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Abstract This study explored the use of lithium to pre-

vent rat steroid-related osteonecrosis of the femoral head

(ONFH) through the modulation of the b-catenin pathway.

ONFH was induced by methylprednisolone combined with

lipopolysaccharide, and serum lipids were analyzed. ONFH

was detected by hematoxylin–eosin staining. Micro-CT-

based angiography and bone scanning were performed to

analyze vessels and bone structure, respectively.

Immunohistochemical staining for peroxisome proliferator-

activated receptor gamma (PPARc), bone morphogenetic

protein-2 (BMP-2), and vascular endothelial growth factor

(VEGF) was analyzed. Protein levels of phospho-glycogen

synthase kinase-3b at Tyr-216 (p-Tyr216 GSK-3b), total

glycogen synthase kinase-3b (GSK-3b) and b-catenin, as

well as mRNA levels of GSK-3b and b-catenin in femoral

heads, were assessed. The rate of empty bone lacunae in

the femoral heads was lower in the lithium and control

groups than in the model group. The lithium group showed

preventive effects against steroid-related vessel loss by

micro-CT-based angiography and VEGF staining. Lithium

treatment improved hyperlipidemia and reduced PPARc
expression. Moreover, lithium improved steroid-related

bone loss in micro-CT bone scans and BMP-2 staining

analyses. Furthermore, local b-catenin was reduced in

steroid-related ONFH, and lithium treatment increased b-

catenin expression while reducing p-Tyr216 GSK-3b levels.

The local b-catenin pathway was inhibited during steroid-

related ONFH. Lithium may enhance angiogenesis and

stabilize osteogenic/adipogenic homeostasis during steroid-

related ONFH in rats by activating the b-catenin pathway.

Keywords Lithium � Steroid-related osteonecrosis � b-

Catenin pathway � Angiogenesis � Osteogenic/adipogenic

differentiation disturbance

Introduction

Recently, steroid-related osteonecrosis of the femoral head

(ONFH) has widely occurred in patients with autoimmune

diseases after high-dose corticosteroid treatment [1, 2].

There are a variety of treatment methods for this disease,

such as reducing weight bearing activity, drug therapy,

core decompression, and artificial joint replacement [3].

However, the ideal treatment remains unclear because all

of these methods simply focus on preventing irreversible

complications. Although the etiology of steroid-related

ONFH has not been fully elucidated, perturbation of

osteogenic/adipogenic activity and decreased vasculariza-

tion seem to be the major factors [4]. Determining how to

promote osteogenesis and angiogenesis and inhibit adipo-

genesis in ONFH is therefore a crucial part of treatment.

It is well known that the b-catenin signaling pathway

contributes to osteogenic differentiation while reducing

adipogenic differentiation in the bone marrow micro-

environment [5]. In addition, previous studies have sug-

gested that the Wnt/b-catenin pathway is intimately con-

nected to the differentiation and development of the
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microvasculature [6, 7]. b-catenin, a transcription factor,

can be phosphorylated by a protein complex comprising

glycogen synthase kinase-3 beta (GSK-3b), axin, and

adenomatous polyposis coli. After b-catenin becomes

phosphorylated, it is degraded by the proteasome. Lithium,

which has been used to treat bipolar depression for years

[8], can also activate the b-catenin signaling pathway by

inactivating GSK-3b [9]. Galli et al. reported that the GSK-

3b inhibitor lithium chloride promoted osteoblast differ-

entiation of MC3T3 cells [10]. At the same time, Li et al.

demonstrated that lithium chloride suppressed the adi-

pogenic differentiation of adipose-derived mesenchymal

stem cells by activating b-catenin signaling [11]. Accu-

mulating evidence indicates that lithium chloride likely

regulates the adipogenic/osteogenic activity of bone mar-

row-derived mesenchymal stem cells during steroid-related

ONFH. Furthermore, Guo et al. reported that lithium pro-

moted vascular remodeling after stroke through a GSK-3b-

dependent pathway in the brain endothelium [12]. Simul-

taneously, Kaga et al. demonstrated that lithium promoted

angiogenic effects in rat ischemic preconditioned myo-

cardium through the GSK-3b/b-catenin pathway [13].

These findings suggest that lithium can enhance angio-

genesis by activating the b-catenin pathway. However, to

date, few studies have focused on the effects of lithium

chloride treatment for steroid-related ONFH and its pos-

sible mechanisms.

