervertebral disc height for both groups
was then calculated.
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Tissue sections were deparaffinized in xylene, rehydrated
through a graded ethanol series, immersed in 1× Trilogy
121°C for 10 minutes, blocked in 5% bovine serum albumin
at room temperature for 10 minutes, rinsed in 0.1% PBST
(0.1% Tween 20 in PBS) twice, immersed in 3% hydrogen
peroxide to block endogenous peroxidase activity, incubated with primary antibody to IL-1β (10 μg/mL, mouse
monoclonal; Abcam, Cambridge, UK) and iNOS (10 μg/
mL, mouse monoclonal; Abcam) for 2 hours at room temperature, incubated with a peroxidase-conjugated secondary antibody (Envision+kit; DAKO, Carpinteria, CA) for
1 hour at room temperature, stained using a DAB (diaminobenzidine) peroxidase substrate kit (DAB+chromogen;
DAKO) to detect bound immunoglobulin, and counterstained with hematoxylin. Each image was captured by a
charge-coupled device camera (U-TV0.5XC-3; Olympus,
Shibuya-ku, Tokyo) and image software DPController
(Olympus). The IL-1β–positive areas were quantified using
Image-Pro Plus 5.0 image analysis software (Media Cybernetics, Silver Spring, MD).

PGE2 and iNOS Assays

The intervertebral disc was removed and the cartilage side was
immersed in 1 mL of PBS to a depth of 2 mm for 5 minutes to
collect PGE2 and iNOS. PGE2 and iNOS in the solution were
assayed using ELISA (enzyme-linked immunosorbent assay)
kits (R&D Systems, Inc., Minneapolis, MN). The absorbance
at 450 nm was used for calibration and quantification.
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TABLE The Impact of HBO on Factors Affected

by Disc Degeneration
Control
Group

Factor

HBO Group

P*

Statistical Analysis

The data represent the mean ± standard deviation of independent experiments performed in triplicate for each sample.
Statistical differences between assays were analyzed by 2-way
analysis of variance. The difference between groups was analyzed by the Student t test. P < 0.05 was considered statistically significant. All statistical analyses were performed using
Excel 2003 (traditional Chinese version; Microsoft Corporation, Taipei, Taiwan).

Average disc height
at 7 d, mm

0.758 ± 0.053 0.875 ± 0.029 0.008

Average disc height
at 14 d, mm

0.435 ± 0.155 0.935 ± 0.121 0.002

PGE2 concentration,
pg/mL

1,277 ± 81

854 ± 288

0.035

RESULTS

iNOS concentration,
μmol/mL

54.2 ± 15.5

5.7 ± 1.6

0.001

Effect of HBO on Intervertebral Disc Height

Total collagen, μg/
mg

0.023± 0.020

0.020 ± 0.015 0.862

Amount of GAG, μg/
mg

0.015 ± 0.003 0.073 ± 0.024 0.014

IL-1β area, pixels

12,029 ±
11,422

0±0

0.047

*P < 0.05 indicates a significant difference between groups.
HBO indicates hyperbaric oxygenation; PGE2, prostaglandin E2, iNOS, inducible nitric oxide synthase; GAG, glycosaminoglycan; IL-1β, interleukin-1β.

Total GAG and Collagen in Intervertebral Discs
Three remaining animals from each group were used for biochemical assay at 14 day. Intervertebral disc tissue (height =
3 mm) was harvest, weighted, and digested with a 1-mL lysing kit (Precellys 24; Bertin Technologies, Montigny-le-Bretonneux, France) to extract proteins. Soluble collagen content
of specimens was measured using the Sircol soluble collagen
assay kit (Biocolor Ltd., Newton Abbey, UK) according to
manufacturer’s instructions. The amount of collagen in the
tissue solution was determined by Sircol soluble collagen
assay (Biocolor Ltd.) on a microplate reader (BioTek Synergy
HT Multi-mode microplate reader; BioTek, Winooski, VT).
Collagen content was normalized by weight (μg/μg). The
content of total GAG was determined by a Blyscan sulfated
glycoaminoglycan assay kit (Biocolor Ltd.) on a microplate
reader (BioTek Synergy HT Multi-mode microplate reader;
BioTek). The unit of total GAG was μg/mg of tissue weight.

