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Background: Bone strength is impaired in patients with type 2 diabetes mellitus despite an increase in bone mineral density (BMD). 
Thiazolidinedione (TZD), a peroxisome proliferator activated receptor γ agonist, promotes adipogenesis, and suppresses osteoblas-
togenesis. Therefore, its use is associated with an increased risk of fracture. The aim of this study was to examine the in vitro and in 
vivo effects of lobeglitazone, a new TZD, on bone.
Methods: MC3T3E1 and C3H10T1/2 cells were cultured in osteogenic medium and exposed to lobeglitazone (0.1 or 1 μM), rosigli-
tazone (0.4 μM), or pioglitazone (1 μM) for 10 to 14 days. Alkaline phosphatase (ALP) activity, Alizarin red staining, and osteoblast 
marker gene expression were analyzed. For in vivo experiments, 6-month-old C57BL/6 mice were treated with vehicle, one of two 
doses of lobeglitazone, rosiglitazone, or pioglitazone. BMD was assessed using a PIXImus2 instrument at the baseline and after 12 
weeks of treatment.
Results: As expected, in vitro experiments showed that ALP activity was suppressed and the mRNA expression of osteoblast marker 
genes RUNX2 (runt-related transcription factor 2) and osteocalcin was significantly attenuated after rosiglitazone treatment. By con-
trast, lobeglitazone at either dose did not inhibit these variables. Rosiglitazone-treated mice showed significantly accelerated bone 
loss for the whole bone and femur, but BMD did not differ significantly between the lobeglitazone-treated and vehicle-treated mice.
Conclusion: These findings suggest that lobeglitazone has no detrimental effects on osteoblast biology and might not induce side ef-
fects in the skeletal system.
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INTRODUCTION

Diabetes mellitus is a chronic disease, and people with type 2 
diabetes mellitus (T2DM) require oral antidiabetic drugs 
(OADs) for the rest of their life [1]. Therefore, it is important to 
identify efficacious ways to lower the blood glucose level in pa-

tients using these drugs and to understand the side effects of 
OADs and their effects on other organs [2]. The pathophysiolo-
gy and causes of T2DM are complicated and multifactorial, and 
a variety of drugs with unique mechanisms of action are used to 
treat this disease [3]. Thiazolidinedione (TZD) is a class of 
OAD that acts by increasing insulin sensitivity by activating 
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peroxisome proliferator-activated receptor γ (PPARγ), especial-
ly in muscle and adipose tissue [4]. These drugs have been 
shown to be effective in controlling hyperglycemia in people 
with T2DM. Rosiglitazone and pioglitazone are two representa-
tive TZDs [5,6].

Both adipocytes and osteoblasts differentiate from a common 
progenitor cell—the mesenchymal stem cell [7]. PPARγ is a 
transcription factor that regulates mesenchymal stem cell fate 
by favoring differentiation into adipocytes and by inhibiting dif-
ferentiation into osteoblasts [8]. The TZDs exert their antidia-
betic effects by activating PPARγ, and it is thought that long-
term administration may adversely affect bone tissue [8-10]. 
Consistent with this biological mechanism, the use of rosigli-
tazone, a representative TZD, is associated with decreased bone 
mineral density (BMD), impaired bone quality, and increased 
risk of fracture [11,12]. However, each TZD has a slightly dif-
ferent profile, and several new TZDs have been reported to have 
no detrimental effects on bone [13-15].

Patients with T2DM have impaired bone quality and strength, 
which increases their risk of fracture [16]. Therefore, it is im-
portant to consider the potential harm and benefits of each OAD 
on bone when selecting one for patients at high risk of fracture 
[17]. Lobeglitazone, a new PPARγ agonist, has been shown to 
lower blood glucose level and is used as an OAD in several 
Asian countries [18]. We recently reported that a 52-week treat-
ment with lobeglitazone had no detrimental effects on BMD 
(unpublished data). In the present study, we investigated the ef-
fects of lobeglitazone on osteoblast differentiation in vitro and 
on aging-related changes in BMD in mice.

