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KEYWORDS Summary Objective: Established preclinical disease models are essential for not only study-
Animal model; ing aetiology and/or pathophysiology of the relevant diseases but more importantly also for
Corticosteroid; testing prevention and/or treatment concept(s). The present study proposed and established
Osteonecrosis a detailed induction and assessment protocol for a unique and cost-effective preclinical

steroid-associated osteonecrosis (SAON) in rats with pulsed injections of lipopolysaccharide
(LPS) and methylprednisolone (MPS).

Methods: Sixteen 24-week-old male Sprague—Dawley rats were used to induce SAON by one
intravenous injection of LPS (0.2 mg/kg) and three intraperitoneal injections of MPS
(100 mg/kg) with a time interval of 24 hour, and then, MPS (40 mg/kg) was intraperitoneally
injected three times a week from week 2 until sacrifice. Additional 12 rats were used as normal
controls. Two and six weeks after induction, animals were scanned by metabolic dual energy X-
ray absorptiometry for evaluation of tissue composition; serum was collected for bone turn-
over markers, Microfil perfusion was performed for angiography, the liver was collected for
histopathology and bilateral femora and bilateral tibiae were collected for histological exam-
ination.

Results: Three rats died after LPS injection, i.e., with 15.8% (3/19) mortality. Histological
evaluation showed 100% incidence of SAON at week 2. Dual energy X-ray absorptiometry
showed significantly higher fat percent and lower lean mass in SAON group at week 6. Mi-
cro-computed tomography (Micro-CT) showed significant bone degradation at proximal tibia
6 weeks after SAON induction. Angiography illustrated significantly less blood vessels in the
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proximal tibia and significantly more leakage particles in the distal tibia 2 weeks after SAON
induction. Serum amino-terminal propeptide of type | collagen and osteocalcin were signifi-
cantly lower at both 2 and 6 weeks after SAON induction, and serum carboxy-terminal telopep-
tide was significantly lower at 6 weeks after SAON induction. Histomorphometry revealed
significantly lower osteoblast surface and higher marrow fat fraction and oedema area in SAON
group. Hepatic oedema appeared 2 weeks after SAON induction, and lipid accumulation ap-
peared in the liver of SAON rats 6 weeks after SAON induction.

Conclusion: The present study successfully induced SAON in rats with pulsed injection of LPS
and MPS, which was well simulating the clinical feature and pathology. Apart from available
large animal models, such as bipedal emus or quadrupedal rabbits, our current SAON small
model in rats could be a cost-effective preclinical experimental model to study body meta-
bolism, molecular mechanism of SAON and potential drugs developed for prevention or treat-
ment of SAON.

The translational potential of this article: The present study successfully induced SAON in a
small animal model in rats with pulsed injection of LPS and MPS. The evaluation protocols with
typical histopathologic ON features and advanced evaluation approaches to identify the meta-
bolic disorders of SAON could be used in future rat SAON studies. The SAON rat model is a suit-
able and cost-effective animal model to study molecular mechanism of SAON and potential
drugs developed for prevention and treatment of SAON.

© 2018 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Steroid-associated osteonecrosis (SAON) is a multifactorial
bone metabolic disease occurred after long term or/and
large dose of corticosteroid therapy attributed to its anti-
inflammatory and immunomodulatory effects [1]. The
pathophysiology underlying the development of SAON in-
cludes fat embolism, vascular thrombosis, osteocyte and
osteoblast apoptosis and oxidative stress [2]. However, the
underlining pathogenesis of SAON is desirable to be studied
by using suitable animal model(s).

Successfully established SAON rabbit model has been
reported, with a clinically orientated induction protocol
composed of a single injection of low dose of lipopolysac-
charide (LPS) and subsequently three injections of high
dose of methylprednisolone (MPS) with high incidence of
SAON and low incidence of mortality [3]. For studying mo-
lecular mechanism of such metabolic diseases and drug
prevention or treatment effects, rats are more suitable as
they have been regarded as cost-effective animal models.
So far, there are several reports on SAON rat models, but
the protocols to induce SAON are different [4—8]. LPS could
increase the incidence of SAON in animal models [5]. The
dose of LPS in the published protocols ranged from 10 ug/kg
to 2 mg/kg to induce SAON in rats [8,9]. The dose of LPS
used in the rabbit SAON model is 10 ng/kg [3], but because
rats are resistant to LPS, whereas rabbits are sensitive to
LPS [10], we should use higher dose of LPS to induce SAON
in the rat model than that used in the rabbit model. A
preliminary study showed that the injection of 1 mg/kg LPS
could induce 50% mortality in 24-week-old male
Sprague—Dawley rats [11]; therefore, in this study, we
tested the dose of LPS at 0.2 mg/kg that might reduce the
mortality. In a clinical situation, high dose of pulsed MPS
intravascularly (30 mg/kg) is prescribed to severe