The average of intervertebral disc height on days 7 and 14
was 0.758 ± 0.053 and 0.435 ± 0.155 mm, respectively, in
the control group and 0.875 ± 0.029 and 0.935 ± 0.121 mm,
respectively, in the HBO group (Figure 2). Thus, HBO therapy significantly suppressed the disc height decrease caused
by injection of chondroitinase ABC (P = 0.008 on day 7,
P = 0.002 on day 14; Table 1).

Effect of HBO on the Expression of PGE2, iNOS, GAG,
and Collagen

On day 14, the levels of extracted PGE2 (854 ± 288 vs. 1277
± 81 pg/mL for PGE2; P = 0.035; Table 1), iNOS (5.7 ± 1.6
vs. 54.2 ± 15.5 μmol/mL; P = 0.001; Table 1), GAG (0.073
± 0.024 vs. 0.015 ± 0.003 μg/mg; P = 0.014; Table), but
not collagen (0.020 ± 0.015 vs. 0.023 ± 0.020 μg/mg; Table)
were significantly reduced in the HBO group.

Histological Examination
Examination of hematoxylin-eosin–stained sections revealed
completely intact cartilage in the HBO group (Figure 3B) but
not in the control group at 14 days (Figure 3A). Examination
of Safranin O–stained sections revealed more intense GAG
staining in the cartilage of the HBO group (Figure 4A, B).
iNOS immunostaining revealed higher iNOS expression in
the control group (Figure 5A, B).

Effect of HBO on the Expression of IL-1β

Immunostaining of IL-1β showed that IL-1β was abundant
in control group cartilage (Figure 6A) but scarce in HBO
group cartilage (Figure 6B). The area of IL-1β was significantly larger in the control group (12,029 ± 11,422 pixels vs.

Figure 3. Hematoxylin-eosin–stained sections of discs from the control (A) and HBO
(B) groups 14 days after injection of chondroitinase ABC show that cartilage in the
HBO group remained intact. HBO indicates hyperbaric oxygenation.
Spine
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Figure 4. Safranin O–stained sections discs
from the control (A) and HBO (B) groups
14 days after injection of chondroitinase
ABC show that glycosaminoglycan in the
cartilage of the HBO group was more concentrated. HBO indicates hyperbaric oxygenation.

0 ± 0 pixels [calibrated]; P = 0.047; Figure 6C and Table 1),
indicating that HBO therapy efficiently inhibited the expression of IL-1β.

DISCUSSION
Intervertebral disc degeneration is an important cause of
chronic lower back pain. Although risk factors, pathophysiology, and treatment methods for back pain have been extensively investigated, intervertebral disc degeneration remains
a poorly understood problem. Possibly as part of the aging
process,25 the structural changes of endplate calcification26
and vessel depletion1,2 in disc degeneration are thought to
further cause hypoxia and nutrition depletion. Recent studies
have demonstrated the buildup of inflammatory cytokines at
the sites of disc degeneration. Kang et al8,27 reported that cells
within the intervertebral disc respond to IL-1β by increasing
their production of matrix metalloproteinases, NO, IL-6, and
PGE2. Liu et al28 also reported that cultures of human herniated lumbar disc spontaneously produce NO, which inhibits
proteoglycan synthesis in the intervertebral disc. Their study
revealed that NO plays an important role both in the regulation of cellular metabolism in discs under mechanical stress
conditions and in the pathophysiology of intervertebral disc
degeneration. These studies have shown that disc degeneration is related to inhibition of NPC generation and enhanced
matrix degradation caused by some chemical mediators such
as IL-1, IL-6, NO, PGE2, and matrix metalloproteinases.8–10
HBO has been used for decades in the treatment of many
diseases. It can promote neovascularization,11 enhance

