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ABSTRACT

Background: To investigate whether the hyperbaric oxygen (HBO) can promote the
growth-arrest osteoblast (OB) cellsto proliferate and differentiate, and the probable mechanism.

Methods: OB cells were exposed to O2 with different levels of saturation and pressure for 3
days and 7 days. The OB cells were divided into four groups: (1) The Control Group (Group C):
cells were cultured under ambient oxygen (21% O2) and norma pressure (lata). (2) The
Pressure Group (Group P): with high pressure (2.5ata) twice daily. (3) High Oxygen Group
(Group O): with high concentration oxygen (50%) twice daily. (4) Pressure and High Oxygen
group (Group P+0): with high pressure (2.5ata) and high concentration oxygen (50%) twice
daily.

XTT was used to detect the cells proliferation and cell cycle progression was determined by
Flow analysis. Expression of growth factors was assayed by RT-PCR. In addition, we
determined HBO activated signaling pathway in OB cells by Western Blot analysis.

Results: HBO significantly promote OB cell proliferation and stimulated cell cycle progression
after the cells had been treated for 3 days. Afterward, the effect attenuated day by day. HBO also
stimulated the OB cells to produce the FGF-2 growth factors. Multiple signaling pathways,
including FGF-2/MEK/ERK 1/2/Akt/ p70% /NF- x B and PKC/INK, are involved in the
proliferation of OB cells by HBO stimulation .

Conclusions: Pressure and high saturation of pressure has a positive effect on stimulating



grow-arrested OB cells to proliferate and differentiate through activation of FGF-2/MEK/ERK
1/2/Akt p70%* INF- x B and PKC/INK signaling pathway.
Key Words. Hyperbaric Oxygen; Osteoblast; FGF-2/MEK/ERK 1/2/NF- k B pathway;

PK C/INK Pathway



ABBREVIATIONS

Hyperbaric oxygen HBO
Osteobl ast OB
Reverse transcription-polymerase chain reaction RT-PCR
Bone morphogenetic protein BMP
Fibroblast growth factor-2 FGF-2
Vascular endothelial growth factor VEGF
Mitogen-activated protein kinase MAPK
MAPK /extracellular signal-regulated kinase MEK
Extracellular signal-regul ated kinase ERK
¢-Jun N-terminal kinase INK
Protein kinase A PKA
Protein kinase C PKC

Nuclear factor-kB NF-«xB



INTRODUCTION

Nonunion and delayed union can occur in the process of fracture healing and the

likelihood of such delay occurring is up to 10%(1). They present great challenge in the clinic

treatments for fracture. These conditions not only result in patients’ prolonged disability but

also lead to tremendous economic | oss.

In the past, orthopaedic surgen treated the nonunion and delayed union by surgical

decortication and autogenous bone graft. These methods are not always successful and can

cause patients to suffer more pain and increase risks of wound infection. The search for better

alternatives has been ongoing for along time.

When an injury occurs, hypoxia is a commonly seen microenvironment in the bone or

soft tissue at the injury site (2). The damage to the vascular flow resulted from the fracture or

surgical wound sometimes lead to transient hypoxic situation around the injury site, where the

oxygen tension can fal to 0-2% in the center (3).

This detrimental situation will impede the subsequent repair,such as inflammatory cell

recruitment, matrix processing, angiogenesis and activation of mesenchymal osteoblast (OB)

precursors(4).

It has been well demonstrated that hyperbaric oxygen (HBO) therapy promotes

osteogenesis on osteoradionecrosis by increasing the OB activity and neoagiogenesis (5,6).

Various studies also showed that HBO might improve the healing of fractures in some



conditions. HBO can increase the accumulation of bone-making minerals such as calcium,
magnesium, phosphorus, etc (7,8).HBO also help to accelerate bone repair by encouraging
vessel in-growth(9),migration of connective tissue from surrounding soft tissue(10),and
increasing the bone minera density(11).In some clinic experience, HBO was aso shown to
enhance osteogenesis in the fracture area (12,13). Despite the abundance of studiesin this area,
the actual mechanism that promotes osteoblastic & angiogenic growth is still not completely
understood.

Many recent investigations in this area recently have yielded significant insights into the
transcriptional regulation of osteogenesis and differentiation (14,15,16). Multiple signal
transduction pathways are shown to be involved in the regulation of the OB-specific
transcription (17). These signal pathways mostly correlated with environment stimuli, include
osteogenic growth factors like bone morphogenic proteins (BMPs), fibroblast growth factor-2
(FGF-2), extracellular matrix (ECM), mechanical loading, and hormones such as parathyroid
hormone (PTH). But it is not clear whether HBO would promote osteogenesis through these
environment-stimuli pathways. Many endogenic growth factors (like BMP, FGF-2, VEGF, €tc.)
produced by OB may play an important role in osteogenesis and differentiation in the early
stage of bone injuries. In vivo studies, it was demonstrated that application of these growth
factors systemically helps increase bone formation, promote fracture healing and induce bone
growth around the fracture site (18). However, it is yet to be established how HBO stimulate

OB cells to produce these growth factors.



