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Abstract— Introduction: Osteonecrosis of the femoral head is caused by various factors, including prolonged use 
of steroid drugs, use of alcohol, vascular injuries and hemoglobinopathies. This study aims to develop a mouse model 
for glucocorticoid-induced avascular necrosis (AVN) of the femoral head.Methods: Adult mice were randomly di-
vided into two groups: experimental and control. Group A (the experimental group) was given (via intramuscular in-
jection) 10 mg/kg of lipopolysaccharide (LPS) and 30 mg/kg of methylprednisolone (MPS). Each mouse additionally 
received MPS in divided oral doses of 13 mg/kg for 10 consecutive days. Group B (the control group) received nor-
mal saline at the same location and same volume as those in Group A. Histological changes of the femoral heads were 
observed by electron microscopy at 3, 5, and 7 weeks after the last chemical injection. The percentage of empty lacu-
nae was measured randomly and the expression of fibrocartilage was evaluated using an image analyzing system. The 
expression of CD31 and VEGF-R2 were observed by immunohistochemistry. The bone marrow-derived mononuclear 
cells were stained with propidium iodide and cell cycle was analyzed by flow cytometry. Results:The results showed 
that at weeks 3 and 5, mice in Group A showed an increase in body weight. From weeks 5 to 7, mouse body weight in 
both groups remained constant. No difference in bone morphology was observed at week 7. The percentage of empty 
lacunae was 5.87  2.49% at week 5 and 21.58  8.10% at week 7. After 7 weeks, chondrocyte degeneration and 
fibrocartilage expression were observed. Moreover, the density of CD31 and VEGF-R2 markers increased in the fe-
moral head. The rate of apoptosis in the bone marrow increased at week 3 then decreased. Conclusion: The data 
show that MPS, combined with LPS, can induce in mice features typical of early AVN of the femoral head. 
 
Key words: Avascular necrosis of femoral head, osteonecrosis, mouse model, methylprednisolone, lipopolysaccha-
ride, glucocorticoid, steroids 

 
 

INTRODUCTION 

AVN (also called osteonecrosis) of the femoral head is 

defined as a pathological state with death and/or ne-

crosis of bone marrow cells and osteocytes due to in-

terruption of blood supply to the bone (Kerachian et 

al., 2010a). This leads to the collapse of the necrotic 

segment. Factors that may cause AVN include steroid 

administration, alcohol abuse, hemoglobinopathies, 

traumatic events, vascular injury and idiopathic ori-

gins (J. Anthony Parker, 1988). In the early stage, pa-

tients do not show distinct symptoms but structural 

and cellular changes can be observed at the histologi-

cal level. To date, treatment for this disease includes 

non-weight bearing therapy, bone grafting (for physi-

cal support) and tantalum implants (Zalavras et al., 

2003b).  

Glucocorticoids are absorbed through the cell mem-

brane by special receptors and affect lipid, protein and 

carbohydrate metabolism. The effect of glucocortico-

ids on bone can be summarized by three major me-

chanisms: (i) the imbalance between bone resorption 

and bone remodeling, (ii) vascular occlusion or vascu-

lar injury, and (iii) activation of apoptotic signaling 
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pathway by some glucocorticoids (Zalavras et al., 

2003b). At the cellular level, glucocorticoids can de-

crease mitosis, increase apoptosis by Fas pathway and 

inhibit type II collagen synthetic ability in osteoblasts. 

For osteoclasts, glucocorticoids increase the expression 

of differentiation cytokines, e.g. G-CSF, RANK-L and 

IL-6. Similar to their effect on osteoblasts, glucocorti-

coids can stimulate apoptosis of osteocytes and 

change their elastic modulus. In addition, high levels 

of glucocorticoids can cause inhibition of lymphoid 

enhancer-binding factor 1/transcription factor 7 

(LEF/TCF), associated with beta-catenin, in canonical 

Wnt signaling pathway (MacDonald et al., 2009); 

therefore, the transition from G1 to S phase can be re-

stricted (Ichiseki et al.). Moreover, glucocorticoids can 

cause reduced growth of cartilage and reduced syn-

thesis of collagen and proteoglycans. Many animal 

models of AVN have been established using different 

glucocorticoids, such as prednisolone (Qian et al., 

2008), methylprednisolone (MPS) (Ichiseki et al., 

2004b), and dexamethasone (Yin et al., 2006). Among 

them, MPS, a synthetic glucocorticoid, has been dem-

onstrated to effectively increase osteonecrosis 

(Miyanishi et al., 2005). 

