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Lithium chloride attenuates the abnormal osteogenic/adipogenic
differentiation of bone marrow-derived mesenchymal
stem cells obtained from rats with steroid-related
osteonecrosis by activating the f-catenin pathway
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Abstract. Steroid-related osteonecrosis of the femoral
head (ONFH) may be a disease that results from the abnormal
osteogenic/adipogenic differentiation of bone marrow-derived
mesenchymal stem cells (BMMSCs). In the present study, we
examined the possible use of lithium in an aim to reverse the
abnormal osteogenic/adipogenic differentiation of BMMSCs
isolated from rats with steroid-related ONFH (termed ONFH-
BMMSCs). BMMSCs obtained from steroid-related ONFH rat
femurs were cultured with or without lithium chloride (LiCl).
BMMSCs obtained from normal rat femurs were cultured as
controls. LiCl significantly increased the expression of osteo-
calcin and Runx2 in the ONFH-BMMSCs during osteogenic
induction. The mineralization of ONFH-BMMSCs following
osteogenic induction was also enhanced. Furthermore, LiCl
exerted anti-adipogenic effects on the ONFH-BMMSCs by
inhibiting the expression of peroxisome proliferator-activated
receptor Y (PPARY) and fatty acid binding protein 4 (Fabp4)
during adipogenic induction, and decreasing lipid droplet
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formation at the end of adipogenic induction. These effects
of LiCl on the ONFH-BMMSCs were associated with an
increased expression of [3-catenin and a decreased expression
of phosphorylated GSK-3p at Tyr-216, and these effects were
abolished by treatment with quercetin, an antagonist of the
[-catenin pathway. The normal osteogenic/adipogenic activity
of BMMSCs may be impaired in steroid-related ONFH.
However, as demonstrated by our findings, LiCl reduces
abnormal adipogenic activity and simultaneously increases the
osteogenic differentiation of ONFH-BMMSCs by activating
the B-catenin pathway.

Introduction

Recently, steroid-related osteonecrosis of the femoral
head (ONFH) has been reported to occur in patients with
collagen vascular diseases following high-dose steroid treat-
ment (1). Several treatment strategies for ONFH have been
implented, including drug therapy and surgery. However, these
methods have barely been effective in treating the disease. As
steroid-related ONFH usually occurs in young and middle-aged
patients and is associated with a poor prognosis (2), it is impor-
tant to examine the pathophysiology of steroid-related ONFH
and develop a preventive strategy.

Bone marrow-derived mesenchymal stem cells (BMMSCs)
are multipotent cells that can differentiate into adipocytes or
osteocytes (3). Changes in the functional characteristics of the
differentiation pathway of BMMSCs may contribute to the
pathogenesis of ONFH (4). Furthermore, interactions involving
the differentiation pathway of BMMSCs that promote adipogen-
esis and decrease osteogenesis, are considered to be the major
factors leading to steroid-related ONFH (5). Adipogenesis and
osteogenesis share an inverse relationship in the bone marrow
during the differentiation of BMMSCs (6). In ONFH, BMMSCs
may differentiate preferentially into adipocytes rather than
osteoblasts (7). Thus, the enhancement of osteogenesis coupled
with a reduction in adipogenesis may provide a potential thera-
peutic strategy for the treatment of ONFH.

Wnt/p-catenin signaling functions as a molecular switch
that determines the balance between osteogenesis and adipo-
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genesis (8). Moreover, Wnt/B-catenin signaling is reportedly
activated in osteoblast-committed MSCs, further indicating
that it controls the balance between the osteogenesis and adipo-
genesis of MSCs (9). B-catenin is phosphorylated by a complex
composed of adenomatous polyposis coli protein, glycogen
synthase kinase 3 (GSK-3f3) and axin. Following phosphory-
lation, B-catenin is subsequently decomposed (10,11). Lithium,
which has been used in the treatment of bipolar disorder for
years (12), may be used to inactivate GSK-3f3, thus resulting
in the accumulation of cytoplasmic (3-catenin (13). Galli et al
reported that lithium chloride (LiCl) enhanced osteogenesis
in osteoblast-like MC3T3-E1 mouse cells (14). In addition,
Itoigawa et al and Sen et al demonstrated that LiCl reduces
the efficacy of adipogenic induction (15,16). However, LiCl has
rarely been used in the treatment of ONFH, and the detailed
mechanisms remain to be elucidated.