Four conditions are designed in our attempt to investigate the in vitro effect of hyperbaric
oxygen in the OB cells. They are:
1.ambient oxygen (21% O2) under normal pressure
2.ambient oxygen combined with high pressure (2.5 ata)
3.high concentration oxygen (50% O2) under normal pressure (1ata)
4.high concentration oxygen (50% O2) combined with high pressure (2.5 ata)

In consideration of the in vitro culture system, the combination of 50% oxygen
concentration and 2.5 ata pressure is closer to the oxygen tension in the human muscle and
bone surface tissues (300-400 mmHg) under therapeutic HBO condition. Pure oxygen (100%)
combined with 2.5ata was not considered because it will elevate the oxygen tension to a very
high level (about 600-700 mmHg) in the culture medium and may result in the cell damage
(19).

In this study, the mechanism by which HBO stimulated the proliferation of the OB cells
was investigated. It was found that under certain concentration of oxygen and pressure, HBO
wound induce proliferative change of OB cells and the process was regulated through the

FGF2/MEK ERK 1/2/ Akt/ p70® /NF- x B and PK C/INK pathways.



MATERIALSAND METHODS

Céell Culture and biological regimens

The mouse OB-like immortalized cells, MC3T3-E1, (American Type Culture Collection,
Manassas, VA) were maintained in o-minimal essential medium supplemented with 10% fetal
bovine serum, penicillin/streptomycin (0.0002g/L) (Sigma). Early passage (<3) cells were
utilized for experimentation. The OB cells were then seeded at 10* cell/well in a 6-well plate.
The final volume of all wellswas 100 . L. All cells were maintained at 21% O2 and 5%C0O2
in humidified incubators at 37°C prior to hyperbaric oxygen experiments. The fresh medium
was changed every 2 days.

Exposureto various O2 tension and pressure condition

OB cells were cultured in the 6-well plates then transferred to an HBO chamber (small
animal chamber, 50x50x57 c¢cm) made of transparent acrylic plastic and steel. The HBO
chamber temperature was maintained at 37°C+1°C. The cells were flushed with O2 with
different levels of oxygen concentration and pressure.

The different combination of O2 concentration and levels of pressure were designed to
investigate how O2 affect the OB cells .The four groups are as followed: 1.The Control
group(Group C ):cells were cultured under ambient oxygen (21% O2) and normal
pressure(lata). 2.The Pressure group (Group P): cells were treated with high pressure (2.5ata)

only twice daily. 3.The High oxygen group (Group O):. cells were treated with high



concentration oxygen (50%) only twice daily. 4.Pressure and high oxygen group (Group P+O):

cells were treated with high pressure (2.5ata) and high concentration oxygen (50%) twice

daily.

Evaluation of cell proliferation and cell cycle progression

XTT labeling mixture reagents were used (cell proliferation kit 11, Roche Molecular

Biochemicals, Indianapolis, IN). The cells were treated in various conditions for a period of 3

days and 7 days. The XTT mixture reagent was added to each well and incubated for four

hours; the absorbance at 490 nm was measured for cell proliferation.

The cells treated for three and seven days were also elucidated for cell cycle progression.

The harvested cell pellet was added to 3ml of cold 70% ethanol and maintained at -20°C for

30 min. The cell pellet was resuspended with 1% Triton X-100,0.1 mg/ml Rnase A and 4

o/ml propidium iodide after centrifuging. The flow cytometry (FC 500,Beckman Coulter,

Inc., Fullerton, CA) was used to elucidate cell cycle progression

RNA Extraction and RT-PCR

Total RNA was isolated using TRI reagent (Molecular Research Center). The cDNA

was primed with oligo (dT) 1,18 and extended with reverse transcriptase (Clontech, BD

biosciences, USA). cDNA was amplified by polymerase chain reaction using following

primer pars. BMP-2forward, 5-AAGAAGCCATCGAGG AACTTTCAG -3;reverse,

5-CCTGAGACCAGCTGTGTTCATCTT-3;; VEGF, forward,



5-ACCCTGGCTTTACTGCTGTACCTC-3';reverse, S5-TCACCGCCT
TGGCTTGTCACA-3; FGF-2forward, 5-AAGCGGCTCTACTGCAAGAA-3';reverse,
S-CCGTTTTGGATCCGAGTTTA-3; cyclinD1,forward, 5-CTGACAC

CAATCTCCTCAAC-3reverse, 5-GTAGATGCACAACTTCTGG-3.

