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SUMMARY

Alcohol-induced osteonecrosis of the femoral head (ONFH) is observed in alcohol

abusers and patients with alcoholic fatty liver disease. It has been reported that

Toll-like receptor 4 (TLR4) signalling plays a crucial role in the pathogenesis of

alcoholic fatty liver disease. We previously reported a corticosteroid-induced ONFH

rat model, and suggested that TLR4 signalling contributes to the pathogenesis of

ONFH. Thus, it is thought that the pathogenesis of alcohol-induced ONFH is proba-

bly similar to that of corticosteroid-induced ONFH. The aim of this study was to

develop a new animal model for alcohol-induced ONFH and to evaluate the rela-

tionship between the pro-inflammatory response via TLRs and the development

of ONFH in rats. Male Wistar rats were fed a Lieber–DeCarli liquid diet contain-

ing 5% ethanol (experimental group) or dextran (control group) for 1–24 weeks.

Histopathological and biochemical analyses were performed. Feeding the ethanol-

containing liquid diet resulted in the development of ONFH with hepatic steatosis,

hepatic dysfunction and hyperlipidaemia, whereas feeding the dextran-containing

diet did not cause ONFH. However, we could not recognize any relationship

between the pro-inflammatory response via TLR4 and the development of alcohol-

induced ONFH. Thus in this study we have developed a new rat model for alcohol-

induced ONFH based on the feeding of an ethanol liquid diet. ONFH was observed

within seven days from the start of feeding with 5% ethanol-containing liquid diet.

Although this was linked to hepatic steatosis, a TLR4 association was not a feature

of this model.
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Non-traumatic osteonecrosis of the femoral head (ONFH)

has been regarded as a complication of corticosteroid ther-

apy with inflammatory disease or alcohol abuse (Abeles

et al. 1978; Mont et al. 2006). However, the pathogenesis

of alcohol-induced ONFH has not been clarified apart from

epidemiological investigations referring to ONFH. The risk

of alcohol-induced ONFH was increased by an alcohol

intake dose and drinking period (Hirota et al. 1993). Fur-

thermore, most drinkers who develop ONFH also contract

alcoholic fatty liver disease (McClain et al. 2004; Lucey

et al. 2009). The pathogenesis of alcoholic fatty liver disease

has been studied using experimental rat and mouse mod-

els fed on an alcohol-containing liquid diet, especially the

Lieber–DeCarli liquid diet (Lieber et al. 1989). Further, it

has been reported that the Toll-like receptor 4 (TLR4) sig-

nalling pathway plays a crucial role in the pathogenesis of

alcoholic fatty liver disease (McClain et al. 2004; Hritz

et al. 2008). On the other hand, Ichiseki et al. 2011
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reported oxidative stress-induced ONFH in a rat model and

demonstrated that glutathione level acts as an index of oxi-

dative stress-induced changes in the liver. Further, we previ-

ously reported that the disturbance of liver function was

observed in patients with corticosteroid-induced ONFH

(Okazaki et al. 2013) and that corticosteroid treatment after

an injection of lipopolysaccharides (LPS), a ligand for

TLR4, induced ONFH with fatty liver in rats, suggesting

that TLR4 signalling contributes to the pathogenesis of cor-

ticosteroid-induced ONFH in rat (Okazaki et al. 2009).

These reports indicate that any liver damage (fatty liver,

liver function, oxidative stress) may contribute to the patho-

genesis of non-traumatic ONFH, as Solomon reported that

the pathogenesis of alcohol-induced osteonecrosis is proba-

bly similar to that of corticosteroid-induced osteonecrosis

(Solomon 1985). Therefore, we focused on alcoholic fatty

liver disease to develop an alcohol-induced ONFH animal

model. We hypothesized that the feeding of this alcohol-

containing liquid diet would cause ONFH in rats and that

TLR4 signalling may play any role in the development of

alcohol-induced ONFH in rats. In this study, to clarify the

above hypothesis, we evaluated the relationship between

the pro-inflammatory response via TLR4 signalling and

the development of ONFH in rats fed with an ethanol-

containing liquid diet.

Materials and methods

Animals and ethanol feeding

Male Wistar rats (6 weeks of age) were obtained from the

Sankyo Labo Service Co., Ltd. (Sapporo, Japan) and housed

individually in a temperature- and humidity-controlled room

with a 12-h light/dark cycle. Ninety-four rats were divided

into two groups. The alcohol group received the Lieber–DeC-

arli liquid diet (Lieber et al. 1989) (ORIENTAL YEAST Co.,

Ltd., Tokyo, Japan) containing 5.0% (weight/volume) ethanol

(35% ethanol-derived calories) for 1, 2, 3, 4, 6 and 24 weeks.

