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Abstract
Non-traumatic osteonecrosis of the femoral head (ONFH) is believed to be avascular necrosis.
Certainly, a disruption of a supplying artery induces necrosis in the supplying artery-dominant
region. However, when an abnormality such as cell apoptosis, or another reason, is developed in
the supplying artery-dominant region, it induces a disruption of the supplying artery. Therefore,
to prove that ONFH is avascular necrosis, it is necessary to demonstrate the disruption of the supplying artery prior to histological osteonecrosis development. Here we investigate histologically,
using a rat model, whether disruption of the supplying artery occurs before the initial development of ONFH following corticosteroid treatment. Rats were given imiquimod and methylprednisolone, and were sacrificed 1, 2, 3, 7 or 14 days after the last injection. At the sacrifice, the rat was
perfused with 20 ml black Indian ink through the left ventricle. ONFH was observed in the Imiquimod + Methylprednisolone group at 7 and 14 days. The osteonecrotic area was not stained
with perfused black Indian ink. However, the lateral portion of the femoral head near the superior
retinacular artery was stained with the ink. In conclusion, the present study shows that the superior retinacular artery did not occlude before the initial development of ONFH histologically in
rats.
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1. Introduction

Corticosteroid-induced osteonecrosis of the femoral head (ONFH) is believed to be a multifactorial disease, and
an avascular necrosis [1] [2]. Several reports demonstrated the disruption of the supplying artery as a cause of
osteonecrosis in experimental animals and clinical reports [3] [4]. However, these reports merely present results
obtained histologically or from diagnostic images after the initial development of osteonecrosis. Therefore, it
still remains unclear whether corticosteroid treatment leads to a disruption of the supplying artery, and whether
it induces ONFH.
We previously reported that corticosteroid treatment after an imiquimod (a toll-like receptor (TLR) 7 ligand)
injection induces ONFH in Wistar ST rats [5]. The aim of the present study was to evaluate whether TLR7 stimulation by imiquimod and corticosteroid treatment leads to the disruption of the supplying artery before the
development of ONFH histologically in rats.

2. Materials and Methods
2.1. Animals
All experiments were conducted in accordance with the guidelines of the Ministry of Sports, Culture, Science,
and Technology of Japan, and followed protocols approved by the Animal Ethics Committee of Sapporo Medical University (#12-084). Male Wistar ST rats (16 weeks old age, 300 - 350 g) were obtained from Sankyo Labo
Service Co. Ltd. (Sapporo, Japan). All animals were housed in temperature- and humidity-controlled rooms with
unlimited food and water and a 12-h light/dark cycle.

2.2. Experimental Groups and Protocols
Animals (n = 36) were treated as follows: the Control group (n = 6) were given saline (1.0 ml/kg) subcutaneously on Day 1 and saline (1.0 ml/kg) intramuscularly on Day 2 and sacrificed on Day 3; the Imiquimod +
MPSL group (n = 30) were given 30 mg/kg Imiquimod (Tokyo Chemical Industry, Tokyo, Japan) intramuscularly on Day 1 and 20 mg/kg methylprednisolone (Sigma, St Louis, MO, USA) intramuscularly on Day 2 as described previously [5]. Animals were sacrificed 1, 2, 3, 7 or 14 days (n = 6 each day) after the last injection. All
injections were performed at 7:00 p.m. At the sacrifice, the rat was perfused with 20 ml black Indian ink
(KAIMEI & Co., Ltd., Saitama, Japan) through the left ventricle, to act as an index of the blood flow in the femoral head. The femurs were harvested and fixed in a 10% formalin-0.1 M phosphate buffer (pH 7.4).

2.3. Histopathology
The bone samples were decalcified with KalkitoxTM (Wako Pure Chemical Industries, Ltd. Osaka, Japan) and
then neutralized with a 5% sodium sulfate buffer. The tissues were then processed for non-staining and routine
hematoxylin and eosin staining to assess the general architecture. Osteonecrosis was defined as the diffuse
presence of empty lacunae or pyknotic nuclei in osteocytes within the bone trabeculae, accompanied by surrounding bone marrow cell necrosis [6]-[8].

3. Results
ONFH was observed in zero of 6 rats in the control group and in the Imiquimod + MPSL group at 1, 2 and 3
days, in 2 of 6 rats in the Imiquimod + MPSL group at 7 days, and in one of 6 rats in the Imiquimod + MPSL
group at 14 days. All femoral heads showed staining with black Indian ink in the control group and in the Imiquimod + MPSL group at 1, 2 and 3 days in non-staining slides (Figure 1A, Figure 1C, Figure 1E, Figure 1G,
respectively). Routinehematoxylin and eosin staining shows the normal trabeculae and hematopoietic and fat
cells were observed in the control group and in the Imiquimod + MPSL group at 1, 2 and 3 days (Figure 1B,
Figure 1D, Figure 1F, Figure 1H, respectively). However, the femoral head of one rat in the Imiquimod +
MPSL group at 3 days showed only diffuse empty lacunae at bone trabeculae without bone marrow cell necrosis
in the medullary space, and black Indian ink staining was weak in the central area of the femoral head with diffuse empty lacunae (Figure 2). In the Imiquimod + MPSL group at 7 days, rats with ONFH showed empty lacunae at the necrotic bone trabeculae, and an accumulation of cell debris in the medullary space in most areas of the
femoral head (Figure 3B and Figure 3D), and the area of ONFH did not stain with black Indian ink (Figure 3A
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Figure 1. Hisological appearance of the femoral head. Panels show non-staining and
hematoxylin and eosin stained images of the femoral head. Typical images for the
Control (A, B), Imiquimod + MPSL 1 day (C, D), 2 days (E, F) and 3 days (G, H)
groups are shown. All femoral heads showed staining with black Indian ink in
non-staining slides (A, C, E, G). Routine hematoxylin and eosin staining shows the
normal trabeculae and hematopoietic and fat cells (B, D, F, H). Scale bar: 100 μm.