The PCR reaction production was run on 2% agarose gel in a TAE buffer and identified
after staining with ethidium bromide. The intensity of the signal was quantified (Image

Station 2000R, Kodak), and normalized against GAPDH messages.

Extraction of Protein and Western Blot Analysis

Total cellular proteins were extracted using a lysis buffer. The protein concentration

was determined using Bio-Rad protein assay (Bio-Rad,Hercules, CA).

Antibodies against cyclin D1, Akt, Ser473-phosphorylated Akt,phosphorylated
p70>(Thrd21/Ser424), p70™*, phosphorylated ERK 1/2, ERK 1/2,phosphorylated JNK ,INK,
phosphorylated P-38,P-38,and B-actin were purchased from Cell Signaling Technology
(Beverly, MA). Antibodies against NF-xB and cyclin D1 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The secondary antibodies were purchased from Pierce
Biotechnology (Pierce Biotechnology, U.S.A.). Cell proteins were fractionated by
electrophoresis on a 10% SDS-polyacrylamide gel and were transferred onto nitrocellulose

membrane, blocked and probed with various primary antibodies. Following incubation with



primary antibodies (1:1000) overnight, the membrane was washed and incubated with
horseradish peroxidase-conjugated secondary antibody (1:10000) for 1 hour. The blot was
washed and visualized by enhanced chemiluminescence (Pierce Biotecnology, U.S.A.). The

bands were quantified and normalized against 3-actin messages.

Statistical Analysis

Statistical analyses were carried outusing SPSS/Windows (SPSS Science, Chicago, IL)

software. The statistical significance was evaluated by one-way analysis of variance (ANOVA).



RESULTS

HBO promote Osteoblast (OB) proliferation

To investigate the effects of HBO on OB proliferation, the growth-arrested OB cells

(cultured in serum-free medium for 48 hrs) were treated in various conditions twice daily. (1)

Control group(C): cells were cultured under ambient oxygen (21% O2) and normal pressure

(1ata). (2) Pressure (P) group: cells were treated with high pressure (2.5ata) twice daily. (3)

High oxygen (O) group: cells were treated with high concentration oxygen (50%) twice

daily. (4) Pressure and high oxygen (P+O) group: cells were treated with high pressure

(2.5ata) and high concentration oxygen (50%) twice daily.

After treated for three days, the morphology of cells was observed (FiglA). The rate of

proliferation of cells was determined by XTT. The net proliferation rate (AOD) was

determined(OD3 day —ODO day) (Fig 1B).After treatment for three days, the cells of all

treated groups had higher proliferation rate than the rate of the control group as showed in

Fig 1A. It revealed that the cells in the P+O group had the most growth. The cellsin P group

and O group had similar proliferative rate. However, the pressure combined with high

saturation of oxygen did not seem to have the synergistic effect.

After treatment for 7 days, the OB cells of all treated groups still maintained the

elevated proliferative rate compared to that of control group. The proliferative rates then

gradually decreased in individual treated groups. These results indicated that a profound

mitogenic effect of HBO on OB cells in the first 3 days of the treatment then the effect



attenuated gradually.

HBO stimulates cell cycle progression to Sand G2/M phase

The effects of HBO on the cell cycle progression were elucidated. Growth-arrested OB

cells were stimulated by different conditions for 3 days and cell cycle profiles were obtained

by flow cytometric analysis (Fig 2). In control group, the most of the cells (67.5%) remained

in G1/GO phase (Fig 2A). In the treated groups, especially the O group and P+O group, more

cells entered S and G2/M phase than the control group(Fig.2B).Current data indicated that

HBO and high oxygen saturation could prompt OB cellsto entry cell cycle.

Cyclin D1 is an important regulator protein in the early G; phase of the cell cycle (20).

D-type cyclins including cyclin D1, cyclin D2, and cyclin D3 are cell cycle regulators that

promote progression through the early-to-mid G1 phase of the cell cycle (21). Our

investigation was to try to determine whether hyperbaric oxygen influenced the level of

cyclin D1 after growth-arrested OB cells were stimulated with hyperbaric oxygen for 3 days

and 7 days. The expression of cyclin D1 protein increased most significantly in the P group

and P+O group after hyperbaric oxygen stimulation for 3 days. (3days mean: control group

v.s pressure group=0.13 v.s 0.51, P<0.05; control group v.s hyperbaric oxygen group =0.13

v.s 0.54, P<0.05). After treatment for 7 days, the expression of cyclin D1 of treated groups

was gtill higher than that of the control group but the strength abated gradually. (7days mean:

control group v.s hyperbaric oxygen group= 0.10 v.s 0.33, P<0.05) (Fig. 3). Overal, we

concluded that HBO could promote OB cells to entry the cell cycle, especidly in the first 3



days.

