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Abstract

INTRODUCTION

Glucocorticoid-induced osteoporosis (GIOP) is one of the
most prominent side effects of glucocorticoid (GC) therapy and is
the main cause of secondary osteoporosis. Early epidemiological
data revealed that 30% of patients on long-term GC therapy
(>6 months) developed osteoporosis [1]. Although not all of the
underlying mechanisms are precisely understood, it is generally
accepted that reduced bone formation is the key process in GIOP.
At the cellular level, GCs reduce bone formation by (1) inhibiting
osteoblast differentiation, (2) inducing apoptosis of osteoblasts,
and (3) stimulating bone marrow stromal cells (BMSC) to
differentiate into adipocytes rather than osteoblasts.

Obijective: To evaluate the effects of bisphosphonates on glucocorticoid-induced osteoporosis (GIOP) through PPAR ¥ and hedgehog pathways

Methods: Forty newly diagnosed systemic lupus erythematosus (SLE) patients were randomly divided into a control group (1mg/kg/d prednisolone) and
an alendronate (ALN) group (1mg/kg/d prednisolone plus ALN 70mg/w). Expression of Gli1 and PPAR v in bone marrow was detected before and after
treatment. Human bone marrow stromal cells (hBMSC) were committed to either adipogenic or osteogenic differentiation, in the presence and absence of ALN,
and supplemented with methylprednisolone (MP) (10~ to 10-*mmol/L). Untreated differentiating hBMSCs were used as the control. Expression of Gli 1/PPAR
Y was measured by real-time quantitative RT-PCR and alizarin red /Oil red O staining was performed.

Results: Compared with the base line, the average integral optical density (IOD) of Gli 1 protein was significantly lower (P<0.001), while the average
10D of PPAR v protein was significantly higher (P<0.001) after oral prednisolone therapy; compared with the control group, the average IOD of Gli 1 protein
was significantly higher in the ALN group (P=0.002), while the average IOD of PPAR y protein was significantly lower in the ALN group(P<0.01). MP dose-
dependently decreased Gli 1 expression (P<0.05) and mineralization, but the addition of ALN increased Gli 1 expression and mineralization. Dexamethasone
stimulated PPAR y expression and adipogenesis while ALN dose-dependently suppressed PPAR y expression (P<0.05) and oil drop formation.

Conclusions: Glucocorticoids impaired osteoblasts differentiation through their suppression effects on the hedgehog pathway and stimulatory action on
PPAR Y. Bisphosphonates reversed the osteogenesis impairment induced by glucocorticoids.

Osteoblasts and adipocytes differentiate from a common
pluripotent precursor, the mesenchymal stem cell (MSC).
Studies have identified numerous transcription factors and
multiple extracellular and intracellular signaling pathways
that regulate the closely linked processes of adipogenesis and
osteoblastogenesis, including the transcription factor peroxisome
proliferator-activated receptor y (PPAR y), bone morphogenetic
protein (BMP) pathway and the Wnt-f-catenin pathway [2,3].
However, few studies have investigated the effects of GCs on the
hedgehog (Hh) pathway.

The Hh signaling pathway is indispensable for normal
patterning of multicellular embryos and functions in
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postembryonic development and in adult tissue homeostasis,
including regulation of stem cell physiology [4,5]. It begins with
the release of Hh protein that binds to the Patched (Ptch) receptor
on Hh-responsive cells, relieving the suppression of Smoothened
(Smo). Smo in turn activates an intracellular signaling cascade
that results in activation of one or more Gli transcription factors,
which in turn mediate the transcription of the Hh target genes,
including Gli 1 and Ptch, the former one, transcription factor Gli 1
is the key regulator of the Hh signaling pathway. Although a direct
promotive effect of Hh in rodent osteoblast differentiation has
been documented [6-10], its effect on osteoblast differentiation
in human cells is controversial. As far as we are aware, there are
no published papers concerning the effect of Hh signaling on
GIOP.