Thus, in the current study, we examined the preventive

effects of lithium chloride in a rat model of steroid-related

ONFH by regulating the perturbation of adipogenesis,

osteogenesis, and angiogenesis. In addition, we focused on

the possible mechanisms involved in the preventive effects

of lithium chloride after steroid-related treatment.

Materials and methods

Animals

Ninety male, 12-week-old Sprague–Dawley (SD) rats

weighing 380–420 g were obtained from the Experimental

Animal Center of Medical College, Xi’an Jiaotong

University. The rats were specific-pathogen-free (SPF)

animals kept in a clean, humidity-, and temperature-con-

trolled environment with a 12 h light/dark cycle and free

access to water and food. All experimental procedures

abided strictly by the recommendations of the Experi-

mental Animal Center of Medical College, Xi’an Jiaotong

University, China, and the Ethics Committee of Xi’an

Jiaotong University approved the care and use of animals

in this experiment.

Establishment of the rat ONFH model

The SD rats were randomly distributed into three groups:

Group M, ONFH model group (n = 30); Group L, lithium

chloride group (n = 30); and Group C, control group

(n = 30). The rats from Groups L and M underwent

sequential drug administration to establish the ONFH

model. The rats were given 4 mg/kg lipopolysaccharide

(LPS, Sigma, St. Louis, MO, USA) intravenously every

24 h for 2 days. One day after the last injection of LPS, the

rats were administered 60 mg/kg methylprednisolone

(MPS; Pfizer, New York, USA) intramuscularly every 24 h

for 3 days. For Groups L and M, rats were gavage fed

either a daily dose of 200 mg/kg LiCl solution (Sigma, St.

Louis, MO, USA) or saline for 14 consecutive days after

the last injection of MPS; this was performed separately

from the LPS and MPS administration. Rats from Group C

underwent the same doses of saline injections and saline

gavage feeding as Group M.

Hematological analysis

Three weeks after steroid administration, fifteen randomly

chosen rats from each group underwent blood collection

from the tail vein for hematological analysis. The serum

concentrations of triglycerides (TGs), total cholesterol

(TC), low density lipoprotein (LDL), and high density

lipoprotein (HDL) were analyzed to detect the hyperlipi-

demia-improving effects of lithium chloride.

Micro-CT scanning

Micro-CT scanning was used to measure the micro-struc-

ture of rat femoral heads. Ten rats in each group were

chosen for evaluation 28 days after the last injection of

MPS. Half of the randomly selected rats underwent micro-

CT angiogenesis analysis. Briefly, after the administration

of phenobarbital sodium for general anesthesia, a silicone

rubber injection compound (Microfil MV-122; Flow Tech,

Carver, MA, USA) was perfused into the aorta ventralis,

with the abdominal cavity opened, as previously reported

[14]. After decalcification, these samples underwent micro-

CT-based angiography. The blood vessel volume and per-

centage of vessel volume were quantified for angiogenesis

analysis. Simultaneously, the proximal femurs of the

remaining fifteen rats underwent micro-CT scanning to

analyze the bone structure, as per Low et al. [15]. Bone

mineral density (BMD), bone volume/total volume (BV/

TV), trabecular number (Tb.N), and trabecular separation

(Tb.Sp) were quantified to determine the relative amount of

bone within the femoral head.
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Tissue sample preparation and histology

Four weeks after the final injection of MPS, five rats from

each group were sacrificed via intravenous injection of

excess phenobarbital sodium. Femur samples from these

rats, together with the samples that underwent micro-CT

bone scanning, were promptly fixed in 10 % neutral buf-

fered formalin for 3 days after harvesting and were

decalcified with 10 % ethylene diamine tetraacetic acid for

approximately 1 month. Subsequently, the decalcified

femoral head samples (including the samples that under-

went micro-CT-based angiography) were embedded in

paraffin. Samples were then sectioned into 4-lm-thick

layers and stained with hematoxylin-eosin. The ratio of

empty lacunae in the bone was evaluated microscopically.

During an examination of the trabeculae at 9200 magni-

fication, 50 bone lacunae were counted in each randomly

chosen field. The ratio of empty bone lacunae was also

calculated.