HBO promote expression of FGF-2

Many growth factors, including FGF-2, BMP-2, BMP-4, and VEGF, are involved in the
regulation of osteoblast proliferation. These growth factors are produced by OB and other
bone cells and have effects on OB proliferation and differentiation (22). To investigate
whether HBO can stimulate the gene expression of these growth factors, we examined the
MRNA expression of growth factors by RT-PCR.

There was no difference in the transcriptional expression of the BMP-2 m, BMP-4, and
VEGF between control group and treated groups (data not shown). Using semi-quantities
RT-PCR analysis, the expression levels of FGF-2 in O group and P+O group were
significantly higher than in that of the control group (Fig 4)(3day mean: control group v.s
oxygen group=0.14 v.s 1.01,P<0.05;control group Vv.s hyperbaric group=0.14 v.s
0.92,P<0.05). On the 7" day, the expression of FGF-2 in the P group caught up with the
other two treated groups and continue to show significant predominance over the control
group. These data indicated that FGF-2 might be an important growth factor in this system.
To investigate which downstream of signal pathways the FGF-2 activated, we need to check
multiple signaling pathways, including PKA, Akt, and MAP kinase pathway, to elucidate the
effect of HBO in the OB cdlls.

Akt/p70% signaling pathway in hyperbaric oxygen-induced proliferation of osteoblasts



We determined the expression of Akt and p70® a the end of 3 days and 7 days
treatment of different levels of pressure and oxygen saturation. In this study, on the 3% day,
the pressure group and the hyperbaric oxygen group induced the expression of Akt (3days
mean, the control group v.s pressure group=0.73 v.s 1.21,P<0.05;control group Vv.s
hyperbaric oxygen group =0.73 v.s 1.10, P<0.05). After 7 days of treatment, these three
treated groups expressed Akt more significantly than the 3" day, but the difference between
these three groups was not obvious (7 days mean, control group v.s pressure group=0.67 v.s
1.02,P<0.01;control group v.s O group=0.67 v.s 0.96,P<0.01;control group v.s hyperbaric
oxygen group =0.67 v.s 0.97, P<0.01)(Fig 5A).

The expression of p70%¢

in the P+O group was the most significant after 3 days of
treatment. (3days mean, control group v.s hyperbaric oxygen group =0.37 v.s 0.82,
P<0.01)(Fig. 5B). After 7 days of treatment, only the O group and the P+O group expressed
more significantly than the control group (7 days mean: control group v.s O group = 0.48 v.s
0.79, P<0.05;control group v.s P+O group=0.48 v.s 0.70,P<0.05). These results indicated
that hyperbaric oxygen might be able to increase the expression of cyclin D1 via the
Akt/p70 signaling pathway.

Phosphorylated ERK1/2 and NF- £ B was significantly expressed in HBO induced OB
proliferation

The MAPK pathway is also a major pathway in cell proliferation. On the 3" day, the

expression of phosphorylated ERK1/2 in the P+O group was even weaker than the control



group. However, on the 7" day, in al treated groups, the phosphorylat -ed ERK1/2
significantly increased (Fig 6A). Nevertheless, when compared with control groups, there
was no significant difference among each treated groups. NF- x B is a target protein of Akt
and MAPK, which was also activated in the treated groups, especially in the P+O group,
either at the end of the 3 day or on the 7" day(3 days mean, control group v.s hyperbaric
oxygen group= 0.12 v.s 0.33,P<0.05;7 days mean, control group Vv.s hyperbaric oxygen
group=0.15v.s 0.61,P<0.01)(Fig. 6B).

According to these data, HBO might activate the FGF-2/MEK/ERK1/2/ NF- x B
pathway to increase cell proliferation.
The phosphorylation of JNK and PKCea in hyperbaric oxygen-induced proliferation of
osteoblasts

We aso checked other downstream proteins of signaling pathways through which HBO
might activate OB cells proliferation. Protein kinase A (PKA) and Protein kinase C (PKC)
are two well-defined signal transduction pathways in osteoblast proliferation. They activate
formation of 1,4,5-inositol trisphosphate, which stimulates a rise in intracellular free Ca®*
and related signaling events. PKA and PKC pathways can regulate transcription factors such
CAMP response element binding proteins (CREBS), AP-1 family members and Runx2 (23).
We also determined phosphorylation of PKCa by Western blotting. We found HBO could
stimulate expression of PKCa (3 days mean, control group Vv.s. hyperbaric oxygen group

=0.19 v.s 0.91, P<0.01)(Fig. 7A). In this study, the involvement of JNK in the proliferation



of signal transduction initiated by hyperbaric oxygen in OB cells was studied. The PKC may
be the intermediates in the activation of INK during hypoxia-reoxygenation (24).

