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Abstract: Objective: The role of extravascular fat deposition in pathogenesis of steroid-associated osteonecrosis 
(ON) still remains unclear. This study aimed to explore the pathomorphological changes of bone marrow adipocytes 
over time in a rabbit ON model. Methods: Thirty-two adult rabbits were divided into control group (n=16) and steroid 
group (n=16). Rabbits in the steroid group were injected with venous lipopolysaccharide once and intramuscular 
methylprednisolone trice to induce ON. Rabbits in the control group were treated with normal saline of equal volume. 
2 weeks (early stage; n=8) and 4 weeks (late stage; n=8) after the last steroid injection, animals were sacrificed, 
and bilateral femora were harvested. The density, diameter and area of bone marrow adipocytes were determined 
by histomorphometry, and ON was evaluated histopathologically. Results: The adipocyte density in steroid group 
increased by 67.1% and 54.4% at week 2 and week 4, respectively, when compared with control group, but there 
was no significant difference between week 2 and week 4. The adipocyte diameter in the steroid group at week 4 
was significantly larger than that in the control group, but the adipocyte diameter in the steroid group at week 2 was 
slightly smaller than that in the control group. The adipocyte area in the steroid group increased by 44% and 83.4% 
at week 2 and week 4, respectively, when compared with the control group, and the adipocyte area in the steroid 
group at week 4 was markedly larger than that at week 2. In the control group, there were a largest number of 
adipocytes with 40-50 μm in diameter. When compared with the control group, most of increased adipocytes in the 
steroid group at week 2 were 30-40 μm in diameter, and those at week 4 were 50-60 μm in diameter. In the steroid 
group, histopathological examination showed ON was found in 25% (2/8) of rabbits at week 2 and 87.5% (7/8) of 
rabbits at week 4. Conclusion: In the process of ON, extravascular fat deposition is characterized by increased small 
adipocytes at the early stage and hypertrophy of adipocytes at the late stage. 
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Introduction

Glucocorticoids have been widely applied in 
clinical treatment of inflammation and autoim-
mune diseases, but glucocorticoid treatment 
brings a severe complication: osteonecrosis 
(ON). Recently, many study showed high inci-
dence of ON and high collapse rate in patients 
recovering from SARS after receiving glucocor-
ticoid treatment, which makes steroid associ-
ated ON becoming a hot topic [1, 2]. There are 
several theories for steroid associated ON, 
such as theory of vascular compression due to 

extravascular fat deposition, theory of hyperco-
agulability and theory of fat embolism [2-5]. 
Among these theories, vascular compression 
due to extravascular fat deposition becomes a 
widely accepted theory. In patients with ON, his-
topathological examination has confirmed fat 
deposition in bone marrow. However, how the 
extravascular fat deposition involves in the 
pathogenesis of steroid associated ON is still 
poorly understood [6, 7], and the changes of 
bone marrow adipocytes in steroid associated 
ON are also unclear [7, 8]. In the present study, 
steroid associated ON was introduced to rab-
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bits according to previously 
described (this has a high inci-
dence of ON) [7], and histomor-
phometry and classic methods 
were employed to evaluate ON. 
This study aimed to investigate 
the dynamic change in bone 
marrow adipocytes in steroid 
associated ON. Our results may 
provide evidence on the relation-
ship between extravascular fat 
deposition and steroid associat-
ed ON. 

Materials and methods 

Animal model and grouping 

A total of 32 rabbits aged 28-32 
weeks were randomly assigned 
into control group (n=16) and 
steroid group (n=16). The steroid 
associated ON was introduced 
with methods developed in our 
department [7]. In brief, rabbits 
in the steroid group were intrave-
nously injected with endotoxin 
(LPS; 10 μg/kg, Escherichia coli 
0111:B4, Sigma-Aldrich) once 
and intramuscularly with methyl-
prednisolone (20 mg/kg, Phar- 
macia and Upjohn, USA) thrice 
with an interval of 24 h. Animals 
in the control group were treated 
with normal saline of equal vol-
ume. Rabbits were housed in a 
standard environment and given 
ad libitum access to food and 
water without activity restriction. 
2 weeks (early stage) and 4 
weeks (late stage) after last ste-
roid injection, animals were sac-
rificed (n=8 at each time point), 
and bilateral femora were col-
lected for examination. 

Sample collection and treat-
ment 

After anesthesia, animals were 
sacrificed using an overdose of 
sodium pentobarbital, and bilat-
eral femora were collected and 
fixed in 10% formalin for 72 h 
and then in 75% ethanol for 1 

Figure 1. Density of adipocytes in bone marrow. The adipocytes in bone 
marrow increased in steroid group. *P<0.01 vs control group.

Figure 2. Mean diameter of adipocytes in bone marrow. The diameter of 
adipocytes significantly reduced at early stage (P<0.05) but markedly in-
creased at late stage (P<0.01). *P<0.05, **p<0.01 vs control group. 

Figure 3. Area of adipocytes in bone marrow. The area of adipocytes in ste-
roid group continuously increased (P<0.01), and significant difference was 
noted between early stage and late stage (P<0.01). *P<0.01 vs control 
group; #P<0.01 vs early stage.
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week. Decalcification was done in 9% formic 
acid for 4 weeks followed by dehydration in a 
series of ethanol solution and subsequent 
embedding in paraffin. The proximal 1/3 of 
femora was cut into 4-μm sections followed by 
mounting with resin and H&E staining. 