inflammation patients to rescue their life [12]. As smaller
animals have higher metabolic rates and require larger drug
dose per body weight, we calculated dose conversion be-
tween rat and human being by multiple clinical higher dose
based on a published work [13]. To mimic the clinical sit-
uation, we tested the experimental protocol to induce
SAON in rats with a single injection of high dose of LPS
(0.2 mg/kg) and followed subsequently by pulsed injections
of high dose of MPS (100 mg/kg). As SAON may get repaired
spontaneously in quadrupedal animals, it is essential to
inhibit repairing of the osteonecrosis. Accordingly, we
continually gave rats sustained low dose of MPS (40 mg/kg)
from week 2 to week 6 before harvesting specimens for
analysis. For determining the age of rats used in this study,
unlike humans and rabbits, it is problematic to determine
adulthood using skeletal maturity because there is no
closed growth plate in long bones in rats. For
Sprague—Dawley rats, the skeletal growth tapers off at
approximately 7—8 months [14]; therefore, we used 24-
week-old young adult rats for the present study as this
was the age where rat femoral head matured [15].

We hypothesised that a combination of LPS and MPS in-
jections described above might also be able to induce SAON
in rats. Accordingly, we evaluated the induction protocol at
two time points, i.e., 2 and 6 weeks after SAON induction.
We used different evaluation approaches to examine the
effects of LPS and MPS in inducing metabolic disorders on
the bone and other affected tissues. Histological exami-
nation was used to identify osteonecrotic lesions in bilat-
eral femora and bilateral tibiae. Metabolic dual energy X-
ray absorptiometry (DXA) was used for evaluation of tissue
composition, i.e., fat and lean composition, to evaluate the
effects of corticosteroid on fat and muscle metabolism.
Serum bone turnover markers were quantified for deter-
mining the dynamics of bone turnover in this corticosteroid-
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affected metabolic bone disorder. Angiography in bone
marrow was imaged and evaluated by Microfil perfusion and
micro-CT to define the vessel changes. Liver histopathology
was used to identify the metabolic disorders in the liver.
Establishing and validating preclinical disease models are
essential for understanding the pathophysiology of the
disease and testing prevention and/or treatment con-
cept(s) with targeted mechanisms.

Materials and methods
Ethics statement

The Animal Experimental Ethics Committee of the principal
investigator’s institution reviewed and approved the
experimental protocols (Ref. No. 15-150-MIS). Both the
Guide for the Care and Use of Laboratory Animal (1996) [16]
and the ARRIVE (Animals in Research: Reporting In Vivo
Experiments) guidelines [17] were followed.

Experimental animals and study design

Twenty-eight 24-week-old male Sprague—Dawley rats (body
weight 500~600 g) were used in this study. All animals
were housed in a temperature-controlled room (25°C)
under a 12/12-hour reversed day/night cycle and received
food and water ad libitum.

Animals were divided and allocated to normal control
group (n = 12) and SAON group (n = 16). The SAON in-
duction procedures for the SAON group are shown in Fig. 1.
At day 1, under anaesthesia [90 mg/kg (ketamine) and
10 mg/kg (xylazine) intraperitoneally], each rat was intra-
venously injected with lipopolysaccharide (LPS, 0.2 mg/kg,
Escherichia coli O111:B4; Sigma—Aldrich, St. Louis, MO,
USA) via tail vein steadily and slowly. The LPS injection
time was controlled for 30 minutes. At day 2, 3 and 4, three
intraperitoneal injections of high-dose methylprednisolone
(MPS, 100 mg/kg body weight, Pfizer Manufacturing Belgium
NV, Puurs, Belgium) were given, and then, low-dose MPS
(40 mg/kg, i.p.) were given three times a week at week
2—6. The rats were euthanised by intravenous injection of
overdose of pentobarbital at the end of week 2 and week 6.
Bilateral femora and tibiae, liver and blood of each rat
were collected for further analysis (Fig. 1).