Thereafter, we determined the downstream kinase of PKC signal. INK was found to be
a mgjor MAPK whose activation upon hyperbaric oxygen stimulation is clearly (3 days
mean, control group v.s hyperbaric oxygen group= 011v.s 0.49,P<0.01). On the 7" day, the
expression of JNK in the treated groups was still stronger than that of the control group but
the difference between the treated groups attenuated.( 7days mean, control group v.s
hyperbaric oxygen group =023 v.s 0.38,P<0.05)(Fig. 7B). Therefore, we found that INK
might be the maor downstream kinase of PKC signa in hyperbaric oxygen-induced

proliferation of OB cells.



DISCUSSION

The treatment of fractures is the most common orthopedic surgery. Different modalities

have been used for fracture reconstruction with excellent results in most case, but delayed

union and nonunion of fracture still remained a major complication.

The reason of delayed union and nonunion can be determined in most cases; it can be a

certain type of open fracture, comminution of the fracture, and wound for satisfactory

reduction or extension the original, etc (25). However, some factors of delayed union and

nonunion in fracture remained unclear. It is believed that the proliferation and differentiation

of osteoblast play akey rolein the healing of fracture (26) while some unknown factors leaded

to delay even stop the healing process totally.

Previous studies showed that the expression of growth factors mRNA returned to

baseline prior to healing of fracture might contribute to the delayed union or nonunion (27).

Therefore, it isimportant to activate and maintain the expression of growth factors during the

healing period.

It has been well documented in past decades that HBO can increase the activity of OB

cellsin vivo in necrotic bone after irradiation, but not to the level in the normal bone. Other

studies showed that angiogenic response can markedly increased by HBO (28), the activities

of OB were prolonged at a high level in HBO treatment (29) and HBO can relieve the

ischemia change of avascular necrosis of femoral head by enhancing the fibroblastic,



angioblastic, osteoblastic, and osteoclastic activities (30) .In al, HBO therapy is beneficial in
the process of fracture healing.

We do note that some researchers in the past had concluded that HBO had no effect on
OB proliferation in vitro and sometimes even resulted in apoptosis (31).

Similar results were aso found in our earlier studies. However in this study, after
modifying the tension of oxygen from 100% to 50%, the effect of HBO proved to be positive
rather than cell-killing. The difference may be resulted from the excessive free radicals in the
100% oxygen environment. In fact, the oxygen tension in culture medium treated with 2.5ata
and 50% O2 is more similar to the oxygen tension in human muscle (about 300 to 400 mm-Hg)
under clinical HBO therapy in vivo.

Accord this cell cycle profile, it meant that HBO and high oxygen saturation may activate
the arrested OB cells. HBO stimulated OB cells to entry cell cycle progression and increase
cell proliferation.

Many growth factors control the process of osteogenesis .In the present study, we found
that only FGF-2 was demonstrated in the HBO-induced proliferation of OB cells .It is well
known that HBO will induced the FGF-2 expression in soft tissue healing but there is no
similar study done in bone healing. FGF-2 is an important regulator of bone differentiation
and growth in vivo. In vitro,FGF-2 could be produced by OB cells and is stored in the
extracellular matrix(32,33),stimulating OB proliferation (34) and TGF- 8 production(35).The

expression of FGF-2 will not only contribute to the soft tissue healing but also to the



angiogenesis (36) through further inducing the expression of VEGF by OB (37).The
cooperative interaction between vascular endothelial cells and osteoblasts is suggested in
recent studies in which it was demonstrated that several factors produced by endothelia cells
can affect osteoblast function and differentiation(38,39). It is advantageous to the generaly
ischemic situation at the fracture sites.

The process of OB cell proliferation can be regulated via multiple different signa
transduction pathways. Results from our study show that HBO promote the proliferation of
osteoblast through at least two signaling pathways. The FGF-2/MEK/ERK (MAPK) pathway
may be the principal mechanism. Evidences suggested that signaling through MAPK pathway
is essential for the early stage of osteoblast differentiation (40,41). The following gene
expression of cascades required in the pathway was examined by a series of studies. The
significantly increased phosphorylated ERK ,P-38, Akt/p70% and NF- x B confirmed the
priority of this pathway. The less prominent enhancement of phosphorylated PKC/INK may
suggest amore accessory role of this pathway.

In our study, the partial pressure of oxygen in the P group and O group is the same(P
group:760mm-Hg x 20% x 2.5 ata=380 mm-Hg; O group:760mm-Hg x50% x 1 ata=380
mm-Hg).Under similar partial pressure of oxygen, we can compare the influence between
pressure and oxygen. According to our results, we are unable to conclude which one of these
two factors play a more important role. On the other hand, the pressure and oxygen

combination did not seem to be synergistic in some expression of signal proteins. The optimal



treatment duration still remained uncertain. Some expression of signal protein decreased on
the 7" day despite it reached a higher level on the 3@ day. It may indicate that over-treatment
may suppress the expression of signal pathway.