and Figure 3C). However, the lateral portion of the femoral head near the superior retinacular artery stained
with black Indian ink (Figure 3A and Figure 3E), and normal trabeculae and hematopoietic cells were observed
with hematoxylin and eosin staining (Figure 3F). In the Imiquimod + MPSL group at 14 days, the rat with
ONFH also showed similar histopathological findings to the Imiquimod + MPSL group at 7 days rats with
ONFH (Figures 4A-C). Furthermore, formation of appositional bone around the necrotic bone trabeculae, as
part of the repair process, and the deposition of fibrous and granulation tissue in the medullary space were observed at the lateral portion of the femoral head (Figure 4D).

4. Discussion
Osteonecrosis after high dose corticosteroid therapy often develops in the femoral head [9]. This may be due to
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Figure 2. Hisological appearance of the femoral head in the Imiquimod+MPSL group of 3 days.
Routine hematoxylin and eosin staining shows the normal-looking trabeculae and hematopoietic
and fat cells (B, D). However, only diffuse empty lacunae at bone trabeculae were observed in
the central area of the femoral head (D: black arrow, E). Black Indian ink staining was weak in
the central area of the femoral head with diffuse empty lacunae (A, C). Scale bar: 100 μm.

Figure 3. Hisological appearance of the femoral head in the Imiquimod+MPSL group of 7 days
with ONFH. Diffuse empty lacunae at the necrotic bone trabeculae, and an accumulation of cell
debris in the medullary space were observed in most areas of the femoral head with routine
hematoxylin and eosin staining (B, D: white arrow), and the area of ONFH did not stain with
black Indian ink (A, C: white arrow). The lateral portion of the femoral head bear the superior
retinacular artery stained with black Indian ink (A, E: black arrow), and normal trabeculae and
hematopoietic dells were observed with hematoxylin and eosin staining (F: black arrow). Scale
bar: 100 μm.
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Figure 4. Hisological appearance of the femoral head in the Imiquimod+MPSL group of 14 days
with ONFH. Diffuse empty lacunae at the necrotic bone trabeculae, and an accumulation of cell
debris in the medullary space were observed in most areas of the femoral head with routine
hematoxylin and eosin staining (B), and the area of ONFH did not stain with black Indian ink (A).
The lateral portion of the femoral head bear the superior retinacular artery stained with black
Indian ink (A, C: black arrow), and formation of appositional bone were observed with
hematoxylin and eosin staining (B, D: black and white arrow). Scale bar: 100 μm.

the specific vascular anatomy of the femoral head [10]. Consequently, ONFH is believed to be avascular necrosis.
Certainly, a disruption of a supplying artery induces necrosis in the supplying artery-dominant region. However,
when an abnormality such as cell apoptosis, or another reason is developed in a supplying artery-dominant region, it induces a disruption of the supplying artery. Therefore, to prove that ONFH is avascular necrosis, it is
necessary to demonstrate the disruption of the supplying artery prior to histological osteonecrosis development.
It was reported that the superior retinacular arteries are important supplying arteries to the femoral head [10]
[11]. In the present study, we observed that the lateral portion of femoral heads near the superior retinacular artery were stained with black Indian ink, and normal trabeculae and hematopoietic and fat cells were observed
with or without formation of appositional bone in the osteonecrotic femoral head. This result indicates that the
occlusion of the superior retinacular artery is not the cause of ONFH in rats. In addition, we observed that a femoral head of one rat in the Imiquimod + MPSL group at 3 days showed only diffuse empty lacunae at bone
trabeculae, and that black Indian ink staining was weak in the central area of the femoral head with diffuse
empty lacunae. Whether this change induces histological ONFH is not evident. It also still remains unclear
whether osteocytes in bone trabeculae or bone marrow cells died earlier. Consequently, these results indicate
that disruption of intraosseous micro vessels, or another causes such as osteocyte and bone marrow cells apoptosis, induces ONFH.
In conclusions, the present study shows that TLR7 stimulation and corticosteroid treatment did not lead to the
disruption of the supplying artery before the initial development of ONFH histologically in rats. Thus, further
analyses are necessary to prove that ONFH is avascular necrosis.
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