Pulsed High
Dose MPS
LPS (100mgrkg)

Dual energy X-ray absorptiometry

Rats were scanned at baseline, week 2 and week 6 (n = 6
for each time point). Scans were analysed using UltraFocus
Digital Radiography System (Faxitron Bioptics, LLC, USA) at
lower limbs for tissue composition (lean mass and fat
percent). The region of interest (ROIl) was defined as an
oval shape with a size of 0.8—1.0 cm? adjacent to the
lateral tibia but not including any bone tissue (Fig. 4B).

Micro-CT—based trabecular architecture

To determine the trabecular architecture, the tibiae from
week 6 of each group were fixed in buffered formalin for
one week and then were scanned using an animal micro-CT
system (uCT-40; Scanco Medical, Briittisellen, Switzerland).
The trabecular bone with thickness of 2 mm and 2 mm from
the growth plate was used as the ROI for analysis. The
spatial resolution was set at 15 um. A threshold of 220 HU
and a low-pass Gaussian filter (Sigma = 0.8, Support = 1)
were used to define mineralised tissue from the background
signal [18]. The bone mineral density (BMD), bone tissue
volume fraction (BV/TV), structure model index (SMI),
connective density (Conn. D.), trabecular number (Tb. N),
trabecular thickness (Tb. Th) and trabecular separation
(Th. Sp) were quantified [19].

Micro-CT—based angiography

Perfusion and decalcification: Under general and deep
anaesthesia with intravenous administration of 2.5% sodium
pentobarbital, the abdomen cavity of the rats were opened
for perfusion with a confected radiopaque silicone rubber
(Microfil MV-122; Flow Tech, Inc., Carver, MA, USA) via the
abdominal aorta using our previously established protocol
(n = 4/group) [3,20,21]. The animals were then sacrificed
and stored at 4°C for full polymerisation of the in vivo
injected Microfil. The excised tibiae were decalcified by
10% EDTA (pH 7.4). The decalcification process was
assessed radiographically to confirm complete decalcifica-
tion, i.e., without radiographic opacity.
Microangiography: The decalcified tibiae were scanned
using a uCT-40 imaging system with the same protocol as
used for imaging the trabecular bone. For proximal tibia, a
cylinder with 3 mm thickness, 3 mm diameter and 2 mm

(0.2mg/kg)
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Figure 1
LPS = lipopolysaccharide; MPS = methylprednisolone.
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Steroid-associated osteonecrosis (SAON) induction protocol.
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Figure 2

SAON identification by histology. A typical ON+ region in proximal femur in the SAON group 2 weeks after SAON in-

duction. ON+ region showed empty lacunae (black arrow) in osteocytes and necrotic bone marrow (red arrow), surrounding with

ON- region with normal osteocyte and normal marrow.

ON+ = osteonecrosis-positive; ON- = osteonecrosis-negative; SAON = steroid-associated osteonecrosis.

from the growth plate was used as the ROI; and for distal
tibia, the 3-mm—thick whole bone marrow region from the
distal end was used as the ROI. To segregate the infused
radiopaque substance from the background, a low-pass
Gaussian  filter (Sigma = 1.2, Support = 2,
threshold = 120 HU) was used [22]. Three-dimensional
angiographic architecture images were reconstructed.
Subtotal volume of the perfused Microfil in ROIs was
calculated by summing volumes of the perfused Microfil in
three  groups: Small-sized (<100 pm), medium
(100—200 pm) and large-sized (>200 pm) Microfil. A histo-
gram was generated to display the thickness of the
perfused Microfil [3,22].

Serum markers measurement

Before euthanasia, blood was collected via cardiac punc-
ture for serum isolation that was then stored at —80°C
before the biomarkers assay. Bone formation marker,
including amino-terminal propeptide of type | collagen
(PINP) and osteocalcin (OC), and bone resorption marker,
carboxy-terminal telopeptide (CTX), were assayed using
enzyme-linked immunosorbent assay (ELISA) kits (IDS Ltd.,
Boldon, UK) [23].