The American College of Rheumatology (ACR) has
recommended bisphosphonates as first-line agents for the
prevention and treatment of GIOP [11]. The benefits of
bisphosphonates in GIOP have been attributed to their anti-
resorptive effect, but there is little research focus on their effects
in osteogenesis. A recent paper has reported that a reduction
of bone formation plays an important role in GIOP and that
bisphosphonates have an anabolic effect on osteoporosis [12,
13].Therefore, in the present study, the experiments were
designed to elucidate the intervention effect of bisphosphonates
on osteogenesis dysfunction GIOP, especially through PPAR y and
Hh pathways, to provide a further theoretical basis for their use
in GIOP.

MATERIALS AND METHODS

Reagents and instruments

Rabbit anti-human Glil polyclonal antibody (Abcam
Biotechnology UK ab92611); rabbit anti-human PPAR vy
polyclonal antibody (Cell Signaling Technology); biotinylated
sheep anti-rabbit IgG and diaminobenzidine (DAB)(Boster,
Wuhan); indomethacin and dexamethasone (Sigma); fetal calf
serum, insulin, 3-isobutyl-1-methylxanthine (IBMX)(Sigma
Chemical); DAKO REAL En Vision kit (DAKO Corporation);
normal goat serum (ZLI-9606 ZSGB-BIO, Beijing, China);
antibody diluent (ZLI-9030 ZSGB-BIO, Beijing, China); hMSCs
growth medium (OriCellTM, Cyagen); osteoinduction medium
(Cyagen), sodium alizarin sulfonate (Cyagen); PrimeScript TM
RT reagent Kit(Perfect Real Time)(TaKaRa Bio Inc); alendronate
(ALN, Fosamax Merck); Leica fully automated microscope (model
DMLA Leica Inc.,, Germany); Qwin software (ver. 2.3 Leica Inc,,
Germany); inverted microscope (IX70ISM, Olympus); CO,
incubator, quantitative PCR (Thermal Cycler Dice ™); Multi-Mode
Micro plate Reader (SynergyTMH7 USA).

Patients and methods

After  excluding the menopause, bone metabolic
diseases, upper gastrointestinal disorders, diabetes and other
ailments that can cause osteoporosis and severe disease activity
(SLEDAI score = 15), 40 patients admitted to the rheumatoid
immunology department of Guangdong General Hospital from
September 2010 to January 2012 with newly diagnosed systemic
lupus erythematosus (SLE), with a base-line bone mineral density
T score at both the lumbar spine and femoral neck >-2.0, that

required long-term systemic GC therapy, were assigned to the
trial. Diagnosis of SLE was made according to the 1982 criteria
of the American College of Rheumatology (ACR). All patients
provided written informed consent and the study protocol
was approved by the research ethics committee of Guangdong
General Hospital, Guangdong Academy of Medical Sciences (No.
GDREC2010114H). After baseline bone specimens were collected
from iliac crest, patients were randomly divided into two groups:
the control group (n=20) received 1mg/kg/d prednisolone and
the ALN group (n=20) received 1mg/kg/d prednisolone plus
ALN (70mg/w) for 24 weeks. These drugs were administered at
the same time that supplemental calcium and vitamin D therapy
was initiated. After 24 weeks’ therapy, a second biopsy was taken
from the same region of each patient. The expression of PPARy/
Gli 1 was compared before and after GC therapy in the control
group to investigate the effect of GC on osteogenesis. A similar
comparison was also made between the control and ALN groups
to evaluate the therapeutic effects of ALN on GIOP.

Bone tissue immunohistochemistry (IHC)

Bone specimens obtained from 2.2 were decalcified,
embedded and 3 um sections prepared. After incubation, dew
axing, rehydration and antigen retrieval, the sections were
rinsed in 3% hydrogen peroxide. Incubation was carried out in
blocking serum and subsequently with the primary antibodies.
The antibodies were diluted at 1:200 for Gli 1 and 1:100 for PPAR
Y. Subsequently, slides were incubated with goat-ant rabbit IgG.
The antigen-antibody binding was visualized with DAB acting as
the chromogen. Sections were counterstained with hematoxylin.
For image analysis, 4 sections were chosen from each patient
and observed randomly at 400x magnification by 2 microscope
operators. Absorbance (A) values of each section were detected
by a LEICA Qwin microgramme analytical system (Leica
Company, Shanghai, China), and the mean values were taken on
behalf of the sample A value.