Lipopolysaccharides (LPS), molecules found in the 

outer membrane of gram-negative bacteria, have im-

munostimulatory properties; they can induce systemic 

inflammation and sepsis through Toll-like Receptor 4 

(Beutler and Rietschel, 2003). Therefore, application of 

LPS in our model should affect cartilage (Bobacz et al., 

2007; Ichiseki et al., 2004a). Several studies have dem-

onstrated that LPS activates many transcription factors 

and cytokines, including NF- B, IL-33 (Espinassous et 

al., 2009). In fact, the bone marrow and immune sys-

tem are functionally interconnected (Zupan et al., 

2013). Thus, cellular immune and pro-inflammatory 

cytokines can impact bone cells. Recent studies have 

reported that LPS can enhance a glucocorticoid-

induced disease progression model (Qin et al., 2006; 

Ryoo et al., 2014; Wu et al., 2008). 

In this study, AVN of the femoral head was induced 

by combining LPS and MPS in an effort to develop an 

experimental mouse model. Development of such a 

model will be useful for evaluation of effective thera-

peutic modalities for AVN.  

 

 

 

MATERIALS AND METHODS 

Establishment of a Mouse Model of AVN 

Adult mice (ranging from 4-8 weeks in age and 25 – 30 

grams in weight) were randomly divided into two 

groups. Group A (experimental group) received intra-

venous injection of 10 mg/kg LPS and 30 mg/kg MPS 

(Table 1). Moreover, each mouse received an addi-

tional administration of Medrol (Pfizer, Italy), given 

orally in divided doses of 13 mg/kg for 10 days. Group 

B (control group) received normal saline; the injection 

location and volume were the same as those used for 

Group A. The animals were evaluated at weeks 3, 5 

and 7, after the last injection. 

 

Table 1. Drug injection diagnosis for experimental group 

Day  1 2 3 4 5 615 

Drug LPS  LPS  MPS LPS  LPS  MPS 

Dose 2.5 

mg/kg 

2.5 

mg/kg 

30 

mg/kg 

2.5 

mg/kg 

2.5 

mg/kg 

4 

mg/mice 

LPS: lipopolysaccharide; MPS: methylprednisolone 

 

Histological Assay 

Femurs were collected from sacrificed mice and fixed 

in paraformaldehyde (4%) for 2-3 days. To demineral-

ize the calcium, femurs were transferred to phosphate 

buffered saline containing 10% disodium ethylene 

diamine triacetic acid (PBS-EDTA) for 10-14 days or 

until the femurs were tender. The femurs were then 

dehydrated by glucose (10%) and later embedded in 

tissue freezing medium and cut into 10-15 m-thick 

sections. Finally, samples were stained with hematox-

ylin and eosin dye and observed by microscopy. For 

each section, several random fields were observed and 

evaluated for number of bone lacunae. The proportion 

of empty lacunae to bone lacunae was calculated. 

To evaluate the expression of proteoglycans, the sam-

ples were stained with Safranin O. Images were ana-

lyzed by imageJ software (National Institutes of 

Health, USA). 

Immunohistochemistry 

For detection of VEGF and CD31 expression (in the 

femoral head following drug treatment) immunohis-

tochemistry was used. Tissues were sectioned accord-

ing to the histological assay mentioned above, and 
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stained with Rat-anti mouse VEGF-R2 (Flk1) FITC (BD 

Bioscience, US) and Rat-anti mouse CD31 FITC (BD 

Bioscience, US). Hoechst dye was used for nuclear 

staining. The results were observed by fluorescent mi-

croscopy. 

Cell cycle assay 

Bone marrow-derived mononuclear cells were col-

lected by incubation in hemolysis solution. Mononuc-

lear cells were fixed in ethanol (70%) for 24 hours and 

stained with propidium iodide for 10 minutes. Cell 

cycle analysis was done by flow cytometry. 

Statistical Analysis 

The data were analyzed by GraphPad Prism 6.0 soft-

ware and Microsoft Office 2011. Images were analyzed 

by ImageJ software.  

 

 

RESULTS  

Weight change 

Weight of mice in both groups increased over time. 

However, the rate of weight gain was faster in the ex-

perimental group. The rate of weight gain was ap-

proximately 19.63% ± 8.29% at week 3 and 30.01% ± 

13.55% at week 5, compared to the control group 

(14.42% ± 5.69%). From weeks 5 to 7, the body weight 

of mice in both groups remained constant.  