Histological and histomorphometrical analysis

The proximal and distal femora and proximal and distal
tibiae were decalcified by 10% EDTA (pH 7.4), embedded in
paraffin and cut into 5-um—thick sections along the coronal
plane. The livers were fixed in buffered formalin,
embedded in paraffin and cut into 5-um—thick sections.
Sections were stained with haematoxylin and eosin (H&E),

and tartrate-resistant acid phosphatase staining (Sigma
Diagnostics, Missouri, USA) was performed for osteoclast
accounts. The Microfil-perfused tibiae were paraffin
sectioned, and the vascular endothelial growth factor
(VEGF) expression in bone marrow was tested by immuno-
histochemistry with antibody VEGF (sc-7269) (SC; Santa
Cruz, CA, USA).

Digital histological images were captured with a micro-
scopic imaging system (Leica DM5500; Leica Microsystems,
Wetzlar, Germany). The presence of osteonecrosis (ON) was
examined with the established criteria, i.e., diffused pres-
ence of empty lacunae or pyknotic nuclei of osteocytes in
trabecular bone accompanied by surrounding necrotic bone
marrow [24]. The rat with at least one ON lesion in the
proximal femur, distal femur, proximal tibia or distal tibia
was considered as ON + rat, whereas that with no ON lesion
was considered as ON— rat. Histomorphometric analysis was
carried out on the metaphysis of the proximal tibia in a 2-
mm—wide area 2 mm below the growth plate, and 3-
mm—wide area of bone marrow from the end of the distal
tibia using OsteoMeasure Histomorphometry System (Osteo-
metrics Inc, Atlanta, GA, USA) and analysed according to a
standard histomorphometry protocol [25]. The osteoblast
surface (Ob. S/BS), osteoclast number (N.Oc/BS) and marrow
fat fraction were determined on the red marrow region in the
proximal tibia, and marrow oedema fraction was determined
on the yellow marrow region in the distal tibia.

Statistical analysis

The incidence of ON was defined as the number of
ON + rats divided by the total number of rats in each group
and was analysed with Fisher’s exact test. All numeric data
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Figure 3  (A) Typical trabeculae and red marrow in the proximal tibia in the normal control group; (B) the proximal tibia in the
SAON group 2 weeks after SAON induction; (C) the proximal tibia in the SAON group 6 weeks after SAON induction; (D) dense
adipocytes in yellow marrow in the distal tibia of normal control rats; (E) 2 weeks after SAON induction, oedema (black arrow) was
shown in yellow marrow in the distal tibia; (F) 6 weeks after SAON induction, more oedema (black arrow) appeared in yellow
marrow in the distal tibia; (G) TRAP staining showed osteoclast (red arrow) in normal control group; (H) TRAP staining showed
osteoclast (red arrow) 2 weeks after SAON induction the proximal tibia; (I) TRAP staining showed osteoclast (red arrow) 6 weeks
after SAON induction in the proximal tibia. Histomorphometry results showed significantly lower osteoblast surface (Ob. S/BS) in
the SAON group in both week 2 and week 6 in the proximal tibia (refer to A, B and C), significantly higher osteoclast number (N.Oc/
BS) in the SAON group in week 2 in the proximal tibia (refer to G, H and |) and significantly higher marrow fat fraction in the
proximal tibia of the SAON group in both week 2 and week 6 (refer to A, B and C). The marrow fat faction was significantly higher in
week 6 than that in week 2 in the SAON group in the proximal tibia (refer to B and C). Typical marrow without oedema in the normal
control group, obvious oedema in the SAON group in both week 2 and week 6 and significantly higher oedema in SAON group in week
6 than that in week 2 in the distal tibia were observed (refer to D, E and F). (*: p < 0.05, **: p < 0.01, n = 6).