Differentiation of human bone marrow stromal cells
(hBMSCs) and cell treatment

Human bone marrow was obtained from 5 consecutive
traumatic patients (all were male, mean age 36 years, range
28-45) admitted to the orthopedics department of Guangdong
General Hospital with approval and ethical clearance. Subjects
did not have other bone disorders. Aspirated bone marrow was
diluted with equivalent amounts of hBMSCs growth medium and
incubated at 37°C with 5% humidified CO,. To characterize the
surface antigens of hBMSCs, immunostaining of CD29, CD34,
CD44 and CD45 was performed on passage 2~4 cells. When cells
reached 80-90% confluence and a purification rate of 99%, they
were committed to osteogenicor adipogenic differentiation.

Identification of the effects of GCs and ALN on osteoblasts
differentiation and activity: To investigate the effect of GCs
on the Hh pathway, we used hBMSC special culture medium
as the blank group, growth medium containing 0.1 pg/ml rh-
SHHN cytokine as the control and rh-SHHN supplemented with
increasing concentrations of methylprednisolone (MP) (10 to
10-*mmol/L) as the treatment group.

Then we used osteogenesis induction media (OIM) instead of
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rh-SHHN to study the intervention effect of ALN on GIOP. OIM
supplemented with 10°mmol/L MP acted as the control group
with the ALN treatment group exposed to10“mmol/L ALN.

Identification of the effects of GCs and ALN on adipocyte
differentiation and activity: To study the effect of drugs on
adipogenic differentiation, the culture medium was replaced
with hBMSC growth media as the blank group, or using
adipogenesis induction media (AIM, prepared with 1.0 umol/L
dexamethasone, 200 pmol/L indomethacin, 10 pg/ml insulin, 0.5
mmol/L 3-isobutyl-1-methylxanthine, 10% FCS) alone as the AIM
group, or AIM with increasing concentrations of ALN. They were
the low concentration (LC), 10°mol/L, moderate concentration
(MC), 107mol/L and high concentration (HC), 10-°mol/L groups,
respectively.

Quantitative real-time PCR

After osteogenic or adipogenic differentiation, total RNA
was extracted with Trizol reagent according to the manufac-
turer’s protocol. CDNA was synthesized using the Trizol proto-
col and quantitative real-time PCR was performed in triplicate
by using SYBR Green L. The following primers were used: Gli 1
(5’-TGAACATTATGGACAAGTG-3’, 5’-CCTGACTGGAGATATT-
GG-3’) for all the groups in 2.4.1andPPARy (5'-TGGAATTAGAT-
GACAGCGACTT-3', (5'-CTGGAGCAGCTTGGCAAACA-3") for all the
groups in 2.4.2

Alizarin red staining

Matrix mineralization of cell monolayers for all groups in
2.4.1 was detected by alizarin red staining. Twenty-one days
after inducing osteogenic differentiation, hBMSCs were washed
with PBS and fixed in 4% par formaldehyde in PBS for 15min.
After washed with PBS, cells were stained with alizarin red dye
5 min and then copiously rinsed in PBS. The calcium phosphate
precipitates were stained bright red.

Oil Red O Staining

After inducing adipogenic differentiation for 6 to 9 days, Oil
red O staining to visualize adipocytes was performed for all the
groups in 2.4.2. HBMSCs were washed with PBS and fixed in
10% formalin for 10min. After wash with PBS, cells were stained
with Oil Red O for 15min and then washed with distilled water.
Representative samples of treated cells were prepared, dipped in
isopropyl alcohol and thoroughly rinsed. Absorbance (A) values
were detected at a wave length of 515nm using a Multi-Mode
Micro plate Reader.