Morphological changes of the cartilage and bone 

To observe the occurrence of AVN of the femoral head, 

we used microscopy and several cytological and histo-

logical examinations. After 7 weeks of drug adminis-

tration, bone morphology showed no significant 

change in treated mice compared to control mice, by 

observation with the naked eye and by stereoscopic 

microscopy (Fig. 1A). However, the femoral head of 

drug-treated mice changed to an opaque color, whe-

reas the femoral head in control mice remained white 

in color (Fig. 1B). Moreover, there were dents present 

on the femoral head of drug-induced mice (Fig. 1C). 

 

 

Figure 1. Morphological changes of the cartilage and bone. 

The morphology of the femur (A), and femoral head of the 

control group (B) and drug-induced group (C), after 7 

weeks. Samples were observed under stereoscopic micro-

scopy. 

 

Bone lacunae  

The loss of osteocytes in bone tissue is one evident 

change which indicates AVN of the femoral head 

(Ichiseki et al., 2004a). Our study showed that the per-

centage of empty lacunae gradually increased from 

week 3 to week 7. While the empty bone lacunae in 

the control group at week 3 was 0.28%  0.28% (Fig. 2 

A), the ratio in the drug-treated group was 0.68% ± 

0.16%, and reached 5.87%  2.49% in week 5 and 

21.58% ± 8.10% in week 7 (Fig. 2B) (p<0.05). The rate of 

bone defect at week 3 was not different compared to 

control mice ((p>0.05), but there was a statistically sig-

nificant difference in the groups at week 5 and also at 

week 7 (p<0.05). 

 

 

Figure 2. Analysis of bone defect following drug induction. Hematoxylin–eosin staining from a control mouse (A) versus a 

drug-treated mouse (B), at week 7. Lacuna in the bone cells could clearly be observed, indicated by arrows (original 

magnification X200). The percentage of bone lacunea increased over time (C). Each column shows mean ± SD of data from three 

independent experiments (*: p<0.05). 
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Histological Assay 

The histological features of chondrocytes at the femur 

head looked distinctly different in the control group 

versus drug-treated group, at week 7. In the control 

tissue, the normal cartilage cells were inlaid in the 

chamber with tight contact structures (blue arrow) 

(Fig. 3A). In the drug-treated tissue, there were visible 

hollow cavities between the chondrocytes, indicative 

of loss of tissue structure, and the cartilage cells 

looked injured and atrophic (blue arrow) (Fig. 3B). 

 

 

 

Cartilage samples were stained by safranin O dye (Fig. 

4A,B). The proteoglycan content in normal cartilage 

was stained orange to red, fibrocartilage was stained 

green, and nuclei were stained black. Proteoglycan 

expression was recorded by analyzing the digital pho-

tomicrographs via ImageJ software. Statistical results 

showed the proteoglycan expression level in the nor-

mal (control) group to be at 2.63 ± 0.47 while only at 

0.98 ± 0.18 in the drug-induced group, after 7 weeks. 

This indicated a statistically significant reduction in 

the amount of proteoglycan expression in mice, after 

treatment with LPS and MPS (p<0.001) (Fig. 4C). 

 

Figure 3. Hematoxylin and eosin (H&E)-stained sections representative of cartilage. (A) Control tissue, blue arrows for normal 

chondrocytes; (B) Induced tissue, blue arrows for injured chondrocytes (B). 

 

 

The distribution of proteoglycan 

 

 

  

Figure 4. Expression of proteoglycans in chondrocytes at the femur head. Safranin O–stained section representative of control 

mouse (A) and drug-treated mouse (B). Red region represents proteoglycan expression, green region represents fibrocartilage ex-

pression, and black staining represents nuclei. Proteoglycan expression was recorded by analysis with ImageJ software (C). 

****p<0.001. 
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Cell cycle assay 

There was a slight decrease in the G0/G1-phase of the 

cell cycle in the treatment group at week 3 (84.11% ± 

4.86%), compared to the control group (85.36% ± 

2.78%). These changes continued post week 3 (81.23% 

± 6.47%) through week 7 (81.89% ± 5.30%). However, 

statistical analysis showed no significant difference 

observed in the G0-G1 phase of cell cycle arrest during 

the drug induction process (Fig. 5A, D). 

The main changes were found in the proliferative 

phase (S-G2/M phase) and apoptotic phase. The per-

centage of cell cycle arrest at G0/G1 phase increased 

significantly (p<0.05) in the 5-week and 7-week drug-

induced group (17.69% ± 3.59% and 17.62% ± 4.11%, 

respectively), compared to the 3-week drug-induced 

group (11.78% ± 2.88%) and control group (13.66% ± 

3.56%) (Fig. 5B). 