Immunohistochemical staining

Immunohistochemistry was performed for vascular

endothelial growth factor (VEGF), peroxisome prolifera-

tor-activated receptor gamma (PPARc), and bone mor-

phogenetic protein-2 (BMP-2). Briefly, sections from the

paraffin-embedded samples were incubated for 10 min

with 3 % H2O2. For antigen retrieval, the sections were

immersed in 0.1 % trypsinase solution at 37 �C for

5–30 min. After incubation with 10 % goat antiserum

(Vector, Burlingame, CA, USA) for 30 min at 25 �C,

sections were treated with a primary antibody against rat

PPARc, BMP-2, or VEGF (rabbit antibodies, all from

Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) for

14 h at 4 �C, treated with biotin-labeled secondary anti-

body for 30 min, and incubated with horseradish peroxi-

dase-conjugated streptavidin for 30 min at 25 �C. To

reveal immunoreactivity, the sections were treated with

diaminobenzidine solution in the dark. The sections were

then treated with hematoxylin and mounted. To localize

and identify areas with positively stained cells, Image-Pro

Plus 6.0 was used for quantitative analysis at a magnifi-

cation of 9200. For VEGF and PPARc staining, random

fields in bone marrow cavities were selected, and for BMP-

2 staining, random fields in bone marrow cavities and bone

trabeculae were selected. Positive staining was quantitated

based on integrated optical density (IOD). The corre-

sponding area was also measured. The results were defined

as the ratio of IOD to the corresponding area.

Quantitative reverse-transcription polymerase chain

reaction

Four weeks after the last injection of MPS, femoral head

samples from the remaining 45 rats were quick-frozen in

liquid nitrogen and ground into homogenized powder after

harvesting. TRIzol reagent was used to extract the total

RNA. After extraction, samples were centrifuged at

12000 rpm for 10 min at 4 �C. Then, RNA was reverse-

transcribed into complementary DNA for 60 min at 42 �C,

again for 15 min at 72 �C and combined with the RT-PCR

mixture (Takara Bio Inc., Tokyo, Japan). The qRT-PCR

assay was conducted within the mixture using SYBR Green

PCR Master Mix (Roche Diagnostics, Basel, Switzerland).

In our study, b-actin was the housekeeping gene used to

standardize mRNA levels. The primers used in our study

were as follows: b-catenin, sense 50-GCG TCA ACA CCA

TCA TTC TG-30, antisense 50-GCG TCA ACA CCA TCA

TTC TG-30; GSK-3b, sense 50-CTG CCC TCT TCA ACT

TTA CC-30, antisense 50-TAT TGG TCT

GTCCACGGTCT-30; and b-actin, sense 50-AGT ACC

CCA TTG AAC ACG GC-30, antisense 50-TTT TCA CGG

TTA GCC TTA GG-30. The qRT-PCR results were ana-

lyzed by SDS 2.0 (Life Technologies, Foster City, CA,

USA).

Western blot

The amounts of p-Tyr216 GSK-3b, total GSK-3b, and

b-catenin proteins in the remaining 45 rats from the three

groups were detected by Western blot analysis. Total

proteins (20 lg/lane) were separated by 10 % sodium

dodecyl sulfate polyacrylamide gel electrophoresis and

transferred onto polyvinylidene fluoride blotting mem-

branes. The primary antibody was incubated on the mem-

brane for 12 h at 4 �C after non-specific blocking with 5 %

bovine serum albumin in Tween-Tris Buffered Saline. The

following primary antibodies were used: b-catenin,

p-Tyr216 GSK-3b and total GSK-3b antibodies (all from

Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) and a

b-actin antibody (Boster, Wuhan, Hubei, China). Subse-

quently, the membranes were treated with horseradish

peroxidase-labeled secondary antibody (ZDR-5306;

Zhongshan Golden Bridge Biotechnology, Beijing, China)

for 2 h at 37 �C. Immunoreactive proteins on the blots

were visualized with ECLTM Western blotting detection

reagents (GE Healthcare Life Sciences, Pittsburgh, PA,

USA), and the signals were analyzed with Image Station

4000R (Kodak, Rochester, New York, USA).
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Statistical analysis

The data are presented as the mean ± standard deviation

(SD). A one-way analysis of variance followed by an LSD

t test was used for comparisons among experimental

groups, and Fisher’s exact probability test was performed

for the count data. SPSS 21.0 was used for statistical

analysis. P\ 0.05 was considered statistically significant.