wound healing by activating fibroblasts,21 combat infection
by increasing phagocytosis of leukocytes,29 and inhibit toxin
formation.30 Recent reports have focused on the relationship
between HBO and proinflammatory cytokines, PEG, and
NO synthesis. Weisz et al14 reported that HBO therapy in
Crohn disease decreases the amount on monocyte secretion
of tumor necrosis factor-α, IL-1, and IL-6.12 Yin et al31 proposed that the neuroprotective effect of HBO may lead to an
inhibition of cyclo-oxygenase-2 overexpression. Kurata et al32
demonstrated that HBO reduces the cytostatic activity and
transcription of the NO synthetase gene of mouse peritoneal
macrophages. Although the mechanisms underlying the relationships between HBO and these inflammatory cytokines or
chemical mediators are not clear, the results of these studies
lead us to presume that HBO halts the inflammatory process
or its consequences.
Although the environment of chondrocytes is avascular,
Yuan et al17 demonstrated that the attenuation of apoptosis
and enhancement of proteoglycan synthesis in rabbit cartilage defects by HBO therapy are related to the suppression
of NO production.16 Kim et al33 reported that the cells of the
nucleus pulposus originating from the cartilage of the intervertebral endplate are similar in character to chondrocytes. It
is interesting that NPCs share a similar avascular environment
with chondrocytes and have a common embryological origin.
Holm and Selstam34 demonstrated that the oxygen tension in
the nucleus pulposus responds rapidly to changes in oxygen
tension in the arterial blood. Hence, it is reasonable to expect
that HBO can increase the oxygen concentration in the intervertebral disc. In a previous study, the authors successfully

Figure 5. Sections immunostained for iNOS
in the control (A) and HBO (B) groups
14 days after injection of chondroitinase
ABC show higher iNOS expression in
the control group (red circle: iNOS
expression). iNOS indicates inducible
nitric oxide synthase.
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Figure 6. Sections immunostained for IL1β in the control (A) and HBO (B) group 14
days after injection of chondroitinase ABC
show higher expression of IL-1β in the control group and larger area of IL-1β expression (C) in the control group (red circle: IL1β expression). HBO indicates hyperbaric
oxygenation; IL-1β, interleukin-1β.

demonstrated that HBO exerted positive effects on degenerating NPCs in vitro including causing a decrease both in apoptosis and in the concentrations of IL-1β, PGE2, and NO.23
To extend this hypothesis to a therapeutic setting in vivo, we
designed this study to verify the HBO effect on disc degeneration in rats.
In the present study, HBO therapy successfully stopped
the destruction of intervertebral discs by chondroitinase ABC
injection and promoted the synthesis of an important component of intervertebral discs, GAG, in the degenerating disc.
HBO was shown previously to promote GAG synthesis in
vitro.16,17 Besides the obvious effect of increasing intradiscal
oxygen concentration,34 our study also demonstrated that the
benefits of HBO may be mediated by suppressing the production of inflammatory cytokines and chemical mediators
including IL-1β, PGE2, and iNOS. Niu et al35 also demonstrated a relationship between this effect and increased extracellular matrix gene expression, suppressed p38 MAPK phosphorylation, decreased protein expression of catabolic and
inflammatory factors, and increased protein expression of
anticatabolic factors in NPCs. In this study, the total collagen
was assayed. However, total collagen was not a good indicator of disc degeneration and assay of subtypes of collagen
might have been more revealing.
Because HBO has been shown to retard or prevent disc
degeneration in this in vivo study and a previous in vitro
study, HBO might be used in several ways to treat disc degeneration or chronic back pain. First, the ability of HBO to
preserve intervertebral disc height and promote matrix synthesis, thereby halting structural change or the aging process, can be exploited in the treatment of mechanical back
pain. Second, in acute injuries such as compression fracture
with endplate involvement, HBO may be able to stop disc
Spine

degeneration and promote fracture healing, thereby reducing
the need for further fusion procedures. Third, HBO because
of its anti-inflammatory effect may be able to decrease chemical back pain that is caused by the sensitization of nerves by
inflammatory cytokines. Fourth, HBO because of its antiinflammatory effect may be used to precondition stem cells
and scaffold before and after artificial disc or engineered disc
implantation.36,37
However, this study has some limitations. First, disc degeneration in humans is usually a slow process; the current model
was designed to simulate acute disc degeneration. Second, the
study did not address the cost of HBO therapy and possible
dose-dependent adverse events. Further studies to determine
the optimal schedule of therapy in a large animal model are
highly anticipated to verify the beneficial effects of HBO on
intervertebral discs undergoing degeneration.

➢ Key Points
 HBO prevents decrease in disc height due to degeneration of the intervertebral disc and promotes the
production of GAG in the degenerated intervertebral
discs of Sprague-Dawley rats.
 HBO inhibits IL-1β, PGE2, and iNOS production in the
degenerated intervertebral discs of Sprague-Dawley
rats.
 HBO may be a feasible treatment option for intervertebral disc degeneration. Further studies to optimize
the time schedule in a large animal model are highly
anticipated to verify the eﬃcacy of HBO in the treatment of intervertebral disc degeneration.
www.spinejournal.com
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