The benefits of LiCl are manifold; based on this fact, we
thus hypothesized that LiCl may attenuate the abnormal osteo-
genic and adipogenic differentiation of BMMSCs obtained
from rats with steroid-related ONFH through the activation of
the B-catenin pathway.

Materials and methods

Animals. All the experimental procedures adhered to the
recommendations of the Experimental Animal Center of
Xi'an Jiaotong University, Xi'an, China, and were approved
by the Ethics Committee of Xi'an Jiaotong University. A
total of 45 male Sprague Dawley rats weighing 190-210 g
were obtained from the Experimental Animal Center of
Xi'an Jiaotong University. All the animals were housed under
specific pathogen-free conditions in a clean, temperature and
humidity-controlled environment with unlimited access to
food and water and with a 12-h light/dark cycle.

Rat model of ONFH. A total of 30 rats underwent sequential
drug administration to establish the ONFH model of ONFH
as previously described (17). The remaining 15 rats were
used as the normal controls. Briefly, the 30 rats were admin-
istered 2 mg/kg lipopolysaccharide (Sigma, St. Louis, MO,
USA) intravenously for 2 days. One day later, 20 mg/kg of
methylprednisolone (Pfizer, Inc., New York, NY, USA) was
injected intramuscularly 3 times for 24 h. All the animals were
sacrificed (via an intravenous injection of excess phenobarbital
sodium) for the isolation of the BMMSCs 4 weeks after the
final day of drug administration.

Preparation of rat BUMSCs. The BMMSCs were prepared
as previously described (18). Briefly, BMMSCs were obtained
from the femoral shafts of the rats (from the rats with ONFH
and the normal rats) after the muscles and extraosteal tissues
were trimmed. Bone marrow was flushed and centrifuged
on a 1.073 g/ml Percoll density gradient (Pharmacia,
St. Louis, MO, USA). The BMMSCs obtained from the rats
with steroid-related ONFH are hereon referred to as ONFH-
BMMSCs. The cells were washed with PBS (Wuhan Boster
Biological Technology, Ltd., Wuhan, China), seeded into
25-cm? cell culture flasks, and cultivated in L-DMEM (Sigma)
supplemented with 10% FBS (Sigma) and 20 mg penicillin-
streptomycin/ml (Sigma) in a humidified 5% CO, atmosphere
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at 37°C. The medium was changed every 3 days. When the
cells became subconfluent, the cells were released from the
culture substratum using trypsin/EDTA (0.25% trypsin and
0.02% EDTA) (Sigma). The cell surface molecules, CD44
and CD34, were analyzed on 3 cultures by flow cytometry
(FACSCalibur; Becton, Dickinson and Company, Franklin
Lakes, NJ, USA).

ONFH-BMMSC viability assay. The ONFH-BMMSCs were
plated into 96-well plates at a density of 2,000 cells/well.
Following 4 h of incubation, some of the plates containing the
ONFH-BMMSCs were treated with various concentrations of
LiCl (1,5, 10 and 20 mM; Sigma). The cells were then incubated
at 37°C for 5 days. Following incubation, the cells were treated
with methyl thiazolyl tetrazolium (MTT; 0.5 mg/ml) for 4 h
at 37°C. Following solubilization with dimethyl sulfoxide, the
absorbance was recorded at 570 nm using a microplate spectro-
photometer (SpectraMax; Molecular Devices LLC, Sunnyvale,
CA, USA).

Analysis of osteogenic differentiation. The BMMSCs were
trypsinized and replated in a 6-well plate at a concentration
of 2x10° cells/well. The medium was replaced with osteo-
genic medium (low-glucose DMEM containing 5% FBS,
10 nM dexamethasone, 50 uM L-ascorbic acid-2-phosphate
and 10 mM glycerophosphate; all from Sigma). The medium
was added every other day, and the cells were maintained at
37°C in a humidified 5% CO, atmosphere. The differentiating
cells were treated for 7, 14 and 21 days with osteogenic medium
alone or medium containing 5 mM LiCl. The rat BMMSCs
were divided into the following 3 groups: i) the normal group;
ii) the ONFH-BMMSC group; and iii) the LiCl + ONFH-
BMMSC group. The expression levels of osteocalcin (OCN)
and Runx2 were measured by reverse transcription-quantita-
tive polymerase chain reaction (RT-qPCR).