ON-+ = osteonecrosis-positive; ON- = osteonecrosis-negative; SAON = steroid-associated osteonecrosis; TRAP = tartrate-resis-
tant acid phosphatase.

were expressed as mean + SD with unpaired two-tailed t Results

test or two-way analysis of variance (data with different

time point) followed by Bonferroni posttest to assess sta- Mortality rate and incidence of SAON
tistical significance between groups. Statistical analysis was
performed using SPSS 17.0 software (Chicago, IL, USA). Ap

value < 0.05 was considered statistically significant. Rats of the SAON group were lethargic and anorexic at the

first week after administration of LPS. Two rats died at day
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Figure 4 (A) The body weight of the SAON group rats were significantly lower 3 days after SAON induction (#: p < 0.05 compared

between time points) and after that lower than that of the normal group rats (*: p < 0.05 compared between groups). (B) Animal
dual energy X-ray absorptiometry (DXA) analysis on an oval-shaped region with a size of 0.8—1.0 cm? adjacent to the lateral tibia
but not including any bone tissue (yellow oval); (C) results showed that there was no significant difference between the SAON group
and normal group for fat percent at week 2, whereas at week 6, the fat percent of the SAON group was significantly higher; (D)
results showed that there was no significant difference between the SAON group and normal group for lean mass at week 2,
whereas at week 6, the lean mass of the SAON group was significantly lower (**: p < 0.01, n = 6).

SAON = steroid-associated osteonecrosis.

2, and one died at day 3 after LPS injection; three addi-
tional rats were supplemented for replacement. The total
mortality rate was 15.8% (3/19). The acute sicknesses
were recovered at the second week. We defined the
osteonecrosis-positive (ON+) and osteonecrosis-negative
(ON—) region by histological analysis on H&E-stained sec-
tions with the established criteria: the ON + region
showed diffused presence of empty lacunae or pyknotic
nuclei of osteocytes in trabecular bone accompanied by
surrounding necrotic bone marrow, whereas ON— region
showed normal osteocyte with surrounding normal bone
marrow [24]. At week 2, all the rats developed osteonec-
rosis based on histological evaluation with 100% incidence
of SAON (8/8). Empty lacunae of osteocytes were found in
the trabeculae. Oedema and fibrous marrow appeared in
necrotic bone marrow. At week 6, six rats showed oedema
and fibrous marrow and empty lacunae of osteocytes with
75% incidence of SAON (6/8). The proximal femur was the
site of highest instance of ON 2 weeks after induction. At
week 6, the instances of ON in the proximal femur, distal
femur and proximal tibia were significantly decreased
when compared with those at week 2, whereas the
instance of ON in the distal tibia did not change statisti-
cally (Fig. 2 and Table 1).

Body weight and tissue composition at the lower
limb

The body weight of SAON group rats were significantly
lower 3 days after SAON induction (p < 0.05 compared
between time points) and after which it was lower than
that of the normal group rats (p < 0.05 compared between

Table 1 Prevalence of ON lesions.
Group Number of ON cases (Number of bones
examined)
Proximal Distal Proximal Distal
femur femur tibia tibia
Week 2 Normal 0 (12) 0(12) 0(12) 0 (12)
SAON 14 (16) 9 (16) 8 (16) 4 (16)
Week 6 Normal 0 (12) 0(12) 0(12) 0 (12)
SAON 6 (16)? 1(16)2 1 (16)? 6 (16)

@ p < 0.05, compared between week 2 and week 6. Bilateral
skeletal sites were examined.
ON = osteonecrosis; SAON = steroid-associated osteonecrosis.
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groups). DXA analysis showed that there was no significant
difference between the SAON group and normal group for
both percentage fat and lean mass at week 2; whereas at
week 6, the percentage fat of SAON group was significantly
higher, and the lean mass of SAON group was significantly
lower (p < 0.01, n = 6) (Fig. 4).

Micro-CT—based trabecular architecture

Trabecular architecture of the proximal tibia was analysed
using micro-CT. Six weeks after SAON induction, the BMD,
BV/TV, Conn. D. and Tb. N of the SAON group were all
significantly lower than those in the normal control group

(p < 0.05, n = 6); the Tb. Sp of the SAON group was
significantly higher than that in the normal group (p < 0.05,
n = 6); whereas there was no significant difference in the
SMI and the Th. Th between the two groups (Fig. 5).

