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ABSTRACT

Using a rat oxidative stress-induced femoral head
osteonecrosis model, we determined the presence/
absence and timing of the generation of hypoxia in
the femoral head. DL-Buthionine-(S,R)-sulfoximine
(BSO) 500 mg/kg was administered intraperitoneally
to male Wistar rats. Theratswerekilled at 1, 3, 6, 12
hours, and 1, 3, 5 days after BSO administration, and
the bilateral femora were removed. A group not ad-
ministered BSO (control group) was also studied
(each group n = 5). In the femoral heads of each
group, the expression of hypoxia-inducible factor-1
alpha (HIF-1a) as an index of hypoxia was confirmed
by the Western blot method, and quantified using
analytical software. In the femoral head increased
HIF-1a expression was found in all groups from 1
hour after BSO administration (p < 0.05). In particu-
lar, in all specimens of the group 3 hours after BSO
administration the most intense expression of HIF-1a
amounting to about 13-fold of that of control group
was noted (p < 0.001). The present results suggested
that in the extremely short period of 3 hours after
BSO administration hypoxia severe enough to cause
osteonecrosis was induced by oxidative stress in the
rat femoral head.
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1. INTRODUCTION

A broad consensus has been reached implicating intraos-
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seous ischemia in the development of steroid-induced
femoral head osteonecrosis, with this likely caused by a
single ischemic event. However, few investigations so
far have focused on issues such as the amount and timing
of the ischemia that occurs. To better clarify the patho-
genesis of this condition, further studies are required to
characterize the development of hypoxia in bone.

Recently, in vivo oxidative stress has been implicated
in the development of steroid-induced osteonecrosis
[1-3]. In addition, the efficacy of antioxidant in the pre-
vention of steroid induced osteonecrosis has been re-
ported in animal models [4-6]. Our group previously
reported a model in which osteonecrosis is induced in the
rat femoral head by oxidative stress after a single intrap-
eritoneal injection of DL-Buthionine-(S,R)-sulfoximine
(BSO), an inhibitor of glutathione (GSH). In this model,
femoral head osteonecrosis develops 7 days after BSO
administration in 40% of rats [7].

Since in the rat, histological study shows that osteo-
cytes develop empty lacunae about 96 h after the onset of
ischemia [8,9], it is thought that hypoxic events leading
to osteonecrosis in an oxidative stress-induced rat os-
teonecrosis model occur in the bone at least by 3 - 5 days
after the ischemia. With this in mind, using as an index
the transcription factor, hypoxia-inducible factor-1 alpha
(HIF-1a), which has been widely studied as an index of
hypoxia [10,11], we determined the timing of the devel-
opment and amount of hypoxia in the femoral head from
1 h to 5 d after the administration of BSO in a rat oxida-
tive stress-induced femoral head osteonecrosis model [7].

2. MATERIALSAND METHODS
2.1. Animals

Forty male Wistar rats age 24 weeks (body weight 400 -
450 g) were studied at the Animal Center of Kanazawa
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Medical University. All rats were housed under standard
laboratory conditions (temperature 24°C, 12-hour light/
dark cycle) and were given food and water ad libitum.
They were given a single intraperitoneal injection of
BSO (500 mg/kg) and were killed 1 hour (Blh group), 3
hours (B3h group), 6 hours (B6h group), 12 hours (B12h
group), 1 day (B1d group), 3 days (B3d group) or 5 days
(B5d group) after administration. Untreated rats were
compared as a control group (group N). Each group con-
tained 5 rats. This study was conducted in accordance
with the guidelines of the Animal Research Committee
of Kanazawa Medical University.

2.2. Tissue Preparation

All rats were killed using intraperitoneally injected so-
dium pentobarbital. Promptly after sacrifice the bilateral
femoral heads were extracted and cryopreserved at
—80°C after the bilateral femora were removed.

2.3. Western Blot Assay

Immunoblotting for HIF-1a was performed on the femo-
ral head of BSO administered rats, as well as non-treated
rats. Proteins were extracted using lysis buffer (50 mM
Tris-HCI, pH 7.6, 10% glycerol, 5 mM magnesium ace-
tate, 0.2 mM ethylenediamine tetraacetic acid, 1 mM
phenylmethylsulfonyl fluoride, and 1% sodium dodecyl-
sulfate). Extracted protein (20 mg) was applied to and
electrophoresed on a 10% polyacrylamide gel, and trans-
ferred to a nitrocellulose membrane (Atoh, Tokyo, Japan).
The membranes were reacted overnight at 4°C with anti
HIF-1a polyclonal antibody (Millipore) at a concentra-
tion of 1:200 dilution. After incubation with peroxidase-
labeled goat anti-rabbit IgG antibody (Dako Cytomation)
for 1 hour at room temperature and vigorous washing,
the nitrocellulose membrane was incubated with ECL-
pulse (GE Medical, USA) and photographed digitally
using LAS4000 (FUJIFILM, Tokyo, Japan). All samples
were standardized by immunoblot using anti-f actin
mouse monoclonal antibody (Sigma Chemical Co., St.
Louis, MO).

2.4. Quantification of the Western Blot Results

Protein quantification was done using analytical software
“Multi Gauge” (FUJIFILM, Tokyo, Japan). f-actin was
used as the internal control for all specimens in each
group. All values were expressed as the mean + SD, and
Arbitrary Units (AU) were used at the time of measure-
ment.