After 21 days, mineralization was measured using Alizarin
Red S (Sigma) staining. Briefly, the BMMSC cultures were
fixed in a 4% paraformaldehyde solution and stained with
a 0.5% Alizarin Red (Sigma) solution. We added 1 ml of
10% cetylpyridinium chloride (Sigma) for quantitative analysis.
The light absorbance of the extracted dye was measured using
a spectrophotometer (UV-1800: Shimadzu, Kyoto, Japan) at
570 nm.

Analysis of adipogenic differentiation. The BMMSCs were
seeded in 6-well plates at a concentration of 2x10° cells/well and
cultured in high-glucose DMEM supplemented with 10% FBS,
1% penicillin-streptomycin, 10 pgg/ml insulin, 1 xM dexa-
methasone and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX;
all from Sigma) at 37°C in a humidified 5% CO, atmosphere.
The medium was changed every 2 days. The differentiating
cells were treated for 3, 7 and 14 days with adipogenic medium
alone or medium containing 5 mM LiCl. The expression levels
of proliferator-activated receptor y (PPARY) and fatty acid
binding protein 4 (Fabp4) were measured by RT-qPCR.

After 14 days, the BMMSCs were stained using Oil Red O.
Briefly, the cells were fixed with 10% formalin. The cells were
then washed with 60% isopropyl alcohol and stained with
2% Oil Red O reagent (Sigma). The staining was quantified by
extracting the Oil Red O stain with 100% isopropyl alcohol,
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after which the absorbance was measured using a spectropho-
tometer (UV-1800; Shimadzu) at 510 nm.

RT-gPCR. Briefly, total cellular RNA was extracted from the
cultured cells using TRIzol reagent. Total RNA was then
reverse transcribed into cDNA using an RT-PCR mixture
(Takara Bio, Otsu, Japan). gPCR was performed in a reaction
mixture containing SYBR-Green PCR Master Mix (Roche
Diagnostics, Basel, Switzerland). (3-actin was used as an
internal control. The following primers were used in the present
study: OCN sense, 5-GAC AAG TCC CAC ACA GCA AC-3'
and antisense, 5'-CCG GAG TCT ATT CAC CAC CT-3"; Runx?2
sense, 5'-TCA CAA ATC CTC CCC AAG TGG-3' and anti-
sense, 5'-GAA TGC GCC CTA AAT CAC TGA-3'; PPARy
sense, 5-TCC TCC TGT TGA CCC AGA GCA T-3' and anti-
sense, 5'-AGC TGA TTC CGA AGT TGG TGG-3'; Fabp4
sense, 5'-GGA ATT CGA TGA AAT CAC CCC-3' and anti-
sense, 5“-TGG TCG ACT TTC CAT CCC ACT-3'; and B-actin
sense, 5'-AGT ACC CCA TTG AAC ACG GC-3' and antisense,
5-TTT TCA CGG TTA GCC TTA GG-3' The results were
analyzed using SDS 2.0 software (Life Technologies, Grand
Island, NY, USA).

Western blot analysis. To measure the protein expression of
phosphorylaed GSK-3f at Tyr-216 (p-Tyr216 GSK-3f) and
[-catenin, we conducted western blot analysis. Total proteins
were separated on 10% SDS-PAGE gels and then transferred
onto polyvinylidene fluoride blotting membranes. After
blocking non-specific binding with 5% BSA in Tween-Tris-
buffered saline, the membranes were incubated with the
following primary antibodies: anti-p-Tyr216 GSK-3f (ab75745;
1:500 dilution; Abcam, Cambridge, CA, USA), anti-f3-catenin
(ab32572; 1:1,000 dilution; Abcam) and anti-f-actin (BM0627,
1:200 dilution; Wuhan Boster Biological Technology, Ltd.)
antibodies overnight. The membranes were then incubated for
2 h with secondary antibodies (ZDR-5306, 1:2,000 dilution;
Zhongshan Golden Bridge Biotechnology, Co., Ltd., Beijing,
China) labeled with horseradish peroxidase. The immunoreac-
tive proteins on the blots were visualized using ECL™ western
blot detection reagents, and the signals were detected using
Image Station 4000R (Kodak, Rochester, NY, USA).