Statistical analysis

SPSS ver. 17.0 software was used for statistical analysis.
Kolmogorov-Smirnov (K-S) test was used for the normality
test. Continuous and ordinal data are expressed as the mean
+ standard error or the median and interquartile range. For
in vitro studies, multi-group comparisons were made using
analysis of variance (ANOVA) and two-group comparison of
normally distributed data by a t-test. For in vivo study, a paired
t-test was used to determine any significant differences of Gli 1
protein or PPAR y protein between the baseline and the second
biopsy readings within the control group; a 2-sample t test was
performed on the mean a value of Gli 1 protein or PPAR y protein

between ALN group and control group. Values were considered
to be significant when P< 0.05.

RESULTS

Baseline characteristics of patients

A total of 40 patients with recent-onset SLE were enrolled
in the study. All patients were female, age range 16 to 51 years,
with a SLEDAI score between 6 and 14. There were no significant
difference in the age and SLEDAI scores between the control and
ALN treatment groups (Table 1).

Expression of Gli 1 and PPAR y in clinical samples

IHC showed that both the control and ALN groups had positive
Gli 1 and PPAR vy protein expression in bone marrow. We first
compared the protein expression before and after GCs therapy in
the control group. The results showed that compared with base
line, the average integral optical density (IOD) of Gli 1 protein
was significantly lower (42.00 = 5.83,n = 20, vs 60.80+12.08 n
= 20, P<0.001), while the average 10D of PPAR y protein was
significantly higher (83.95+10.61, n = 20, vs 39.35 + 11.50,n =
20,P<0.001) after oral prednisolone therapy. Next we compared
the protein expression levels in the control and ALN treatment
groups to investigate how ALN affected GIOP. As shown in Figure
(1) and Figure (2), the bone tissue from the ALN treatment group
had more Gli 1 protein particles but less PPAR y protein particles
than the control group. Compared with control group, the average
10D of Gli 1 protein was significantly higher in the ALN treatment
group (51.48+5.61, n = 20, vs 42.00+5.83, n = 20, P=0.002), while
the average 10D of PPAR vy protein was significantly lower in the
ALN treatment group (73.62 £ 10.77, n = 20, vs 83.95+10.61, n =
20, P<0.01).

Effects of GCs and ALN on osteogenesis

We used rh-SHHN cytokine instead of OIM to investigated the

Table 1: Baseline characteristics of patients in the two groups.
Patient characteristics Control ALN P
Female patients (n, %) 20(100) 20(100)

Age(mean * SD, years) 27.3£10.4 29.9+£11.0 0.455
SLEDAI score 10.5+2.6 9.4+2.7 0.821

Figure 1 Immunohistochemistry results of Gli 1 protein in bone
tissue. Gli 1 protein appears as the brown particles, mainly in the
nucleus. A: bone tissue from the control group; B: bone tissue from

the ALN treatment group (magnification, 400x).
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potential effects of GCs on Hh signaling and mineralization. After
7 days treatment, compared with control group, the expression of
Glil mRNA was significantly increased in SHHN group; adding MP
into SHHN decreased in a concentration-dependent manner Gli 1
mRNA expression (P<0.05). This result correlated with alizarin
red staining, which revealed much calcium nodus in the SHHN
group, but no nodus in the control and MP groups (Figure 3).

Compared with the 10 mol/L MP group, the expression of Gli
1 mRNA significantly increased in the 10*mol/L MP+10°mol/L
ALN group (Figure 4A) with alizarin red staining revealing that
there was more calcium nodus in the ALN group (Figure 4B,C).