Control rats were pair-fed the same liquid diet without etha-

nol (the ethanol was replaced with dextran–maltose isocalori-

cally) for the same periods as the alcohol group. All rats were

fed the control liquid diet ad libitum for 1 week prior to the

start of experiments. To accustom the alcohol group rats to

the alcohol-containing liquid diet, they were fed with the alco-

hol-containing liquid diet (1.0–4.0% ethanol) ad libitum for

1 week prior to the start of experiments. The rats were

weighed each day. The rats in the alcohol group were allowed

unrestricted access to the alcohol-containing liquid diet. The

intake of the pair-fed control rats was strictly limited to the

amount ingested on the previous day by the pair-matched eth-

anol-fed rats to ensure that the calorie intakes of the two

groups were the same. After pair feeding, the rats were sacri-

ficed. Blood was collected from the inferior vena cava at the

time of sacrifice and immediately centrifuged. The superna-

tant was stored as platelet-rich plasma (PRP) at �84 °C until

analysis. The femur and liver were harvested and fixed with a

10% formalin–0.1 M phosphate buffer (pH 7.4).

Ethical approval

All experiments were performed in accordance with the

guidelines of the Ministry of Sports, Culture, Science and

Technology, Japan. They also followed protocols that were

approved by the Animal Care and Use Committee, Sapporo

Medical University School of Medicine (Approval Number:

09-008).

Histopathology

Bone specimens of the femur were decalcified with Kalki-

toxTM (Wako Pure Chemical Industries, Ltd. Osaka, Japan)

and then neutralized with sodium sulphate buffer. A small

section of the liver or femur was dissected and fixed with a

10% formalin–0.1 M phosphate buffer (pH 7.4). The tissues

were then processed for routine haematoxylin and eosin

staining. Osteonecrosis was defined as the presence of diffuse

empty lacunae or pyknotic osteocytic nuclei in the bone tra-

beculae accompanied by and surrounding bone marrow cell

necrosis, as described previously (Yamamoto et al. 1997;

Ichiseki 2006; Okazaki et al. 2009; Tateda et al. 2012).

Biochemical assay

The PRP concentrations of aspartate aminotransferase

(AST), alanine transaminase (ALT), triglyceride (TG), total

cholesterol (TC) and high-density lipoprotein (HDL) were

measured using a SPOTCHEM� D system (ARKRAY, Inc.,

Kyoto, Japan) in accordance with the manufacturer’s

instructions.

Electrophoretic mobility shift assay

NF-jB, Interferon (IFN) regulatory factor 3 (IRF3) and

IRF7 are signal transcription factors related to the pro-

inflammatory response via TLR4 signalling. The activation

of transcription factors in the liver was assessed by Electro-

phoretic mobility shift assay (EMSA) as described previously

(Matsumoto et al. 2002). Briefly, equal amounts of liver

nuclear extracts (2 mg of protein) were incubated for 1 h at

room temperature with 32P-labelled NF-jB, IRF3 and IRF7

double-strand consensus oligonucleotide probes (NF-jB: 5′-
AGTTGAGGGGACTTTCCCAGGC-3′; IRF3: 5′-GAAAG

CGAAACTGAAACTGACT-3′; IRF7: 5′-ACTGATCGGAA

CCGAACGATCTATG-3′). The probe labelled with
32P-~c[ATP] [adenosine triphosphate (ATP)] and nuclear pro-

tein were mixed in the binding buffer (10 mM HEPES

[pH 7.9] [4-(2-hydroxyethyl)- 1- piperazineethanesulfonic

acid (HEPES)], 50 mM KCl, 0.2 mM ethylenediaminetetra-

acetic acid, 2.5 mM dithiothreitol and 10% glycerol, 0.05%

NP-40). The DNA–protein complexes were separated on

7% non-denaturing polyacrylamide gels at a constant volt-

age of 100 V at room temperature. The gels were then

exposed to an Image Plate (Fuji Film, Co., Tokyo, Japan) at

room temperature. The radioactivity of individual bands on

the gel was analysed using an FLA3000 Image Analyzer
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(Fuji Film) and Image Quant Software (Molecular Dynam-

ics, Sunnyvale, CA, USA).