Inhibition of 3-catenin pathway activation. Quercetin (Que;
Calbiochem, San Diego, CA, USA), an inhibitor of the 3-catenin
pathway (19,20), was used to further investigate the role of LiCl in
the B-catenin pathway. The ONFH-BMMSCs were treated with
5 mM LiCl in the presence of Que (50 xM) and then underwent
osteogenic and adipogenic differentiation. The LiCl + ONFH-
BMMSC and ONFH-BMMSC groups were used as the controls
in this experiment. The mRNA expression levels of Runx2 and
PPARY were measured by RT-qPCR at the end of induction. The
expression levels of OCN and Fabp4 were measured by immuno-
fluorescence. Briefly, the BMMSCs were fixed and treated with
50 ug/ml 4', 6-diamidino-2-phenylindole (DAPI) for nuclear
staining. The primary antibodies were diluted 1:100 [anti-OCN
(ab13418) and anti-Fabp4 (ab92501), from Abcam]. The cells
were then stained with anti-OCN and anti-Fabp4 antibodies and
visualized with a secondary antibody conjugated with tetracthyl
rhodamine isothiocyanate (TRITC). The controls were also
stained, but without the primary antibodies. Fluorescence images
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Figure 1. Effects of lithium chloride on the viability of bone marrow-derived
mesenchymal stem cells (BMMSCs) isolated from rats with steroid-related
osteonecrosis of the femoral head (ONFH-BMMSCs). The ONFH-BMMSCs
were treated with various doses of LiCl (1, 5, 10 and 20 mM). Cell viability
was analyzed by MTT assay. Of all the treatment groups, the 5 mM concen-
tration of lithium chloride showed the most prominent stimulatory effect on
viability. The OD values are shown as the means + SD, ““P<0.001 compared
with the controls (normal BMMSCs).

were acquired using a fluorescence microscope (FluoView 500;
Olympus, Tokyo, Japan). Data were analyzed using Image-Pro
Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. The data are expressed as the means + stan-
dard deviation (SD). Data analysis was performed using
SPSS 13.0 software (SPSS Inc., Chicago, Il, USA). One-way
analysis of variance followed by an LSD test was used for
comparisons among the experimental groups. P-values <0.05
were considered to indicate statistically significant differences.

Results

Characterization of rat BMMSCs. The BMMSCs were
successfully and rapidly expanded into colonies of confluent
spindle-shaped cells. The results of flow cytometry for CD34 and
CD44 revealed that the cells were negative for CD34 (0.57%)
and positive for CD44 (99.43%) (data not shown). The cultured
cells were thus considered BMMSCs.

Effect of LiCl on the viability of ONFH-BMMSCs. We tested a
range of LiCl concentrations to determine the optimal concentra-
tion to treat the ONFH-BMMSCs with. The OD value provided
by the MTT assay in the low-dose LiCl-treated groups (1 and
5 mM) was significantly higher than that of the control group
(P<0.001; Fig. 1). Treatment with LiCl at up to 5 mM increased
cell viability in a dose-dependent manner. On the contrary, in
the high-dose LiCl-treated groups (10 and 20 mM), LiCl exerted
an inhibitory effect on cell viability (P<0.001; Fig. 1).

LiCl enhances the osteogenesis of ONFH-BMMSCs. The results
revealed that the 5 mM LiCl treatment group and the normal
group exhibited a significant increase in the mRNA expression
of OCN and Runx2 in a time-dependent manner compared with
the ONFH-BMMSC group (P<0.001; Fig. 2). Furthermore, we
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Figure 2. RT-qPCR of osteogenesis-related markers. RT-qPCR was used to determine the osteogenic effects of bone marrow-derived mesenchymal stem
cells (BMMSCs) on the mRNA expression of (A) osteocalcin and (B) Runx2 at different time points during osteogenic induction. Gene expression was normal-
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Figure 3. Alizarin Red S staining of rat bone marrow-derived mesenchymal stem cells (BMMSCs) to determine the extent of mineralization. The BMMSCs
isolated from rats with steroid-related osteonecrosis of the femoral head (ONFH-BMMSC) group showed lighter Alizarin Red S staining when compared with
the normal group or the LiCl + ONFH-BMMSC group. (A) Normal group. (B) ONFH-BMMSC group, (C) LiCl + ONFH-BMMSC group. (D) OD values of
Alizarin Red S staining in the LiCl + ONFH-BMMSC group and the normal group were significantly higher than those of the ONFH-BMMSC group. The data
are shown as the means + SD. “*P<0.001 compared with the ONFH-BMMSC group. LiCl, lithium chloride.

found that the OCN and Runx2 mRNA levels did not signifi-
cantly differ between the LiCl + ONFH-BMMSC group and the
normal BMMSC group (P>0.05; Fig. 2).