Results

Histological analysis

In this study, we defined osteonecrosis as the diffuse

presence of empty lacunae or pyknotic nuclei in osteocytes

in the bone trabeculae, accompanied by surrounding bone

marrow cell necrosis [16]. Histological analysis indicated

that osteonecrosis developed in 11 of the 15 rats in the

model group and in 3 of the 15 rats in the lithium group.

Fisher’s exact probability test showed that the

osteonecrosis incidence in the lithium group was signifi-

cantly lower than that in the model group (P\ 0.01). No

rats in the control group were diagnosed with osteonecro-

sis. Osteonecrotic changes in the rat femoral heads were

histologically examined in the three groups to assess the

effects of lithium chloride on steroid-related ONFH. ONFH

changes in the model group were apparent (Fig. 1c, d).

Many empty lacunae were observed. The bone marrow also

showed necrotic changes in hematopoietic cells and adi-

pocytes (the loss of either nuclei or distinct cell borders of

fat cells). Decreased osteonecrotic changes were observed

in the lithium group, with fewer empty bone lacunae and

necrotic bone marrow cells (Fig. 1e, f). In the control

group, no sign of ONFH was observed by microscopy

(Fig. 1a, b). The rate of empty lacunae in the model group

was significantly higher than that in the lithium and control

groups (P\ 0.001, n = 15, Fig. 1g).

Lithium prevents blood vessel loss in steroid-related

ONFH in rats

The micro-structures of blood vessels from the three groups

were rebuilt three-dimensionally. The vessel structure in

the model group was not clear in and around the femoral

head, whereas the samples in the lithium group had sig-

nificantly more microvessels, and the specimens in the

control group had extensive vascular microstructures

(Fig. 2a–c). Quantitatively, the model group had signifi-

cantly lower blood vessel volumes and volume percentages

compared with the lithium and control groups (P\ 0.001,

Fig. 1 Histological analysis of rat femoral heads. The model group

showed many empty lacunae surrounded by necrotic marrow cells (c,

d). In the lithium group, fewer empty bone lacunae and necrotic cells

were observed (e, f). In the control group, no sign of ONFH was

observed by microscopy (a, b). Bar graphs show the ratio of empty

bone lacunae. The empty bone lacunae ratios in the control and

lithium groups were smaller than that in the model group (g). Empty

lacunae are indicated by black arrows, and necrotic adipocytes are

indicated by black arrowheads. The black blocks indicate the

magnified area (a, c and e). The data are shown as the mean ± SD.

***P\ 0.001 compared with the control group. ###P\ 0.001

compared with the model group. Magnification: 9100 (a, c and e),

9400 (b, d and f)

cFig. 2 Lithium prevents blood vessel loss. The vessel structure in the

model group was not clear in the femoral head regions, whereas the

samples in the lithium group showed more vessels, and the samples in

the control group showed an extensive vascular structure (a–c). The

model group showed significantly lower blood vessel volumes and

volume percentages compared with the control and lithium groups (d,

e). Immunohistochemical staining of VEGF in the model group

(g) was less intense than that in the lithium (h) and control groups (f,
i). The data are presented as the mean ± SD. ***P\ 0.001

compared with the control group. ###P\ 0.001 compared with the

model group. Magnification: 9200 (f–h)
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n = 10, Fig. 2d, e). In addition, immunohistochemical

staining for VEGF, which usually indicates potential

angiogenic function (Fig. 2g), was significantly lower in

the model group than in the control (Fig. 2f) and lithium

groups (Fig. 2h) (P\ 0.001, n = 15, Fig. 2i).

Lithium reduces serum lipids and adipogenesis

in steroid-related ONFH in rats

We also performed serum lipid tests. The lithium and

model groups had significantly higher concentrations of

serum TGs, TC, and LDL and significantly lower levels of

HDL compared with the control group. Compared with the

model group, the lithium group had a significantly

improved hyperlipidemic state (lower serum TGs, TC, and

LDL and higher HDL; P\ 0.001, n = 15, Fig. 3a–d). We

also performed immunohistochemical staining of PPARc
to evaluate adipogenesis in the femoral heads. As shown in

Fig. 3f, PPARc was observed in the rat femoral heads from

the model group with highly positive immunoreactivity.

Significantly stronger PPARc immunoreactivity was found

in the steroid-related ONFH group than in the lithium

(Fig. 3g) and control groups (Fig. 3e) (P\ 0.001, n = 15,

Fig. 3h).