2.5. Statistical Analysis

Statistical analysis was performed using analysis of
variance with Dunnett’s multiple comparison test. By
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using this test we were able to determine the point in
time after administration of BSO that HIF-la level
showed a significant change, as compared with the val-
ues in N group. p values less than 0.05 were considered
significant. The statistical analysis was performed using
StatView J-5.0 software (SAS Institute).

3. RESULTS
3.1. Western Blot for HIF-1a

An approximate molecular weight of around 120 kDa for
HIF-1a was demonstrated by Western blot analysis.
HIF-1a was overexpressed in BSO administered speci-
mens. HIF-la expression started to increase from Blh
Group, with a marked increase found in all specimens of
B3h Group. From B6h-B12h Group onwards increased
HIF-1a expression was found as compared to N Group
(Figurel).

3.2. Comparison by Quantification of HIF-1la
Expression by Western Blot

When quantified using analytical software, the mean
value was (9.9 + 1.0) x 10* AU in N Group, and (128.6 +
12.2) x 10" AU in B3h group, representing a signifi-
cantly increased expression of about 13-fold in the latter
as compared to the former (p < 0.001). The correspond-
ing values were (97.0 + 37.0) x 10* AU in B6h group,
(94.8 + 43.2) x 10* AU in B12h group, (74.6 + 31.5) x
10* AU in B1d group, (58.0 = 31.2) x 10* AU in B3d
group, and (80.9 = 38.8) x 10* AU in B5d group. In all of
the groups administered BSO HIF expression was sig-
nificantly increased as compared to N group (p < 0.05)
(Figure2).

4. DISCUSSION

Various theories have been proposed to explain the
pathogenesis of steroid-induced osteonecrosis [12-14].
As noted above, while there is general agreement that in
the end osteonecrosis is induced by intraosseous ische-
mia, various issues such as the timing of occurrence and
amount of the intraosseous hypoxia remain unclear. To
elucidate the developmental mechanisms of osteonecrosis
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Figure 1. HIF-1a expression by Western blot. In N group al-
most no HIF-la expression was found. HIF-la expression
started to increase from Blh group, with a marked increase
found in all specimens of B3h group. From B6h group on-
wards increased HIF-1a expression was found as compared to
N group. In all specimens f-actin was used as an internal con-
trol.
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Figure 2. Quantification of results by Western blot. In
the comparison with N group, increased HIFla ex-
pression was found in all the groups administered
BSO. HIF-1a expression in B3h group was about 13-
fold of that of N group, with the most intense hypoxia
occurring at this time ('p < 0.05 vs N group, p <
0.001 vs N group).

and devise optimal prophylactic strategies it is important
to grasp the changes occurring in bone from immediately
after drug administration. For this reason, detailed de-
termination of the actual severity of the ischemic event
occurring after drug administration and pinpointing the
stage at which it occurs, as well as confirmation of the
previously described finding that only a single ischemic
event is induced are required.

In the present study, our attention was drawn to the
transcription factor HIF-1a as an index of tissue hypoxia.
HIF-1a is particularly well suited to assess the timing
and amount of hypoxia because while it is rapidly de-
graded in the presence of normal oxygen concentrations,
in the presence of hypoxia it is not degraded and its con-
centration rises [10,11,15-17].

In the rat, osteocyte apoptosis has been reported to be-
gin 12 h from the ischemic insult, with osteonecrosis
observed 4 - 5 days from the onset of ischemia [8,9].
Accordingly, in this investigation we considered it im-
portant to focus on the state of the hypoxia occurring in
the bone up to 5 days after BSO administration at which
point the findings of osteonecrosis can be confirmed
histopathologically in this model [7].

This experiment confirmed that in the model used hy-
poxia in the femoral head was induced by oxidative
stress within the extremely short period of <3 h. Also,
especially in B3h group as compared to N group about a
13-fold increase in HIF-la expression was found. The
expression of HIF-1a has been reported to increase by
about >10-fold in hypoxia of about 2.5% - 5% of the
normal oxygen concentration [15-17]. Accordingly, we
concluded that in this model after BSO administration
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the oxygen concentration of femoral head tissues in all
specimens fell to less than about 2.5% - 5% of normal
within 3 h.

The results of this study are extremely important in
considering the developmental mechanism of femoral
head osteonecrosis. This is because if a hypoxic event is
indeed the ultimate cause of osteonecrosis, all specimens
in this model would be expected to develop osteonecro-
sis. However, since the rate of development of femoral
head osteonecrosis was only 40% in this model, the pos-
sible involvement of some kind of secondary factor in
the development of osteonecrosis occurring after the hy-
poxic event 3 h after BSO administration is also sug-
gested. Also, from B6h group onwards as compared to N
group HIF-la expression was significantly enhanced.
Accordingly, it could be concluded that the intraosseous
hypoxic state induced by oxidative stress begins in bone
from 1 h, with an extremely strong hypoxic state devel-
oping within 3 h, and the hypoxic state persisting from
B6h group onwards albeit while showing some gradual
improvement.

It has previously been reported that oxidative stress
develops within 24 - 72 hours after steroid administra-
tion [1-3]. The present results showing the occurrence of
severe hypoxia from 3 h after oxidative stress help to
identify the mechanism underlying the development of
osteonecrosis very soon after steroid administration. Ac-
cordingly, the present experimental results can be con-
sidered extremely important also from the viewpoint of
devising novel preventative approaches for steroid-in-
duced osteonecrosis.
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