The results revealed that the normal and the LiCl + ONFH-
BMMSC groups presented with a greater number of mineralized
nodules than the ONFH-BMMSC group (Fig. 3A-C).
Furthermore, the light absorbance analysis revealed that the
normal and LiCl + ONFH-BMMSC groups had significantly

higher OD values than the ONFH-BMMSC group (P<0.001);
by contrast, the OD values did not differ between the normal
and the LiCl + ONFH-BMMSC groups (P>0.05; Fig. 3D).

LiCl reduces the adipogenesis of ONFH-BMMSCs. The
LiCl treatment group and normal group exhibited a signifi-
cant decrease in the mRNA expression of PPARy and Fabp4
compared with the ONFH-BMMSC group (P<0.001, Fig. 4).
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Figure 4. RT-gPCR of adipogenesis-related markers. RT-qPCR was used to determine the adipogenic effects of bone marrow-derived mesenchymal stem
cells (BMMSCs) on the mRNA expression of (A) peroxisome proliferator-activated receptor y (PPARY) and (B) fatty acid binding protein 4 (Fabp4) at different
time points during adipogenic induction. Gene expression was normalized to -actin. The data are shown as the means + SD, ““P<0.001 compared with the
BMMSCs isolated from rats with steroid-related osteonecrosis of the femoral head (ONFH-BMMSC) group. LiCl, lithium chloride.
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Figure 5. Oil Red O staining for lipid droplet formation. The bone marrow-derived mesenchymal stem cells isolated from rats with steroid-related osteonecrosis
of the femoral head (ONFH-BMMSC) group showed heavier Oil Red O staining when compared with the normal group or the LiCl + ONFH-BMMSC group.
(A) Normal group. (B) ONFH-BMMSC group, (C) LiCl + ONFH-BMMSC group. (D) OD values of Oil Red O staining in the LiCl + ONFH-BMMSC group
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and the normal group were significantly lower than the ONFH-BMMSC group. The data are shown as the means + SD. “"P<0.001 compared with the ONFH-

BMMSC group. LiCl, lithium chloride.

Furthermore, we found that the LiCl treatment group showed
no statistically significant differences in the PPARy and Fabp4
mRNA expression levels compared with the normal BMMSC
group (P>0.05; Fig. 4).

The results obtained from Oil Red O staining revealed that
the normal and LiCl + ONFH-BMMSC groups presented with
fewer lipid droplets than the ONFH-BMMSC group (Fig. 5A-C).
Moreover, the light absorbance analysis revealed that the

normal and LiCl + ONFH-BMMSC groups had significantly
lower OD values than the ONFH-BMMSC group (P<0.001),
while the OD values between the normal and the LiCl + ONFH-
BMMSC groups did not differ (P>0.05; Fig. 5SD).

LiCl activates the f3-catenin pathway. As shown in Fig. 6, treat-
ment with LiCl markedly increased the expression of $-catenin
and decreased the p-Tyr216 GSK-3f protein levels compared
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Figure 6. Western blot analysis of the 3-catenin pathway. (A) Protein expression levels of p-Tyr216 GSK-3f and f-catenin were measured by western blot analysis.
The bar graphs show the relative expression of (B) p-Tyr216 GSK-3f and (C) B-catenin. The data are represented as the means + SD, ““P<0.001. LiCl, lithium
chloride; ONFH-BMMSC group, group of bone marrow-derived mesenchymal stem cells isolated from rats with steroid-related osteonecrosis of the femoral head.
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Figure 7. RT-qPCR of adipogenic/osteogenic markers. RT-qPCR was used to determine the adipogenic and osteogenic effects of different treatments for bone
marrow-derived mesenchymal stem cells (BMMSCs), isolated from rats with steroid-related osteonecrosis of the femoral head (ONFH), on the mRNA expression
of (A) peroxisome proliferator-activated receptor y PPARy and (B) Runx2 at the end of adipogenic and osteogenic induction. Gene expression was normalized to
B-actin. The data are shown as the means + SD, ““P<0.001 compared with the LiCl + ONFH-BMMSC group. LiCl, lithium chloride; Que, quercetin.

with the ONFH-BMMSC group (P<0.001). The normal group
exhibited a higher expression of 3-catenin and a lower expres-
sion of p-Tyr216 GSK-3p compared with the ONFH-BMMSC
group (P<0.001).