Lithium prevents bone loss in steroid-related ONFH

in rats

We used micro-CT bone scanning to analyze the bone

structure in the rat femoral heads. The micro-CTs showed

that the subchondral bone in the rat femoral heads was

finely spread and holonomic in the control group (Fig. 4a).

In the ONFH model group, the subchondral trabeculae

were damaged (Fig. 4b). The results of the lithium group

were intermediate compared with the other two groups

(n = 10, Fig. 4c). The comprehensive quantitative analysis

of all micro-CT parameters confirmed that the

microstructure of the subchondral trabeculae in the femoral

heads from the model group was weaker than that in the

control and lithium groups (n = 10, Fig. 4d–g). In addi-

tion, the immunohistochemical staining of BMP-2, which

usually suggests potential osteogenic function, was signif-

icantly less in the model group (Fig. 4i) than those in the

control (Fig. 4h) and lithium groups (Fig. 4j) (P\ 0.001,

n = 15, Fig. 4k).

Lithium counteracts the negative effects of steroids

on GSK-3b and b-catenin protein abundance

in steroid-related ONFH in rats

Total GSK-3b, p-Tyr216 GSK-3b and b-catenin protein

levels, and GSK-3b and b-catenin mRNA expression levels

were assessed in femoral heads. Figure 5a shows that

steroid-related treatment significantly increased GSK-3b
mRNA expression and decreased b-catenin mRNA

expression compared with the control group (P\ 0.001,

n = 15). Moreover, lithium treatment could reverse these

changes. At the protein level, increased p-Tyr216 GSK-3b
and decreased b-catenin were observed in the model group

compared with the control group (P\ 0.001, n = 15,

Fig. 5b, c). Furthermore, Western blot analysis showed that

lithium treatment significantly upregulated b-catenin pro-

tein expression and decreased p-Tyr216 GSK-3b
(P\ 0.001, n = 15, Fig. 5b, c). Meanwhile, total GSK-3b
protein levels did not show a statistically significant dif-

ference among the three groups (P[ 0.05, n = 15,

Fig. 5b, c).

Discussion

Steroid-related ONFH is a frequently occurring disease that

can lead to necrosis of bone tissue and arthritis of the hip

joint. However, the exact pathogenesis of this disease

remains unknown. Interruption of the microcirculation of

the femoral head is considered by the final pathway leading

to steroid-related ONFH [17, 18]. In addition, several

studies have demonstrated that excess steroid usage can

damage the equilibrium between osteogenesis and adipo-

genesis in the femoral head [19, 20]. Lithium, a known

GSK-3b inhibitor, was recently reported to reduce adipo-

cyte differentiation and improve angiogenesis and osteo-

genesis [12, 21, 22]. Additionally, GSK-3b activity is

regulated by phosphorylation, and Tyr216 phosphorylation

increases its activity [23]. Garza et al. have demonstrated

that steroids inhibit b-catenin signaling by activating GSK-

3b with increasing levels of p-Tyr216 GSK-3b protein [24].

Thus, in this study, we explored whether lithium could

prevent steroid-related ONFH in rats by reversing the

perturbation of osteogenic/adipogenic activity and pro-

moting angiogenesis via b-catenin activation.

Based on a study by Okazaki et al. [25], we generated a

modified rat steroid-related ONFH model in which the LPS

dosage was doubled and the dosage of MPS was tripled. As

a result, the frequency of osteonecrosis was much higher in

our study. We found that the ONFH model showed the

histopathological characteristics of empty lacunae and

cFig. 3 Lithium reduces serum lipids and adipogenesis. The lithium

and model groups had significantly higher levels of serum TC, TGs,

and LDL and significantly lower levels of HDL compared with the

control and lithium groups (a–d). PPARc was observed in the rat

femoral heads from the model group, with highly positive immunore-

activity (f). Significantly stronger PPARc immunoreactivity was

found in the steroid-related ONFH group than in the lithium (g) and

control groups (e, h). The data are presented as the mean ± SD.

***P\ 0.001 compared with the control group. ###P\ 0.001

compared with the model group. Magnification: 9200 (e–g)
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Fig. 4 Lithium prevents bone

loss. The yellow blocks (three-

dimensional spaces present in

two-dimensional areas) indicate

the region of interest (ROI,

1.5 mm 9 1.5 mm 9 0.5 mm)

in the rat femoral heads of the

three groups (a–c). The ROI in

the model group shows that the

subchondral trabeculae were

damaged (b). The ROI in the

lithium group shows an

improved distribution of

subchondral trabeculae (c). The

ROI in the control group shows

the most optimal structure

among the three groups (a).