METHODS

Cell culture and treatment
MC3T3-E1 and C3H10T1/2 cells were maintained at 37°C in a 
humidified incubator supplemented with 5% CO2 in Dulbecco’s 
modified Eagle medium (high glucose; Gibco, Waltham, MA, 
USA) with 10% fetal bovine serum, 100 U penicillin, and 100 μg/mL 
streptomycin. MC3T3-E1 preosteoblasts and C3H10T1/2 mes-
enchymal stem cells were treated with 10 mM β-glycerophosphate 
and 50 μg/mL ascorbic acid for 7 days to induce osteoblasto-
genesis. The cells were then treated with one of several TZDs, 
including lobeglitazone, rosiglitazone, or pioglitazone, for 10 to 
14 days. Each treatment dose was selected based on the biologi-
cal equivalence: 0.1 μM for lobeglitazone, 0.4 μM for rosigli-
tazone, and 1 μM for pioglitazone; a higher dose of lobegli-
tazone (1.0 μM) was also used.

RNA isolation and real-time quantitative polymerase 
chain reaction
The total RNA was isolated with an RNeasy Mini Kit (Qiagen, 
Valencia, CA, USA). Equal amounts of RNA were then subject-
ed to cDNA synthesis using an iScript III cDNA synthesis kit 
(Bio-Rad, Hercules, CA, USA). The relative amount of mRNA 
was evaluated using a Vii real-time polymerase chain reaction 
system (Applied Biosystems, Waltham, MA, USA) and was 
calculated following normalization for β-actin and glyceralde-
hyde 3-phosphate dehydrogenase mRNA.

Alkaline phosphatase activity
Cells were lysed with 0.9% NaCl and 0.2% Triton X-100 and 
centrifuged at 2,500 μg for 10 minutes at 4°C. The supernatant 
was used for measurement of protein content and alkaline phos-
phatase (ALP) activity. ALP enzyme activity was determined by 
measuring the cleavage of 10 mM p-nitrophenyl phosphate 
(pNPP) at 405 nM using a commercially available kit (AnaSpec, 
San Jose, CA, USA). Total ALP activity is expressed as pNPP 
ng/μg protein. The protein content of the cells was measured us-
ing Pierce BCA protein assay reagent (Thermo Scientific, Rock-
ford, IL, USA) and bovine serum albumin was used as the stan-
dard.

Alizarin red staining
Calcium deposition was evaluated by staining the cell matrix 
monolayer with Alizarin red. Cells were washed twice with 
phosphate-buffered saline, fixed in 4% paraformaldehyde for 15 
minutes at room temperature, stained with 2% Alizarin red (pH 
4.2) for 20 minutes at room temperature and rinsed three times 
with distilled water.

Experimental animals and treatment regime
Nondiabetic male 6-month-old C57BL/6 mice were obtained 
from SLC Company (Tokyo, Japan). The animals were housed 
with free access to water and were maintained at a constant tem-
perature and on a 12-hour light, 12-hour dark cycle. All animal 
experiments were approved by the Animal Study Committee of 
Seoul National University Bundang Hospital. To evaluate the 
effects of lobeglitazone on BMD and compare those effects 
with other TZDs’, biologically equivalent doses of rosiglitazone 
(5 μg/g/day), pioglitazone (19 μg/g/day), and lobeglitazone (0.6 
μg/g/day) were tested and we also evaluated the effects of high-
er dose of lobeglitazone (1.2 μg/g/day). Finally, the animals 
were grouped into five groups: (1) control (normal saline); (2) 
rosiglitazone (5 μg/g/day); (3) pioglitazone (19 μg/g/day); (4) 
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low-dose lobeglitazone (0.6 μg/g/day); and (5) high-dose lobeg-
litazone (1.2 μg/g/day) (n=8 per group). Each experimental 
drug was given for 12 weeks.