Inhibition of B-catenin pathway diminishes the effects of LiCl.
The LiCl + Que + ONFH-BMMSC and ONFH-BMMSC
groups exhibited a significant increase in the mRNA expression
of PPARY compared with the LiCl + ONFH group (P<0.001;
Fig. 7A). By contrast, the LiCl + Que + ONFH-BMMSC
and ONFH-BMMSC groups exhibited a statistically signifi-
cant decrease in the mRNA expression of Runx2 (P<0.001;
Fig. 7B). Moreover, the LiCl + Que + ONFH-BMMSC group

exhibited no statistically significant difference in PPARY and
Runx2 mRNA levels compared with the ONFH-BMMSC
group (P>0.05; Fig. 7).

Immunofluorescence staining revealed that the
LiCl + Que + ONFH-BMMSC and ONFH-BMMSC
groups exhibited a significant increase in Fabp4 expression
compared with the LiCl + ONFH group (P<0.001; Fig. 8A).
By contrast, the LiCl + Que + ONFH-BMMSC and ONFH-
BMMSC groups exhibited a significantly lower expression
of OCN (P<0.001; Fig. 8B). Moreover, we also found that the
LiCl + Que + ONFH-BMMSC group exhibited no statistically
significant difference in Fabp4 and OCN expression compared
with the ONFH-BMMSC group (P>0.05; Fig. 8).
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Figure 8. Immunofluorescence staining for adipogenic/osteogenic markers. (A and B) Immunofluorescence staining for fatty acid binding protein 4 (Fabp4) and
osteocalcin (OCN) (TRITC-Red) with DAPI (blue) nuclear counterstaining (DAPI, blue) at the end of adipogenic/osteogenic induction (magnification, x400).
The data are shown as the means + SD, “"P<0.001 compared with the LiCl + ONFH-BMMSC group; BMMSCs, bone marrow-derived mesenchymal stem cells
isolated from rats with steroid-related osteonecrosis of the femoral head; LiCl, lithium chloride.

Discussion

ONFH is a common degenerative disease that mostly occurs in
young and middle age. The disease critically affects the quality
of life of patients and is associated with a high morbidity.
Hernigou et al demonstrated that the decreased activity of
BMMSCs may contibute to the pathogenesis of ONFH (4).
In a prevoius study, in patients who developed osteonecrosis
following treatment with corticosteroids, abnormal adipo-
genesis was discovered in the bone marrow, with a decreased
number of osteogenic cells (21). These findings indicate that
steroids may disrupt the osteogenic/adipogenic activity of stem
cells in ONFH.

To explore the potential impairment in the osteogenic/adipo-
genic activity of BMMSCs in ONFH, we established a rat model
of steroid-related ONFH previously reported by Chen ez al (17).
According to their study, the necrosis generated in this model is
similar to that observed in steroid-treated patients. In the present
study, Alizarin Red S staining determined the osteogenic func-
tion of BMMSCs in the model group, which was impaired

compared with the normal BMMSCs. By contrast, Oil Red O
staining indicated that the adipogenic function of BMMSCs
isolated from rats with steroid-related ONFH was enhanced
compared with normal BMMSCs. These results indicated that
the differentiation of ONFH-BMMSCs was impaired, which
may be the cause of steroid-related ONFH.

Lithium has been used in the treatment of bipolar disorder
for decades, and its safety has been well confirmed (22).
Studies have reported that lithium inhibits the adipogenic
effect (15,16). Mai et al also confirmed the anti-adipogenic
effects of LiCl (23). LiCl has also been reported to stimulate
osteoblast differentiation (14). However, it remains unknown
as to whether lithium can reverse the abnormal osteogenic/
adipogenic activity of BMMSCs from rats with steroid-related
ONFH. In the present study, we examined the possibility of
using LiCl to reverse the abnormal differentiation of ONFH-
BMMSCs. The effects of lithium have been reported to be
highly dependent on its concentration (24,25); thus, we tested
a series of LiCl concentrations to find the optimal concentra-
tion. We found that 5 mM LiCl exerted the greatest stimulatory
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effect on the viability of ONFH-BMMSCs. Thus, we selected
5 mM LiCl as the optimal concentration.