Blood cytokine analysis

The blood pro-inflammatory cytokine concentration–related
TLR4 signalling was determined as follows. The blood con-

centrations of IL-1a, IL-1b, IL-17, IFNc and adiponectin

were determined using a Milliplex�MAP Rat Cytokine/

Chemokine/Adipocyte Immunoassay kit (Millipore Co. Bill-

erica, MA, USA) or Luminex 100 KT01 (Luminex Co. Aus-

tin, TX, USA) in accordance with the manufacturers’

instructions. Blood IFNa concentration was determined

using an enzyme-linked immunosorbent assay kit (Uscn Life

Science Inc. Wuhan, China).

Glutathione peroxidase assay

The activity of glutathione peroxidase (GPx), as an index of

oxidative stress, in the liver was evaluated using the spectro-

photometric method. A BIOTECH� GPx-340TM assay kit

(Oxis Research TM Burlingame, CA, USA) was used in accor-

dance with the manufacturer’s instructions.

Statistical analysis

Data are expressed as means � SEM. Data were compared

between the control and alcohol groups using the Fisher’s

exact test or the unpaired t-test with Welch’s correction. A

P-value of <0.05 was considered statistically significant. All

statistical analysis was performed using GRAPHPAD PRISM 5.0c

software for Mac OS X (GraphPad Software, Inc., La Jolla,

CA, USA).

Results

Rats were fed with a liquid diet for 3–26 weeks. The ani-

mals were sacrificed after 1, 2, 3, 4, 6 and 24 weeks of

administration of a 5% alcohol-containing liquid or a pair-

fed control diet. The body weights of the control and alco-

hol rats increased in parallel, indicating the absence of any

starvation or malnutrition in the control and alcohol-fed

rats (Figure 1). The mean liquid diet ingestion was

79.8 � 2.4 ml/day in the alcohol-fed rats for an ethanol

intake of 12.94 g/kg/day. The incidences of ONFH in the

control and the alcohol groups are shown in Table 1. No

ONFH was observed in any rats fed with the control diet.

In the control group, there was no change in the trabecu-

lae or in the numbers of haematopoietic and fat cells. On

the other hand, ONFH was observed in three of eight,

four of eight and six of 12 rats, at 1, 2, 3 and 4 weeks

respectively, after alcohol feeding. The incidence of ONFH

in the 4-week alcohol rats was significantly higher than

that in the 4-week control rats (P = 0.0137; Fisher’s exact

test). Figures 2 and 3 show the histopathological appear-

ance of the femoral head after haematoxylin and eosin

staining in typical experiments. Empty lacunae within the

necrotic bone trabeculae, bone marrow cells including

adipocytic necrosis and an accumulation of cell debris in

the medullary space in most areas of the femoral head

were observed at 1–3 weeks in the alcohol group. Feeding

with the alcohol liquid diet for 4 weeks resulted in the for-

mation of appositional bone around the necrotic bone tra-

beculae and, as part of the repair process, the deposition

of fibrous and granulation tissue in the medullary space

(Figures 2 and 3). Moreover, the repair process was more

advanced in the alcohol group at 6 and 24 weeks, with

the necrotic bone trabeculae observed to be surrounded by

appositional bone. Additionally, partial appositional bone

thickening of the bone trabeculae and normal haematopoi-

etic and fat cells were observed in the alcohol group.

These histopathological findings were observed in two of

six and two of five rats in the alcohol group at 6 and

24 weeks respectively.

In the control rats, the liver had the expected regular

chord-like architecture, whereas the liver in the alcohol-fed

rats showed mild disorganization of the hepatic chord archi-

tecture and hepatocellular microsteatosis without necrosis,

which progressed with time (Figure 4).

Figure 5 shows the blood concentrations of AST, ALT,

TG, TC and HDL. All the parameters except TG were sig-

nificantly higher in the alcohol group than in the control

group from 1 week to 24 weeks. No significant changes

were observed in blood IFNa levels at 1–6 weeks (Figure 5).

Table 1 Incidence of osteonecrosis of the femoral head (ONFH)

in the control and alcohol groups

Group

Feeding interval (week)

1 2 3 4 6

Control 0/8 0/8 0/8 0/12 0/6

Alcohol 3/8 3/8 4/8 6/12* 2/6

*P = 0.0137 vs. control by Fisher’s exact test.