Micro-CT—based angiography

Vessel architecture in the proximal tibia and distal tibia in
the normal and SAON group was analysed by Microfil perfu-
sion and micro-CT. Histogram showed that in the proximal
tibia, the medium (100—200 um) and large-sized (>200 pm)
blood vessels in the SAON group were significantly less than
those in the normal group; in the distal tibia, the small-sized
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Micro-CT—based trabecular architecture. Representative micro-CT 3-D images and quantitative analysis of the

trabecular bone of the proximal tibia (red box showed the ROI). 6 weeks after SAON induction, the bone mineral density (BMD),
bone tissue volume fraction (BV/TV), connective density (Conn. D.) and trabecular number (Tb. N) of the SAON group were all
significantly lower than those in the normal control group; the trabecular separation (Tb. Sp) of the SAON group was significantly
higher than that in the normal group; while there was no significant difference for the structure model index (SMI) and the
trabecular thickness (Tb. Th) between the two groups. (*: p < 0.05, **: p < 0.01, n = 6).

SAON = steroid-associated osteonecrosis.
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leakage particles (<100 pm) in the SAON group were
significantly more than those in the normal group (p < 0.05,
n = 4). Histologic sections showed that the small-sized
leakage particles were in the bone marrow outside the
blood vessels (Fig. 6C1). VEGF expression was higher in the
SAON group in both proximal and distal tibia (Fig. 6).

Serum markers

For bone turnover markers, serum PINP and OC in the SAON
group were significantly lower at both week 2 and week 6
than those in the normal group; serum CTX in the SAON
group was significantly lower at week 6 than that in the
normal group at the same time point and that at week 2 in
the SAON group. (p < 0.05, n = 6) (Fig. 7).

Histomorphometry

Histomorphometry results showed significantly lower 0Ob.S/
BS in the SAON group in both week 2 and week 6 and
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Figure 6

significantly higher osteoclast number (N.Oc/BS) in the
SAON group in week 2. Significantly higher marrow fat
fraction was found in the SAON group in both week 2 and
week 6. The marrow fat faction was significantly higher in
week 6 than that in week 2 in the SAON group. No marrow
oedema in the normal control group, significantly higher
oedema area in the SAON group in both week 2 and week 6,
and significantly higher oedema area in the SAON group in
week 6 than that in week 2 (p < 0.05, n = 6) (Fig. 3) were
observed.

Liver histopathologic examination

H&E staining showed regular hepatic cells in normal rats.
Hepatic oedema appeared 2 weeks after SAON induction;
cell division suggested hepatic injury and repair progress.
The acute hepatic injury was repaired 6 weeks after SAON
induction, while lipid accumulation appeared in SAON rats 6
weeks after SAON induction. Different from the oedema in
the H&E staining sections that showed cavity inside the
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(A) Representative 3-D images of micro-CT based vessel architecture in the proximal tibia and distal tibia in the normal

and SAON group; (B) histogram showed that in the proximal tibia, the medium (100—200 um) and large-sized (>200 um) blood
vessels in the SAON group were significantly less than those in the normal group and in the distal tibia, the small-sized leakage
particles (<100 um) in the SAON group were significantly more than those in the normal group (*: p < 0.05, **: p < 0.01, n = 4); (C)
proximal tibia from the normal group (red arrow: Microfil in blood vessel; black arrow: leakaged Microfil particles); (D) proximal
tibia from the SAON group; (E) distal tibia from the normal group; (F) distal tibia from the SAON group. Representative immuno-
histochemistry staining showed higher VEGF expression in the SAON group in both proximal and distal tibia.

SAON = steroid-associated osteonecrosis.
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Serum markers. Bone turnover markers: serum PINP and OC in the SAON group were significantly lower at week 2 and

week 6 than those in the normal group; serum CTX in the SAON group was significantly lower at week 6 than that in the normal
group at the same time point and than that at week 2 in the SAON group. (*: p < 0.05, **: p < 0.01, n = 6).
CTX = carboxy-terminal telopeptide; OC = osteocalcin; PINP = amino-terminal propeptide of type | collagen; SAON = steroid-

associated osteonecrosis.

hepatic cell, the adipocytes in the liver sections showed as
oval cavity outside the hepatic cells (Fig. 8).