BMD, BV/TV, and Tb.N in the

ONFH model group were

significantly smaller than in the

other two groups (d–f). The

Tb.Sp was significantly larger in

the model group than in the

other groups (g).

Immunohistochemical staining

of BMP-2 in the model group

(i) was less than in the control

(h) and lithium groups (j, k).

The data are presented as the

mean ± SD. ***P\ 0.001

compared with the control

group. ###P\ 0.001 compared

with the model group.

Magnification: 9200 (h–j)
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bone marrow cell necrosis. After lithium administration,

the rate of empty lacunae was significantly decreased.

These results indicate that lithium can prevent steroid-re-

lated ONFH. We also found decreased b-catenin and

increased p-Tyr216 GSK-3b (the active form of GSK-3b)

levels after steroid-related treatment, which was consistent

with the results of Garza et al. [24].

In our study, we chose micro-CT-based microangiog-

raphy to analyze the blood circulation of the femoral head.

We found significantly more blood vessels in the lithium

and normal groups compared with the model group. This

result suggests that lithium may improve angiopoiesis of

rat femoral heads after steroid-related treatment, which is

in line with previous studies showing the effects of lithium,

including the improvement of vascular remodeling [12]

and the promotion of angiogenic effects [13]. Lithium can

increase b-catenin concentrations and activate the

b-catenin pathway [10]. In the present study, we showed

that lithium reduced p-Tyr216 GSK-3b and promoted

b-catenin expression. Moreover, Zhang et al. suggested

that the b-catenin pathway promotes VEGF expression

[26]. Later, Easwaran et al. and Thirunavukkarasu et al.

identified VEGF as a target gene of b-catenin signaling

during angiogenesis [27, 28]. We showed that VEGF had

significantly higher expression in the lithium treatment

group than in the model group, which could be a conse-

quence of b-catenin activation. These results indicate that

lithium may enhance angiogenesis in rat femoral heads

after steroid treatment by activating the b-catenin pathway.

Steroids may decrease osteogenesis and increase adi-

pogenesis of the bone marrow during the process of ONFH

[29]. Therefore, it is reasonable to infer that a method of

ONFH prevention would be to attenuate disturbances in

osteogenesis and adipogenesis. Indeed, PPARc can stim-

ulate adipogenesis in bone marrow cells and inhibit

osteogenesis [30]. We found that PPARc expression in the

lithium treatment group was significantly lower than that in

the model group. In addition, lithium also acted as a lipid-

decreasing drug, reducing serum lipids. However, we

found that the staining intensity of BMP-2, which plays a

crucial role during bone formation [31], in the lithium

treatment group was stronger than that in the model group.

Micro-CT bone scanning also showed a significantly firmer

bone structure in the lithium treatment group than in the

model group. Furthermore, lithium was found to increase

b-catenin expression in our study. As a result, the b-catenin

pathway might be activated. Moreover, increased b-catenin

expression inhibits PPARc and suppresses adipocytic dif-

ferentiation [32, 33], whereas inactivation of the b-catenin

pathway increases adipogenesis [34] and reduces osteoge-

nesis [35]. Therefore, we suggest that lithium may reduce

abnormal adipogenesis and increase bone formation in

steroid-related ONFH by activating the b-catenin pathway.

In conclusion, our data indicate that the local b-catenin

pathway is inhibited during steroid-related ONFH. Our

study also offers evidence that lithium may enhance

angiogenesis and stabilize osteogenic/adipogenic home-

ostasis in steroid-related ONFH in rats by activating the

Fig. 5 Lithium promotes b-catenin abundance. The model group

showed significantly decreased b-catenin and increased GSK-3b mRNA

levels compared with the lithium and control groups (a). Increased

p-Tyr216 GSK-3b and decreased b-catenin protein levels were observed

in the model group compared with the other groups (b, c). Total GSK-3b

protein levels among three groups did not show any statistically

significant difference (b, c). The data are presented as the mean ± SD.

***P\ 0.001 compared with the control group. ###P\ 0.001 compared

with the model group
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b-catenin signaling pathway. These findings highlight that

lithium administration has potential as an effective and

novel therapeutic means for preventing steroid-related

ONFH.
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