Runx2 is essential for osteoblast differentiation and skel-
etal morphogenesis. Moreover, OCN, also known as bone
gamma-carboxyglutamic acid-containing protein (BGLAP), is
a non-collagenous protein found in bone (26). It has been impli-
cated in bone mineralization and calcium ion homeostasis (27).
In the present study, we found the decreased expression of
Runx2 and OCN in the ONFH-BMMSCs, suggesting that
steroid-related ONFH reduces the osteogenic activity of
BMMSC:s. Following treatment with LiCl, the expression of
Runx2 and OCN significantly increased, and this was consis-
tent with the results of Alizarin Red S staining. These results
indicate that LiCl can reverse the abnormal osteogenic differ-
entiation of ONFH-BMMSCs.

By contrast, PPARYy, as a member of the nuclear receptor
gene superfamily of ligand-activated transcription factors,
functions as a stimulator of bone marrow adipogenesis and an
inhibitor of osteogenesis. Fabp4 is a carrier protein for fatty
acids that is considered to be a terminal differentiation marker
for adipocytes (28). In the present study, we found the increased
expression of PPARy and Fabp4 in the BMMSCs from rats with
steroid-related ONFH, indicating that steroid-related ONFH
may cause BMMSCs to change into an adipogenic phenotype.
Following treatment with LiCl, the expression of PPARy and
Fabp4 significantly decreased. These results were consistent
with those of Oil Red O staining, suggesting that lithium
attenuates the impairment of excessive adipogenic differentia-
tion of ONFH-BMMSCs.

Lithium,as used in the present study, is known to be a GSK-33
inhibitor that can raise the 3-catenin concentration (14). The
Wnt/B-catenin pathway has been reported to inhibit adipocyte
differentiation (29), as well as enhance osteoblast differentia-
tion (30). As a key component of this pathway, the activation
of B-catenin leads to the direct suppression of PPARy and the
prevention of 3T3-L1 cell adipogenic differentiation (31,32).
By contrast, the disruption of the -catenin pathway increases
adipogenesis (33) and reduces bone formation (29). In addition,
GSK-3f activity is regulated by phosphorylation and Tyr216
phosphorylation increases its activity (34) and Garza et al (35)
reported that steroids inhibit GSK-3[3/B-catenin signaling by
activating GSK-3f. This activation inhibited the activity of
[B-catenin (35) and was consistent with our present findings
that the ONFH-BMMSCs had decreased levels of B-catenin
and increased levels of p-Tyr216 GSK-3p (active form of
GSK-3) compared with the normal BMMSCs. The results of
western blot analysis in the present study revealed that LiCl, as
a GSK-3f inhibitor, activated (3-catenin by reducing p-Tyr216
GSK-3p. However, whether lithium attenuated the abnormal
osteogenic/adipogenic differentiation of ONFH-BMMSCs
through the (3-catenin pathway remains uncertain. To further
elucidate the possible mechanisms of action of lithium in
ONFH-BMMSCs, we used Que, an inhibitor of the B-catenin
pathway. We found that the treatment effects of LiCl (the
attenuation of the abnormal osteogenic and adipogenic differ-
entiation) on ONFH-BMMSCs were abolished by treatment
with Que. In this respect, we speculated that lithium may act as
a switch to reduce both the abnormal adipogenic activity and
increase the osteogenic differentiation of ONFH-BMMSCs by
activating the [3-catenin pathway.
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In conclusion, our data indicate that the normal osteogenic/
adipogenic activity of BMMSCs is impaired during steroid-
related ONFH. The present study also provides evidence to
suggest that LiCl attenuates the abnormal osteogenic/adipogenic
differentiation of BMMSCs obtained from rats with steroid-
related ONFH by activating the B-catenin signaling pathway.
These findings highlight the treatment effects of LiCl on steroid-
related ONFH and provide an effective therapeutic strategy.
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