Discussion

The present study evaluated an SAON induction protocol in
rats with combination injections of LPS and MPS with
different evaluation approaches to examine the metabolic
disorders on the bone and other affected cross-talking tis-
sues. The endpoint evaluation is the ON incidence evalu-
ated by histology, which is a gold standard to evaluate ON in
an animal model [24]. We observed typical ON lesions in our
histological slides for proximal and distal femur and prox-
imal and distal tibia, with similar histopathological ON
features seen in severe acute respiratory syndrome (SARS)
patients who received large dose of corticosteroid with
SAON developed at multiple skeletal sites, including hip,
knee and ankle joint [26].

We found 100% ON incidence at week 2 attributed to
combined effects of LPS and large dose of pulsed MPS
treatment. Corticosteroid-induced ON was through its
direct effects on bone cells to induce the apoptosis of os-
teoblasts and osteocytes so as to impair bone formation
[27,28]. LPS-induced inflammation could inhibit bone for-
mation and increase bone resorption, which simulated the
inflammation deceases [29,30]. In this study, the Ob. S/BS
was significantly lower at the time point of week 2, sug-
gesting that the LPS and excess corticosteroid induced cell

Normal

Figure 8

death with reduced osteoblast number. Correspondingly,
the bone formation marker PINP was significantly lower,
which suggested that the total bone formation function is
inhibited and accompanied downregulation of another bone
formation marker OC at week 2. OC is secreted by the
osteoblast and is a marker of the activity of osteoblasts’
activity of the entire skeleton within the body [31]; it is also
a bone-regulated endocrine hormone to regulate energy
metabolism [31]. The significantly decreased OC could
induce abnormal glucose and adipose metabolism [32,33].
Our results showed that the bone marrow fat in the SAON
group was significantly larger than that in the normal con-
trol group, which could decrease the blood supply in the
bone marrow region. OC could also stimulate angiogenesis
[34]. Corticosteroid has antiangiogenesis effect [35], which
consequently impairs blood supply. Our Microfil and angi-
ography results showed that the volume of blood vessels in
red bone marrow region of the proximal tibia of the SAON
group was significantly lower than that in the normal con-
trol group, evidence of impaired blood supply in bone
marrow, and consequently the induced hypoxia would
eventually cause osteonecrosis. Oedema was appeared at
bone marrow at week 2 after SAON induction. It was re-
ported that LPS-induced inflammation could induce
vascular dysfunction and blood vessel leakage [36]. Our
Microfil and angiography results also showed more leakage
particles in the distal tibia 2 weeks after SAON induction.
More leakage particles found in the present study suggested
higher vessel permeability that could induce oedema, and

Liver histopathologic appearance. Representative H&E staining sections showed regular hepatic cells in normal rats,

hepatic oedema and cell division (Green arrow) 2 weeks after SAON induction and fatty liver 6 weeks after SAON induction. (Black

arrow: lipid accumulation).
SAON = steroid-associated osteonecrosis.
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higher marrow pressure, in turn, reduced blood flow and
induced hypoxia. The LPS-induced blood vessel leakage
further induced oedema, then inhibited the blood vessel
function and then hypoxia, which eventually induce
osteonecrosis. VEGF expression was higher in the SAON
group in both proximal and distal tibia, indicating severe
ischaemia and hypoxia condition in the SAON group after
induction.

Micro-CT—based trabecular architecture analysis
demonstrated significant bone loss at trabecular bone of
the proximal tibia 6 weeks after SAON induction, demon-
strated by the significant lower BMD, BV/TV, Conn. D., Tb.
N and significant higher Tb. Sp in the SAON group. Normally,
the Tb. Th becomes thinner during bone loss, while in this
ROI, the Th. Th is relatively higher near the cortical bone
and thinner in the middle region. Based on representative
micro-CT 3-D images, we could find that the trabeculae in
the middle region were almost disappeared in the SAON
group; therefore, there was no significant thinner Tb. Th of
the SAON group which remained relatively thicker trabec-
ulae near the cortical bone. For the SMI in micro-CT anal-
ysis, 0 means ideal parallel plate structure, and 3 means
ideal cylindrical rod structure, and the SMI between 0 and 3
is dependent on the volume ratio of rods and plates [37]. In
this study, the inner more trabeculae with rod-like struc-
ture were almost lost, and the outer more trabeculae with
plate-like structure degraded towards more rod-like struc-
ture in the SAON group, which explained no significant
difference in the SMI between the two groups.