Effects of GCs and ALN on adipogenesis

GCs promoted the expression of PPAR y and adipogenesis
(Figure 5). Compared with the control group, the expression
of PPAR y mRNA was significantly increased in the AIM group
(P<0.05, Figure (5A). Oil drops were found in the OIM group
Figure (5B). Quantitative analysis of oil red O stain showed the
mean A value in the AIM group was 0.46 + 0.15. Also shown in
Figure (5), compared to the AIM group, the expression of PPAR
y mRNA was significantly decreased in the high (10°mol/L)
and moderate concentration (107mol/L) ALN groups (P<0.05).
Quantitative analysis of the oil red O stain showed that the mean
a value of high, moderate and low concentrations in the ALN
groups was 0.25+0.04, 0.37+0.14 and 0.40+0.14, respectively.
Significant differences were found between the HC and AIM
groups, and the MC and AIM groups (P<0.05).

DISCUSSION

Previous studies have reported that Hh promotes rodent
osteoblast differentiation [6-10], but its effect on osteoblast
differentiation in human cells remains controversial. It has been
shown in humans that mutations in the Hh pathway, such as in
brachydactyly type A1l and Gorlin syndrome, are associated with
skeletal malformations [14]. Purmorphamine, an Hh agonist
that directly targets smoothened transmembrane protein,
increased ALP activity and bone-like formation in Osteoblasts
differentiated from hBMSCs [15].However, a study conducted by
Plaisant et al., found that osteoblast differentiation of hBMSCs
was associated with a decrease in Gli 1 expression; the addition
of purmorphamine to the osteogenic medium induced a 50%
decrease in ALP activity and Gli 1 mRNA expression [16]. In
a previous study, we investigated the effect of rh-SHHN on
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Figure 3 Effects of GCs on osteogenesis. A: Gli 1 gene expression
analyzed by RT-PCR, data presented as the mean * SEM (n=18;
a: P<0.05 over control group; b: P<0.05 over rh-SHHN group; c
P<0.05 over 10°mol/L methylprednisolone (MP) group). B, C, D,
E, mineralization was evaluated by alizarin red staining; B, control
group; C, 10 mol/L MP group; D, rh-SHHN+10-*mol/L MP group; E,
rh-SHHN group.
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Figure 2 Immunohistochemistry results of PPAR y protein in
bone tissue. PPAR y protein appears as the brown particles, seen
mainly in the nucleus. A, bone tissue from the control group; B, bone
tissue from the ALN treatment group (magnification 200x).
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Figure 4 Effect of ALN on osteogenesis. A, expression of Glil-mRNA
by RT-PCR (* P<0.05). B and C, mineralization evaluated by alizarin
red staining (magnification 100x); B, OIM+10°*mol/L MP group; C,
OIM+10°mol/L MP+10°mol/L ALN group.
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Figure 5 Effect of GCs and ALN on adipogenesis. A, PPAR y gene
expression analyzed by RT-PCR (n=18; 'P<0.05 compared to the
adipogenesis induction media (AIM) group. HC, high concentration,
10°mol/L; MC, moderate concentration, 107mol/L; LC, low
concentration,10° mol/L. B and C, adipogenesis was evaluated by oil
red O stain (magnification, 100x). B, AIM group; C, HC ALN group.

osteogenesis of hBMSCs. We found that as a key cytokine of Hh
signaling, rh-SHHN alone significantly stimulated hBMSC to
express the Gli 1 gene and form more calcium nodus. Since Gli 1
is the key regulator of Hh signaling pathway, this result suggested
that the Hh pathway promoted the osteogenic differentiation
of hBMSC [17]. In the present study, we compared Gli 1 gene
expression in the control and MP group and found that GC
significantly suppressed Gli 1 gene expression as well as calcium
nodus formation. Subsequent in vivo experiments showed that
GC therapy significantly decreased Gli 1 protein expression in
the bone marrow of patients. These results provide both in vitro
and in vivo evidence that GC reduced osteogenic differentiation of
hBMSC by inhibiting the Hh pathway.

PPARy has been shown to be expressed early in the adipocyte
differentiation program Increasing evidence indicate that it plays
an important role in the regulation of bone metabolism [18-
20]. In the present study, we found that adding AIM (containing
dexamethasone) significantly increased PPAR y gene expression
and the number of oil drops, which was in line with a previous
finding that GC induced PPAR y expression and promoted
adipogenesis [2]. Our subsequent in vivo study showed that GC
therapy increased PPAR y protein expression in the bone marrow
of patients, confirming that GCs up-regulated PPAR y expression.