BMD measurement
BMD was determined using the PIXImus2 instrument and soft-
ware version 2.10 (GE Lunar, Madison, WI, USA). Mice were 
anesthetized and scanned at the beginning of the experiment be-
fore the onset of rosiglitazone treatment, an intermediate time 
point (4 weeks), and at the time of sacrifice (12 weeks). Total 
body BMD (g/cm2), excluding the head and tail regions, was 
obtained from each scan. Femoral BMD (g/cm2) was also evalu-
ated. The internal variation of the repeated measures of total 
body BMD in these mice was determined as 1.7% to 2.0%.

Statistics
The results are expressed as mean±standard error of the mean 
(SEM). The data were analyzed using one-way analysis of vari-
ance (ANOVA) with Bonferroni’s correction for multiple com-
parisons. In all analyses, P<0.05 was considered to be signifi-
cant. The statistical analyses were performed using SPSS for 
Windows version 19.0 (IBM Corp., Armonk, NY, USA). 

RESULTS

Effects of lobeglitazone on osteoblast differentiation
ALP activity was measured to evaluate early osteoblast differ-
entiation. Rosiglitazone is known to suppress osteoblastogene-
sis and was used as a positive control [11]. As expected, rosigli-
tazone significantly suppressed ALP activity. However, piogli-
tazone and both the lower and higher doses of lobeglitazone did 
not (Fig. 1). 

Next, the effects of rosiglitazone, pioglitazone, and the two 
doses of lobeglitazone on the expression of osteoblast-specific 
gene markers, runt-related transcription factor 2 (RUNX2) and 
osteocalcin (OCN), were examined in MC3T3E1 preosteoblasts 
and C3H10T1/2 mesenchymal stem cells. As shown in Fig. 2, 
rosiglitazone attenuated the mRNA expression of RUNX2 and 
OCN in both MC3TE1 and C3H10T1/2 cells, and pioglitazone 
slightly inhibited the mRNA expression of these two genes only 
in differentiated MC3T3E1 cells. By contrast, neither dose of 
lobeglitazone had significant effects on the mRNA expression 
levels of RUNX2 and OCN in both MC3T31E1 cells and 
C3H10T1/2 cells (Fig. 2).

Mineralization was evaluated using Alizarin red staining (Fig. 
3). Rosiglitazone strongly inhibited and pioglitazone suppressed 

to a lesser degree the staining of MC3T3E1 cells. By contrast, 
consistent with the effects of lobeglitazone on the osteoblasts-
specific gene markers mentioned above, neither dose of lobegli-
tazone altered the mineralization level, as shown by Alizarin red 
staining, in MC3T3E1 cells.

Effects of lobeglitazone on BMD
Each experimental drug (rosiglitazone [5 μg/g/day], piogli-
tazone [19 μg/g/day], low-dose lobeglitazone [0.6 μg/g/day], 
and high-dose lobeglitazone [1.2 μg/g/day]) was fed to adult 
male mice for 12 weeks. The BMD changes were calculated as 
the percentage changes in BMD from the baseline to the end of 
the 12-week treatment. Compared with the vehicle-treated con-
trol group, mice in the rosiglitazone-treated group provided ac-
celerated bone loss at whole-body and femoral BMD (Fig. 4). 
By contrast, mice in the pioglitazone and low- and high-dose 
lobeglitazone groups showed no significant differences in BMD 
loss compared to vehicle-treated group.

DISCUSSION

We investigated the effects of lobeglitazone on osteoblastogen-
esis and BMD in mice. Neither dose of lobeglitazone had any 
significant inhibitory effects on osteoblast differentiation. The 
results of the in vivo experiments also showed no significant an-
tiosteoblastic activity. Thus, that lobeglitazone administration 
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Fig. 1. Alkaline phosphatase (ALP) activity in MC3T3E1 cells. 
Cells were incubated with osteogenic media for 7 days and treated 
with each drug for 10 to 14 days and ALP activity was measured. 
Values are the mean±SEM from three independent experiments 
performed in duplicate. Pio, pioglitazone; Rosi, rosiglitazone; Lobe, 
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did not accelerate the aging-related changes of BMD in mice.
TZDs are antidiabetic agents used to treat insulin resistance in 