The mononuclear cells in drug-induced bone marrow 

showed an increased level of apoptosis (p<0.05) at 

week 3 (4.11% ± 4.60%), compared to cells in control 

mice at the same time point (0.97% ± 0.53%). After 3 

weeks, the level of apoptosis gradually reduced (Fig. 

5C, E). 

 

 

Figure 5. Effects of methylprednisolone and lipopolysaccharide on apoptosis and cell cycle of bone marrow-derived mononuc-

lear cells. The percentage of G0 and G1 phase cells at 3, 5 and 7 weeks in the drug-induced group do not show significant differenc-

es (P>0.05), compared to the control group (A). The percentage of apoptotic cells in the drug-treated group at week 3 was significant 

higher (*P<0.05) than for week 5 and week 7 (C). Proliferative phases of the cell cycle at week 5 and week 7 were higher than week 3 

(B). Flow cytometry was performed to detect cell cycle. Cells of control mice did not show an apoptosis phase (D), unlike cells of 

drug-induced mice, at week 3 (E).  

Immunohistochemistry 

Expression of vascular endothelial growth factor re-

ceptor 2 (VEGF-R2) and CD31 in chondrocytes were 

also evaluated by immunohistochemistry; nuclei were 

indicated by Hoechst staining. VEGF-R2 and CD31 

protein levels were assessed to determine damage to 

cartilage and vascular structures. Immunohistochemi-

stry analysis showed that VEGFR-2 and CD31 signals 

were scattered in cartilage tissue. The expression of 

CD31 in the normal mouse (control group) was lower 

than in the drug-induced group at week 7 (Fig. 6). 

VEGFR-2 protein expression is different in control 

mice compared to drug-induced mice (Fig. 7).
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Figure 6. Effects of MPS and LPS on CD31 expression.  In control mouse chondrocytes (A,B,C) and drug-induced mouse 

chondrocytes (D,E,F); Nuclei stained with Hoechst are blue (A, D); CD31 positive cells stained with fluorescein are green (B, E); 

merge of the two (C, F). (original magnification X200). 

 

 

 

Figure 7. Effects of MPS and LPS on VEGF-R2 expression. In control mouse chondrocytes (A,B,C) and drug-induced mouse 

chondrocytes (D,E,F); Nuclei stained with Hoechst are blue (A, D); VEGF-R2 positive cells stained with fluorescein are red (B, E); 

merge of the two (C, F) (original magnification X200). 
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DISCUSSION 

 A decrease in chondrocyte numbers may be the result 

of injury, induced by mechanical damage or steroid 

drug use (Chen et al., 2001). Cartilage injury leads to 

apoptosis or necrosis and can contribute to changes in 

tissue structure. MPS and LPS have been demonstrat-

ed to induce change in cartilage structure. Many gly-

cosaminoglycans attach to proteoglycans (Esko JD et 

al., 2009), which are secreted into the cartilage matrix 

by chondrocytes. The interaction between chondro-

cytes and cartilage matrix play an important role in 

proliferation and cartilage remodeling.  

MPS causes a reduction in size of aggrecans or aggre-

gate proteoglycan in the cartilage matrix. This leads to 

the loss of glycosaminoglycans (Todhunter et al., 

1996). LPS activates TLR-4, a receptor for LPS which 

has been identified in chondrocytes. Upon LPS-

induced TLR-4 activation, enhanced phosphorylation 

of p38 MAPK can occur; some studies have shown 

that activation of p38 MAPK leads to decrease of GAG 

synthesis in chondrocytes in vitro. In addition, en-

hanced regulation of IL-1 , controlled by p38 MAPK, 

inhibits the production of cartilage matrix (Azuma et 

al., 2000)and consequently to the loss of matrix struc-

ture.  

Moreover, Nakazawa et al. showed that apoptosis in-

creases in corticosteroid-induced chondrocytes 

(Nakazawa et al., 2002). The membrane of chondro-

cytes partly expresses Fas antigen therefore stimula-

tion of Fas receptor can induce apoptosis of chondro-

cytes (Lotz et al., 1999).As a result, chondrocytes dis-

appear and fibrochondrocytes develop in drug-treated 

cartilage. 

Collagen is distributed in almost all connective tissue. 

Type I collagen is the major protein in bone and occu-

pies approximately 80% of the total proteins present in 

bone (Wu and Eyre, 1995). Collagen has mechanical 

functions and plays a substantial role in its toughness. 