Bisphosphonates are potent inhibitors of osteoclast activity
and are widely used clinically to prevent bone loss associated
with conditions such as osteoporosis, Paget's disease and
metastatic bone disease [21]. Traditionally, the bone protective
actions of bisphosphonates have been exclusively attributed to

their interference with osteoblast [22]. The inhibitory effects
of bisphosphonates on Osteoblasts, including suppressing
osteoclastogenesis, osteoblast activity and shortening of the
osteoblasts lifespan are well documented, both in vivo and in
vitro [21]. However, their effects on osteoblast functions have
been less well studied and are considered to be more complex.
Nonetheless, in recent years, studies have provided evidence
that bisphosphonates also have anabolic effects on osteoblasts
and osteocytes that promote bone formation. Im et al.,, found
that bisphosphonates could increase osteoblast and osteoblast
progenitor numbers in primary human trabecular cultures [23]
.A study by Follet et al., found that bisphosphonates acted directly
on osteoblasts and osteocytes to prolong their life span [24]. A
study by von Fu et al. found bisphosphonates facilitated the
differentiation of stem cells into an osteoblast lineage [12].

In contrast, others studies have reported inhibitory effects
of bisphosphonates on osteoblast function and the mineral
apposition rate [25,26]. Short-term treatment with micro
molar concentrations of zoledronate has been reported to
decrease proliferation, mineralization, viability and alkaline
phosphatase activity in MC3T3-E1 and MG-63 cells [27-29].
Long-term, intermittent exposure to nanomolar concentrations
of pamidronate and alendronate has been shown to inhibit bone
nodule formation by mouse calvarial osteoblasts in vitro [30].

The exact mechanism of action of bisphosphonates on
osteogenesis has not been fully elucidated. Studies have
found that bisphosphonates promote the gene expression
of BMP-2, which is a key osteogenic transcription factors in
the BMP pathway [23]. It has been reported that nanomolar
concentrations of ALN promote the differentiation of human
mesenchymal stem cells into an osteoblastic lineage [12]. In
a previous study, we added rh-SHHN cytokine and increasing
concentrations (from10° to 10°mol/L) of ALN to hBMSCs
culture medium to test the effects of bisphosphonates on the
Hh pathway. We found that a low concentration (10°mol/L) of
ALN significantly increased the expression of Gli 1 and calcium
deposition while a high concentration (10°mol/L) had the
opposite effect [17].This finding is in line with previous studies
that showed 10-®mol/L ALN promoted osteogenic differentiation
of hBMSCs while a high concentration of bisphosphonates
(>10°mol/L) inhibited osteogenic differentiation of hBMSC and
decreased mineral deposition [31]. Taken together, these results
suggest that bisphosphonates have a biphasic effect on the Hh
pathway, just like their effect on bone formation, i.e., stimulatory
at low concentrations and suppressive at high concentrations.
In present study, we assessed the intervention effect of different
concentration of ALN on GIOP through PPAR y expression and
Hh pathway. Both in vitro and in vivo the data showed that adding
ALN to GC promoted Gli 1 expression and mineralization but
stimulated PPAR y expression and adipocyte formation. These
results suggest that bisphosphonates could reverse decreased
osteogenesis and increased adipogenesis induced by GCs thus
facilitating the differentiation of stem cells into an osteoblast
lineage.

CONCLUSION

Taken together, the present study clearly demonstrates
that GCs impaired the differentiation of osteoblasts through
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their stimulatory effects on the expression of PPAR y and
suppression effect of the Hh pathway. We also established that
bisphosphonates can fully reverse the impaired differentiation of
osteoblasts induced by GCs through the PPAR y and Hh pathways.
To the best of our knowledge, this is the first demonstration of
the stimulatory effect of bisphosphonates on bone formation in
GIOP.
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