Figure 1 Changes in body weight and ingestion in the control
and alcohol liquid diet–fed rats. The body weights of the
control and alcohol rats increased in parallel.
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Adiponectin was significantly lower at 1–4 weeks in the

alcohol group than in the control group (Figure 5). On the

other hand, no cytokines regulated by TLR signalling, such

as IL-1a, IL-1b, IL-17 and IFNc, were detected in either

group (Data not shown). NF-jB activity did not significantly

change at 1, 3 and 24 weeks, but was significantly decreased

at 2 weeks in the alcohol group and significantly increased

at 4 and 6 weeks in the alcohol group. On the other

hand, the activity of IRF3 significantly changed only after

3 weeks of alcohol consumption. IRF7 activity also showed

a significant change at 4 weeks in the alcohol-fed rats.

Glutathione peroxidase activity in the liver was significantly

increased at 2 and 4 weeks in the alcohol group, but was

Figure 2 Histological appearance (low magnification) of the
femoral head after haematoxylin and eosin staining in typical
experiments. The alcohol group rats show the presence of
diffuse empty lacunae in the bone trabeculae and bone marrow
cell necrosis in most areas of the femoral head. The control
group shows normal trabeculae and normal hematopoietic and
fat cells over time. Scale bar represents 100 lm.

Figure 3 Histological appearance (high magnification) of the
femoral head after haematoxylin and eosin staining. The
alcohol group rats show the formation of appositional bone
around necrotic bone trabeculae, which represents part of the
repair process, at 4, 6 and 24 weeks (black arrow). Scale bar
presents 100 lm.
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significantly decreased at 6 weeks in the alcohol group

(Figure 6).

Discussion

In the present study, we found that feeding an alcohol liquid

diet induced ONFH in rats. There have been a few reports

on alcohol-induced ONFH in animal models; however,

those models take 4–6 months to develop osteonecrosis

through the administration of alcohol containing >45% eth-

anol intragastrically daily (Wang et al. 2003, 2008). In con-

trast, the present study showed that ONFH developed in

rats fed with the 5% ethanol-containing liquid diet for

1 week, suggesting that ONFH can be initiated in a period

as short as 7 days after feeding the animals with a 5% etha-

nol-containing liquid diet. Clinically, ONFH is observed in

patients with a long-term history of drinking (Hirota et al.

1993). However, the precise time of onset of alcohol-

induced ONFH in long-term drinkers remains unclear. The

reasons for this include the fact that the collapse of the fem-

oral head in humans may occur several months to years

after the initial development of ONFH and may not show

any symptoms until collapse (Mont et al. 2010).

The Lieber–DeCarli diet used in the present study is

known to induce experimental alcoholic fatty liver disease

(Lieber & DeCarli 1982; Lieber et al. 1989). The advantage

of using this diet in animal experiments is that it allows the

efficient consumption of ethanol (Lieber & DeCarli 1982;

Lieber et al. 1989). In the present study, ONFH was

observed within 7 days from the start of feeding with the

5% ethanol-containing liquid diet. This finding suggests that

the alcohol-induced ONFH in humans may develop very

early in drinkers with excessive alcohol consumption.

There have been some reports of changes in the histopath-

ological findings of the femur induced by alcohol adminis-

tration in animals. Solomon and Ikemura et al. reported

that alcohol administration induced fatty bone marrow, but

not osteonecrosis (Solomon 1985; Ikemura et al. 2011).

Wang et al. reported that alcohol administration also

induced fatty bone marrow and increased the percentage of

empty lacunae as an index of osteonecrosis (Wang et al.

2008). However, we could not find any experimental reports

on appositional bone formation as part of the repair process

of bone necrosis after alcohol administration. Clinically, the

detection of a band pattern on a magnetic resonance image

is an important early finding for the diagnosis of non-trau-

matic ONFH and histopathologically corresponds to the

repair tissue formed in cases of osteonecrosis (Bullough &

DiCarlo 1990; Arlet et al. 1993; Sugano et al. 1999). The

histopathological findings in the present study were very

similar to those in patients with ONFH (Bullough & DiCa-

rlo 1990; Arlet et al. 1993). We observed empty lacunae

within the necrotic bone trabeculae and bone marrow cells

including adipocytic necrosis in most areas of the femoral

head in the alcohol group; results were similar to those

observed in corticosteroid-induced ONFH model treated

with corticosteroids after the administration of a TLR4

ligand, LPS (Okazaki et al. 2012). In particular, histological

examination of the epiphysis showed osteocytic death and

necrotic bone marrow with or without appositional bone.