In conclusion, we have tested and confirmed a novel concept: a combination of 50%
oxygen exposure and 2.5 ata HBO could dicit the proliferation of OB in vitro mainly through
the enhancing FGF-2 expression. Through activating FGF-2/MEK/ERK /Akt/P70®/NF-
B ,the process promotes HBO induced bone healing .

HBO also regulated the osteoblast by the PKA/PKC /INK pathway. We postulated that
osteoblast could possess the ability to respond to hyperoxia directly, which causes changes in
cell signaling pathway involved in cell proliferation and growth factor production. By
increasing the production of FGF-2 in osteoblast, the HBO also promote the angiogenesis,
which is a prerequisite for bone formation and fracture healing (42). Though some systematic
reviews failed to locate any relevant clinical evidence to support or refute the effectiveness of
HBO for the management of delayed union or established non-union of bone fractures (43),
these results suggest that it might be a optimal combination of oxygen concentration and
pressure that can stimulate OB cells proliferation and osteogenesis. Further works are needed

to define adequate conditions for clinical application in the future.



ACKNOWLEDGMENTS

This work was supported by the Academy Cooperation Research Grant of Changhua
Christian Hospital, and Kaohsiung Medical University (Grant N0.92031 and No. 92322).
The OB-like immortalized cells; MC3T3-E1 was supplied by Dr. Chen Chung-Hwan of

Kaohsiung Medical University.



REFERENCES

1. Karamitros AE, Kaentzos VN, Soucacos PN.2006. Electric stimulation and hyperbaric

oxygen therapy in the treatment of nonunions. Injury. 37 (Suppl 1): S63-73.

2. Grundnes O,Reikeras O. 1992.Closed versus open medullary nailing of femoral fractures.

Blood flow and healing studied in rats. Acta Orthop Scand.63(5): 492-6

3. Gordillo GM,Sen CK.2003. Revisiting the essential role of oxygen in wound healing.

Am J Surg 186(3): 259-63. Review.

4. Knighton DR, Hunt TK, Scheuenstuhl H, et al. 1983. Oxygen tension regulates the

expression of angiogenesis factor by macrophages. Science. 221 (4617): 1283-5.

5. Wang X, Ding I, Xie H et al. 1998.Hyperbaric oxygen and basic fibroblast growth factor

promote growth of irradiated bone.Int. J Radiat Oncol Biol Phys. 40(1): 189-196

6. Muhonen A, Muhonen J, Muhonen J, Minn H,et al.2004 .Osteoblastic activity and

neoangiogenesis in distracted bone of irradiated rabbit mandible with or without

hyperbaric oxygen treatment. Int J Oral Maxillofac Surg. 33(2): 173-8.

7. Coulson DB, Ferguson AB, Diehl RC. 1996.Effect of hyperbaric oxygen on healing

femur of rat. Surg. Forum.17:449

8. Niinikoski JR, Pentinnen R, Kulonen E . 1970. Effects of hyperbaric oxygen on fracture

healing in the rat: a biochemical study. Calcif Tissues Res. 4:115-116

9. Barth E, Sullivan T, Berg E. 1990.Anima model for evaluating one repair with and

without adjunctive hyperbaric oxygen therapy: comparing dose schedule. J Invest Surg.



3:387-392

10. Dahlin C, Linde A, Rockert H. 1993.Stimulation of early bone formation by the

combination of osteoporotive membrane technique and hyperbaric oxygen. J Plastic

Reconstruct Surg 27:103-108

11. Ueng SW, Lee SS, Lin SS et al. 1998.Bone healing of tibial lengthening is enhanced by

hyperbaric oxygen therapy:a study of bone mineral density and torsional strength on

rabbit. J Trauma 44:481-676

12. Oriani GBarnini C et al. 1982.Hyperbaric oxygen therapy in the treatment of various

orthopedic disorders. Minerva Med. 73:2983-2988

13. Effect of hyperbaric oxygenation on bone in HEBP-induced rachitic rats.1996.Undersea

hyper-baric Med 23:1-4

14. Ducy P, Zhang R, Geoffroy V, et al. 1997. Osf2/Cbfal: a transcriptiona activator of

osteoblast differentiation. Cell 89(5): 747-54.

15. Ducy P, Starbuck M, Oriemel M, et al. 1999.A Cbfal-dependent genetic pathway

controls bone formation beyond embryonic development. Genes Dev. 13(8): 1025-36.