During development of ON, necrotic bone repair was
accompanied by bone resorption of necrotic bone and
reparative bone formation of new bone in this rat SAON
model. At the beginning of the repair progress at week 2,
bone histomorphometry evaluated in the proximal tibia
showed significantly lower Ob. S/BS and higher osteoclast
number in the SAON group, suggesting significant bone loss
after induction. Bone resorption marker CTX in the SAON
group and normal group were however not significantly
different, whereas the bone formation marker PINP and OC
in the SAON group were both significantly lower than those
in the normal group, suggesting systemic bone loss under
the influence of LPS and MPS induction. At week 6, because
of the continuous steroid treatment and the continuous
bone loss, both bone formation markers and bone resorp-
tion marker were lower for the SAON group than those in
the normal group. Bone histomorphometry revealed that
the Ob. S/BS correspondingly showed lower osteoblast
number in the SAON group at week 6, which demonstrated
the continuous inhibiting effect of the steroid. Severe fat
accumulation was found in red marrow region, and more
oedema persisted in yellow marrow region at week 6 than
those at week 2 in SAON group, suggesting poor blood
supply at week 6 when compared with that at week 2,
although at week 6, there were only two rats in the SAON
group classified as ON—, which was explained by on-going
repairing progress and the significant bone loss especially in
red marrow region of ROIs evaluated at proximal femur,
distal femur and proximal tibia.

Besides bone tissue, we also used DXA to test the fat/lean
composition in the SAON rat model for the first time for

studying soft tissues around the SAON region. The ROl was
chosen at the low limb because the fat percent in the normal
control group was low, i.e., 1.5% from the result that pro-
vided reference data to study their alterations in the SAON
group. There is muscle—bone crosstalk that they may
modulate each other mechanically and metabolically [38],
especially in the metabolic syndrome affected by excess
corticosteroid [39]. Inflammation, oxidative stress and hor-
monal modification could be the common causes involved in
development of decreased muscle mass and decreased
osteoblast activity [38]. In our SAON rat model, we found
significantly lower lean mass from DXA results and lower
bone mass from micro-CT at week 6 that shared similar
clinical features [39]. DXA results in this study also showed
significantly increased fat percentage in the lower limb in
the SAON group at week 6, whereas the body weight for rats
from the SAON group did not increase from week 2 to week 6,
suggesting that corticosteroid treatment changed the tissue
composition, i.e., increased fat tissue and decreased bone
and skeletal muscle, but not body weight in this rat SAON
model. The excess corticosteroid treatment could affect
differentiation potential of both adipocytes and osteoblasts
by activating peroxisome proliferator-activated receptor
gamma (PPARy) of the precursor cells of adipocytes and os-
teoblasts to increase adipogenesis and meanwhile decrease
osteogenesis to induce osteonecrosis [40,41].

The liver is a vital organ in metabolism, and disorders in
the liver reflect the whole body pathophysiological meta-
bolic disorders [42]. In this SAON rat model, the occurrence
of hepatic oedema and cell division 2 weeks after SAON
induction suggested the acute LPS-induced inflammation
injury and liver cells repair progress, which were accom-
panied by development of osteonecrosis and its repair
process at week 2. The fatty liver 6 weeks after SAON in-
duction suggested abnormal high lipid levels in
corticosteroid-affected metabolic disorders, which corre-
sponded with the fat body including high fat levels in the
body composition and high fat level in the bone marrow 6
weeks after SAON induction.

Compared with the previously published reports using
combination of LPS and MPS with variant dosages and time
window, the present study reported details on evaluations
of osteonecrosis, together with additional important in-
formation on mortality rate, and other associated temporal
changes in metabolism at two different time points that
reflect the occurrences and repairing of osteonecrosis and
steroid-associated bone loss.

In conclusion, the present study successfully induced
SAON in a rat model with pulsed injection of LPS and MPS
and evaluation protocols with typical histopathologic ON
features and advanced evaluation approaches to identify
the metabolic disorders of SAON. The SAON rat model is a
suitable and cost-effective animal model to study cellular
and molecular mechanism of SAON and potential drugs to
be developed for prevention and treatment of SAON.
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