On the other hand, we did not observe any collapse of the

femoral head in the rats fed an alcohol diet over 24 weeks.

It was a difference between human and rat that the femoral

head did not collapse. However, we reported that the initial

Figure 4 Histological appearance of the liver in the control and
alcohol-fed rats. Control group rats show the expected regular
chord-like architecture over time. The alcohol group rats show
mild and moderate hepatocellular microsteatosis without
necrosis. Scale bar represents 100 lm.
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development of ONFH and the collapse formation in the rat

become independent and may not influence to elucidate the

pathogenesis of ONFH (Okazaki et al. 2012). Therefore,

our results suggest that this rat model could be used to

unravel the underlying mechanisms of human ONFH. How-

ever, it should be noted that the structure of the femoral

head differs between rats and humans. The epiphyseal line

in the rat femur remains throughout adulthood (Okazaki

et al. 2009). Focal ischaemia or thrombosis could not be

observed in the proximal femur of the ONFH rats in the

present study.

Enomoto et al. 1999 reported that chronic alcohol admin-

istration induces an increase in gut permeability resulting in

elevated portal endotoxin levels. Endotoxin, a TLR4 ligand,

Figure 5 Increases in blood concentrations of AST, ALT, TG, TC and HDL and changes in blood IFNa and adiponectin levels in
rats. AST, ALT, TC and HDL were significantly increased in the alcohol group over time. IFNa was not significantly changed in the
alcohol group at 1–6 weeks, while the adiponectin level was significantly decreased in the alcohol group at 1–4 weeks. *P < 0.05 as
control, **P < 0.01 as control.
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induces a pro-inflammatory response via the TLR4 signal-

ling pathway (Akira & Takeda 2004). We confirmed that

NF-jB, IRF3 and IRF7, which are downstream transcrip-

tional factors of the TLR4 signalling pathway, were acti-

vated in the liver during chronic alcohol consumption

(Figure 6). However, we could not observe any activation of

NF-jB, IRF3 or IRF7 in the liver at one week, i.e. the time

at which the OFNH was first observed. And we could not

observe any activation of pro-inflammatory cytokines regu-

lated by TLR4 signalling. Therefore, whether the TLR4 sig-

nalling is associated with the initiation of alcohol-induced

ONFH remains unclear. On the other hand, hypercholeste-

rolaemia and hepatic steatosis were observed in the rats fed

the alcohol liquid diet in the present study. We previously

reported that hypercholesterolaemia and hepatic steatosis

were also observed in corticosteroid-induced ONFH rat

model after corticosteroid treatment (Okazaki et al. 2009).

Further, previous clinical studies have reported an associa-

tion between hyperlipidaemia and ONFH (Moskal et al.

1997; Kabata 2005). Therefore, hypercholesterolaemia may

be related to the development of ONFH. Ichiseki et al.

reported that administration of an oxidative stressor induced

ONFH in rats and demonstrated that glutathione level acts

as an index of oxidative stress-induced changes in the liver

(Ichiseki et al. 2011). However, we could not observe any

significant activation of GPx activity in the liver at 1 week,

but we could observe any increase in transaminase levels in

the fatty liver of rats fed the alcohol liquid diet. These find-

ings suggest that any liver damage may contribute to the

development of ONFH.

In the present study, adiponectin was significantly

decreased in the alcohol group at 1, 2, 3 and 4 weeks,

which is consistent with the findings of previous reports

(You et al. 2005; Breitkopf et al. 2009). Hypoadiponectina-

emia is associated with mortality following ischaemic stroke

(Nishimura et al. 2007), and it has been suggested that it

could be used as a biomarker for ischaemic stroke (Urbona-

viciene et al. 2010). Therefore, the low adiponectin levels

observed in the present study suggest the hypothesis that

ONFH results from ischaemia of the femoral head.

In conclusion, we have developed a new rat model of

alcohol-induced ONFH based on the feeding of an ethanol

liquid diet, whereas it remains unclear whether the pro-

inflammatory response via TLR4 signalling contributes to

the development of alcohol-induced ONFH in rats fed with

an ethanol liquid diet. This rat model will help us to unravel

the underlying mechanisms of human ONFH.
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IRF7 activity was significantly increased at 4 weeks. GPx activity tended to be higher in the alcohol group than in the control group
at 1–4 weeks. *P < 0.05 as control, **P < 0.01 as control.
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