16. Karsenty G, Ducy P, Starbuck M, et al. 1999.Cbfal as a regulator of osteoblast

differentiation and function. Bone. 25(1): 107-8.

17.Renny T. Franceschi, Guozhi Xiao. 2003.Regulation of the osteoblast-specific

transcription factor, Runx-2: responsiveness to multiple signal transduction pathways. J

of Cellular Biochemistry 88:446-454



18.

19.

20.

21.

22.

23.

24,

25.

26.

Linkhart TA, Mohan S, Baylink DJ. 1996.Growth factors for bone growth and repair:

IGFTGF- 3 and BMP. Bone .19(1 Suppl): 1S-12S

Dennog C, Hartmann A, Frey G et al. 1996.Detection of DNA damage after hyperbaric

oxygen therapy. Mutagenesis. 11(6): 605-609.

Xiong W, Pestell RG, Watanabe Get al. 1997.Cyclin D1 isrequired for S-phase traversal

in bovine tracheal myocytes. Am J Physiol .272:1.1205-L.1210

Baldin V,Lukas JMarcote MJ,et al. 1993.Cyclin D1 is anuclear protein required for cell

cycle progression in G1.Genes Dev. 7(5):812-21.

Linkhart TA, Mohan S, Baylink DJ. 1996.Growth factors for bone growth and repair:

IGF, TGF-B, and BMP. Bone 19(1 Suppl): 1S-12S

Karaplis AC, Goltzman D. 2000.PTH and PTHrP effects on the skeleton. Rev Endocr

Metab Disord 1:331-341

Frazier DP, Wilson A, Daugherty CJ, et al. 2007.PKC-&agr; and TAK-1 are

Intermediates in the Activation of c¢-Jun N-termina Kinase (INK) by

Hypoxia-Reoxygenation.Am J Physiol Heart Circ Physiol.

Chatziyiannakis AA, Verettas DA, Raptis VK, et al. 1997.Nonunion of tibial fractures

treated with external fixation. Contributing factors studied in 71 fractures. Acta Orthop

Scand Suppl.;275:77-9.

Nichols JT, Toto PD, Choukas NC. 1968 .The proliferative capacity and DNA synthesis

of osteoblasts during fracture repair in normal and hypophysectomized rats. Oral Surg



21.

28.

29.

30.

31

32.

33.

Oral Med Oral Pathol. 25(3): 418-26.

Meyer RA Jr, Meyer MH, Tenholder M, et al. 2003.Gene expression in older rats with

delayed union of femoral fractures. JBone Joint Surg Am. 85-A (7): 1243-1254

Muhonen A, Haaparanta M, Gronroos T et al. 2004 .Osteoblastic activity and

neoangiogenesis in distracted bone of irradiated rabbit mandible with or without

hyperbaric oxygen treatment. Int J Oral Maxillofac Surg. 33(2): 173-8.

Muhonen A, Muhonen J, Minn H.et al. 2002.The effects of irradiation and hyperbaric

oxygen on bone formation during rabbit mandibular distraction. Arch Ora Biol. 47(10):

701-7.

Levin D, Norman D, Zinman C.et al. 1999.Treatment of experimental avascular necrosis

of the femoral head with hyperbaric oxygen in rats. histologica evaluation of the

femoral heads during the early phase of the reparative process. Exp Mol Pathol. 67(2):

99-108.

Tuncay OC, Ho D, Barker MK. 1994.0xygen tension regulates osteoblast function. Am

J Orthod Dentofacial Orthop. 105(5): 457-63.

Debiais F, Hott M, Graulet AM.et al. 1998.The effects of fibroblast growth factor-2 on

human neonatal calvaria osteoblastic cells are differentiaton stage specific. J Bone Miner

Res 13:645-654

Wezeman FH, Bollnow MR. 1997. Immunohistochemical localization of fibroblast

growth factor-2 in normal and brachymorphic mouse tibial growth plate and articular



cartilage. Histochem J 29:505-514

34. Globus RK,Patterson-Buckendahl P,Gospodarowicz D. 1988.Regulation of bovine bone

cell proliferation by fibroblast growth factor and transforming growth factor-

A .Endocrinology 123:98-105

35. Noda M, Vogel R. 1989. Fibroblast growth factor enhances type 5 1 transforming growth

factor gene expression in osteoblast-like cells. J Cell Biol 109:2529-2535

36. Bayati S, Russell RC, Roth AC. 1998. Stimulation of angiogenesis to improve the

viability of prefabricated flaps. Plast Reconstr Surf. 101(5): 1290-5.