Histomorphometry of adipocytes in bone mar-
row 

Four fields were randomly selected from each 
section at 100 magnification and two sections 
were collected from each femur. A total of 16 
fields were selected from 4 sections of each 
rabbit followed by quantification of adipocytes 
in bone marrow. The density, diameter and area 
of adipocytes in bone marrow were determined 
and analyzed with Image-Pro Plus 5.1. 
Adipocyte density refers to number of adipo-
cytes in unit bone marrow area (excluding bone 
trabecula); adipocyte diameter refers to mean 
diameter of adipocytes in bone marrow; adipo-
cyte area refers to area of bone marrow adipo-
cytes in unit bone marrow area (excluding bone 
trabecula) [9]. 

Histopathological examination of ON

ON was defined as formation of empty lacunae 
or karyopyknosis of a large number of necrotic 
osteocytes in bone trabecula, accompanied 
necrosis of surrounding fat tissues [9]. Once 
one femur developed ON, positivity for ON was 
confirmed. 

Statistical analysis 

Statistical analysis was done with SPSS version 
13.0 for Windows (SPSS Inc., Chicago, IL, USA). 
Density, diameter and area of adipocytes were 
compared with analysis of variance between 
two groups. Data were expressed as mean ± 
standard deviation ( | ±SD). A value of P<0.05 
was considered statistically significant. 

Results 

Density of adipocytes in bone marrow 

In the control group, the density of adipocytes 
in bone marrow was 149±15/mm2. In the ste-
roid group, the density of adipocytes in bone 
marrow was 249±25/mm2 at week 2 and 
230±23/mm2 at week 4, which were increased 
by 67.1% and 54.4%, respectively, when com-

pared with the control group (P<0.01). However, 
the density of adipocytes in bone marrow was 
comparable between week 2 and week 4 
(P>0.05) (Figure 1). 

Diameter of adipocytes in bone marrow 

The mean diameter of adipocytes in bone mar-
row was 42.6±3.6 μm in control group, 
38.2±3.1 μm in steroid group at week 2 and 
52.9±4.1 μm in steroid group at week 4. 
Significant difference in the mean diameter of 
adipocytes was noted between the control 
group and the steroid group at different time 
points (Figure 2). 

Area of adipocytes in bone marrow 

The area of adipocytes in bone marrow was 
23.2±3.9% in the control group. In the steroid 
group, the area of adipocytes in bone marrow 
was 33.4±4.7% at week 2 and 42.6±5.3% at 
week 4, which were increased by 44% and 
83.6%, respectively, when compared with the 
control group (P<0.01) (Figure 3). 

Proportion of adipocytes with different sizes in 
bone marrow

In the control group, the majority of adipocytes 
in bone marrow had a diameter of 40-50 μm. In 
the steroid group, the majority of adipocytes in 
bone marrow were 30-40 μm at week 2 and 
50-60 μm at week 4 (Figures 4 and 5). 

Incidence of ON 

At the early stage (week 2), ON was found in 2 
out of 8 rabbits (25%), and the incidence of ON 
was 87.5% (7/8) at the late stage (week 4). In 
the control group, ON was not observed. 

Discussion 

This study for the first time explored the rela-
tionship between changes of adipocytes in 
bone marrow and steroid associated ON with 
histopathological examination. Our results 
showed extravascular fat deposition in bone 
marrow (fat area in bone marrow) deteriorated 
over time, and the incidence of ON increased 
over time in animals with steroid treatment. Our 
findings provide evidence on that extravascular 
fat deposition in bone marrow may involve in 
the pathogenesis of steroid associated ON. 
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In the present study, the area, density and 
diameter of adipocytes in bone marrow at week 
2 (early stage) were significantly larger than 
those in control group. This suggests that extra-
vascular fat deposition at the early stage of ON 
is attributed to the increase in the number of 
adipocytes. In addition, at late stage (week 4), 
the area of adipocytes in bone marrow was 
markedly larger than that in the control group 
and the steroid group at week 2. With the 
increased incidence of ON at week 4, the mean 
diameter of adipocytes in bone marrow in ste-
roid group was also significantly larger than 
that in the control group. Of note, the number of 
large adipocytes in the steroid group at week 4 
was larger than that in the control group. 
Although the density of adipocytes at week 4 

was higher than that in the control group, but 
comparable to that at week 2 in the steroid 
group. This indicates that the extravascular fat 
deposition at the late stage is attributed to the 
enlargement (hypertrophy) of adipocytes and at 
the early stage is attributed to the increase in 
the number of adipocyte. 

In vivo study showed glucocorticoid could pro-
mote the differentiation of bone marrow derived 
mesenchymal stem cells (BMSCs) into adipo-
cytes [10]. Recently, our group also found that 
BMSCs from rabbits with steroid associated ON 
had increased potential to differentiate into 
adipocytes following differentiation induction 
[11]. This implies that the small adipocytes 
which increase at early stage after steroid treat-

Figure 4. Number of adipocytes with different sizes in bone marrow. The majority of adipocytes had small diameter 
at the early stage and had large diameter at the late stage. 

Figure 5. Histopathological examination of femur at different time points (HE staining; 20×). A: control group. The 
number of adipocytes in bone marrow was small, and space for hematopoietic cells was preserved; B: At the early 
stage after steroid treatment, the adipocytes in bone marrow increased and had small size; C: At the late stage of 
steroid treatment, the adipocytes in bone marrow increased and had large size, and the space for hematopoietic 
cells further reduced in bone marrow. 
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ment are attributed to the differentiation of 
BMSCs in the presence of glucocorticoids. The 
increased diameter of adipocytes in live ani-
mals with ON can be explained by disturbance 
of fat transport [12, 13]. This indicates that the 
increase in large adipocytes at late stage of 
steroid treatment may be, at least partially, 
associated with compromised fat transport in 
adipocytes. Thus, our findings provide an inter-
ventional strategy for ON: to block the signaling 
pathway involving in glucocorticoid induced adi-
pogenesis at early stage and to promote fat 
transport in adipocytes may be feasible in pre-
vention of ON.
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