Bone collagen abnormalities can lead to bone erosion 

(Viguet-Carrin et al., 2006). LPS and MPS have been 

reported to inhibit collagen and non-collagen protein 

synthesis in bone matrix (Larjava et al., 1987; Millar et 

al., 1986). Moreover, researchers have shown that MPS 

inhibits synthesis of Wnt; since Wnt-mediated signals 

are involved in bone formation and resorption 

(Kobayashi et al., 2008), the inhibition of Wnt can lead 

to decreased bone formation [24]. Bone erosion may 

be also caused by negative regulation of Fas expres-

sion, which extends the life span of osteoclasts (Wu et 

al., 2003).  

LPS and MPS impact the immune system as well as 

proliferation of bone cells. The bone marrow cell pop-

ulations include many different types, such as stem 

cells, adipocytes, progenitor endothelial cells and im-

mune cells. LPS and MPS can cause apoptosis in bone 

marrow-derived cells, particularly immune cells. LPS 

induces macrophage apoptosis through two mechan-

isms: secretion of TNF-  (early apoptosis) and produc-

tion of nitric oxide (late apoptosis) (Azuma et al., 

2000). Through the Fas signaling pathway, MPS pro-

motes apoptosis of bone cells (Zalavras et al., 2003a). 

Glucocorticoids also rapidly induce apoptosis of T 

cells, B cells, neutrophils and eosinophils (McManus, 

2003; Walsh, 2000). In this study, apoptosis was clearly 

induced in these cells after MPS and LPS administra-

tion.  

Corticosteroids have been reported to stimulate os-

teoclast formation and lacunar resorption (Hirayama 

et al., 2002). LPS and MPS stimulate immune cells to 

produce many different types of cytokines which af-

fect osteoclasts (Stamatos et al., 2010). There are three 

cytokine groups: (i) cytokines which activate osteoc-

lasts (Shaarawy et al., 2003), (ii) cytokines which inhi-

bit osteoclast activity (van't Hof and Ralston, 1997), 

and (iii) cytokines which have dual action on osteoc-

lasts (Zupan et al., 2013). Some cytokines, such as IL1, 

TNF-α, prostaglandin E2, G-CSF and RANK-L, induce 

the differentiation and activity of osteoclasts (Azuma 

et al., 2000; Sato and Takayanagi, 2006). In contrast, 

cytokines like interleukin-4, gamma-interferon and 

transforming factor-beta inhibit both osteoclast forma-

tion and osteoclast activity (Roodman, 1993). LPS 

binds to osteoblasts in bone through CD14 receptor 

and stimulates them to produce cytokines and eicosa-

noids, thereby activating osteoclasts (Itoh et al., 2003). 

Osteoclasts are formed by the fusion of many cells 

derived from blood, such as mature monocytes and 

macrophages(Udagawa et al., 1990).  

In this study, LPS and MPS stimulated the division of 

bone marrow-derived mononuclear cells, beginning at 

week 3 after injection. This may supply the source for 

the formation of osteoclasts. In our study, expression 

of vascular-related factors demonstrated the impor-

tance of MPS and LPS on inducing necrosis of the fe-

moral head. Cartilage is an important structural com-

ponent of the body which does not have blood vessels 

and nerves (Sophia Fox et al., 2009). VEGFR-2 is ex-

pressed during articular cartilage growth and be-
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comes quiescent at maturity. During osteoarthritis, the 

VEGFR-2 expression is also induced (Lingaraj et al., 

2010). A study showed that VEGFR-2 was also ex-

pressed in osteoblasts, osteoclasts and chondrocytes 

during the endochondral bone formation (Maes and 

Carmeliet, 2008). During the process, hypertrophic 

chondrocytes die through induction of apoptosis and 

are replaced by osteoblasts (Shapiro et al., 2005). 

Another study has shown that VEGF and its receptor 

play an important role in the initial stages of femoral 

head necrosis. Moreover, expression of CD31 (PE-

CAM), a marker on endothelial cells of the major or-

gans and large vessels, were shown to be increased- a 

sign of invasion of vascular cells into cartilage 

(Melinte et al., 2012; Pusztaszeri et al., 2006). In our 

study, the increased expression of vascular-related 

factors in the drug-treated mice group is an indication 

of invasion of blood vessel structures into the cartilage 

matrix, resulting in a changed cartilage structure. 

 

 

CONCLUSION 

This study shows that MPS, combined with LPS, can 

be used in mice to induce a model of early AVN of 

femoral head. We are aware that the mouse model 

does not show standardized pathogenesis of AVN of 

the femoral head. Nevertheless, our findings contri-

bute to a better understanding about the process of 

AVN. This basic model should be suitable for investi-

gating effective therapeutic modalities for AVN. 
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