37. Pierre B. Saadeh, Babak J. Mehrara, Douglas S. et al. 2000. Mechanisms of fibroblast

growth factor-2 modulation of vascular endothelial growth factor expression by

osteoblast cells. Endocrinology 141(No. 6): 2075 -2083

38. Collin-Osdoby P. 1994.Role of vascular endothelial cells in bone biology. J Cdll

Biochem 55:304-309

39.Wang DS, Miura M, Demura H, Sato K. 1997. Anabolic effects of

1,25-dihydroxyvitamin D3 on osteoblasts are enhanced by vascular endothelial growth

factor produced by osteoblasts and by growth factors produced by endothelia cells.

Endocrinology 138:2953-2962

40. Hipskind RA, Bilbe G- 1998.MAP kinase signaling cascades and gene expression in

osteoblasts. Front Biosci. 3:d804-16. Review.

41. Huang Z., Cheng S.L., Slatopolsky E. 2001. Sustained activation of the extracellular



signal-regulated kinase pathway is required for extracellular calcium stimulation of

human osteoblast proliferation. J Biol Chem.. 276(24): 21351-8.

42. Bolander ME. 1992.Regulation of fracture repair by growth factors. Proc Soc Exp Biol

Med. Jun 200(2): 165-70. Review.

43. Bennett MH,Stanford R,Turner R. 2005. Hyperbaric oxygen therapy for promoting

fracture healing and treating fracture non-union.Cochrane Database Syst Rev.

(1):CD004712. Review.



FIGURE LEGENDS

Figure 1A. HBO promote OB cells growth. The growth-arrested OB cells (cultured in

serum-free medium for 48 hrs) were treated in various conditions twice daily. (1) Control

group (C): cells were cultured under ambient oxygen (21% O2) and normal pressure (1ata).

(2) Pressure (P) group: cells were treated with high pressure (2.5ata) twice daily. (3) High

oxygen (O) group: cells were treated with high concentration oxygen (50%) twice daily. (4)

Pressure and high oxygen (P+O) group: cells were treated with high pressure (2.5ata) and

high concentration oxygen (50%) twice daily. The number of OB cells in treated groups

significantly increased compared with the control group, esp. in the P+O group.

Figure 1B. Left: The rate of proliferation of cells was determined by XTT. The net

proliferation rate (AOD) was determined(OD3 day —ODO day). After treated in various O2

concentration and air pressure twice daily for three days, the cells of al treated groups had

higher proliferation rate than the rate of the control group. Those figures showed that the

cellsin the P+O group, P group and O group had similar proliferative rate.

Figure 1B. Right: After 7 days of treatment, the OB cells of all treated groups still

maintained the elevated proliferative rate compared to that of control group, but the effect

attenuated gradually.

Figure 2. Growth-arrested OB cells were stimulated by different conditions for 3 days and

cell cycle profiles were obtained by flow cytometric analysis. The treated groups, especialy

the O group and P+O group, had more cells to entry S and G2/M phase than in the control



group. Current data indicated that HBO could prompt OB cellsto entry cell cycle.

Figure 3. The expression of cyclin D1 mRNA in growth-arrested OB cells increased after
hyperbaric oxygen stimulation for 3 days, especialy in the P group and P+O group. On the
7™ day, the expression of cyclin D1 in the treated groups still maintained a higher level than
that of the control group but their strength abated.

Figure 4. The effect of HBO on the production of growth factor by OB cells. Using
semi-quantitive RT-PCR analysis, only the expression levels of FGF-2 in the treated groups
were significantly higher than in the control group. These data indicated that FGF-2 might
be an important growth factor in this system. The expression in the 7" day was more
significant than those in the 3" day.

Figure 5A. & 5B. The effect of HBO on expression of Akt and p70®* .HBO induced the
expression of Akt and enhancing expression of p70™®¢ . These results indicated that
hyperbaric oxygen might be able to increase the expression of cyclin D1 via the Akt/p70®
signaling pathway.

Figure 6A .On the 3rd day, the expression of ERK 1/2 in the control group was more obvious
than that of the P+O group contrarily. However, on the 7th day, the phosphorylated ERK 1/2
in the treated groups significantly increased when compared with control group.

Figure 6B. NF- x B is a target protein of Akt and MAPK, which was also activated in the
treated groups, especially in the P+O group.

Figure 7A. In our study, HBO could stimulate expression of PKCa after the sample had



been treated for 3 days (3 days mean, control group v.s. hyperbaric oxygen group =0.19 v.s
0.91, P<0.01)

Figure 7B. JNK was found to be activated upon hyperbaric oxygen stimulation clearly on
the 3rd day (3 days mean, control group Vv.s hyperbaric oxygen group= 011v.s 0.49,P<0.01).
On the 7" day, the expression of JNK in the treated groups remained stronger than that of
the control group but the difference among the treated groups attenuated. (7days mean,

control group v.s hyperbaric oxygen group =023 v.s 0.38,P<0.05)