patients with T2DM [4]. These drugs have proven clinical bene-

fits for both controlling hyperglycemia and preventing several 
complications related to hyperglycemia [19-21]. Despite the 
clinical benefits and efficacy, the use of the TZDs is limited be-
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Fig. 2. mRNA expression of osteoblasts marker genes in MC3T3E1 cells (A, B) and C3H10T1/2 cells (C, D). Gene expression for ​osteocal-
cin (OCN) and ​runt-related transcription factor 2 (RUNX2) were evaluated by quantitative polymerase chain reaction. The expression level 
of each gene was normalized to that of β-actin. All data were shown as mean±SEM. Pio, pioglitazone; Rosi, rosiglitazone; Lobe, lobegli-
tazone. aP<0.001 vs. non-differentation; bP<0.05; and cP<0.001 compared to osteogenesis. 

Fig. 3. Alizarin red staining. Cells were incubated osteogenic media and then treated without or with each drug for 14 days, and accumula-
tion of calcium was detected by alizarin red staining.
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cause of the side effects including edema, weight gain, and in-
creased risk of fracture [6].

PPARγ is most abundantly expressed in adipose tissue and 
plays a crucial role in adipocyte biology [22]. PPARγ stimulates 
adipocyte differentiation and modulates insulin sensitivity in 
tissues by altering adipokine release or fatty acid metabolism 
[4,22]. TZDs are PPARγ agonists that promote adipocyte differ-
entiation and proliferation [9]. The two main cell types in bone 
are osteoblasts and osteoclasts [23,24]. The active dynamics of 
both cells is critical to normal bone physiology, and maintaining 
the ideal balance between these two cells is fundamental when 
treating osteoporosis [25].

Osteoclasts differentiate from hematopoietic stem cells, and 
osteoblasts and adipocytes share the same progenitor cell type 
by differentiating from mesenchymal stem cells [23]. For osteo-
blasts and adipocytes, differentiation into one lineage occurs at 
the expense of the precedent cells and limits the differentiation 
into other lineage [9]. This relationship between osteoblast and 
adipocyte differentiation may explain how TZD activation of 
PPARγ might favor adipogenesis and suppresses osteoblast dif-
ferentiation [26]. Therefore, the potentially harmful effects of 
TZDs on the skeleton is not surprising in some individuals, and 
preclinical and clinical studies have reported deleterious effects 
of TZDs on bone health [10,12].

Rosiglitazone, the most representative TZD and which is not 
currently widely used because of the associated cardiovascular 
risk issue, is associated with decreased BMD and increased risk 
of fracture [12,27]. However, there are some differences be-
tween TZDs. Pioglitazone, another representative TZD, shows 
slightly negative effects on bone but to a lesser degree compared 
with those of rosiglitazone [5,28,29].

Because of the clinical benefits of TZDs, much attention has 

focused on developing new TZDs that retain the antihypergly-
cemic actions but have fewer side effects [15]. Several new 
TZDs with properties different from those of rosiglitazone have 
been introduced. The harmful skeletal effects of these other 
TZDs are not obvious from in vitro and in vivo experiments 
[13,14]. Lobeglitazone is another new TZD that is synthesized 
by modification of rosiglitazone [30,31]. Previous clinical stud-
ies using lobeglitazone have shown its potency as an antidiabet-
ic agent and it is now used in several Asian countries [32-34]. In 
the present study, a biologically equivalent dose of lobegli-
tazone did not cause significant inhibitory effects on osteoblas-
togenesis and BMD in mice. The higher potency compared with 
that of rosiglitazone or pioglitazone should allow the use of a 
very low-dose of lobeglitazone for controlling hyperglycemia 
[30]. Moreover, previous microarray analysis of lobeglitazone, 
rosiglitazone, and lobeglitazone also showed that lobeglitazone 
has some different effects on adipocyte biology [34]. Therefore, 
the lower dose and distinguishable properties of lobeglitazone 
may contribute to the bone-sparing effect of lobeglitazone. 

There are several limitations in this study. We only measured 
BMD as bone parameters. Other parameters that can show the 
bone strength properties such as bone turnover markers, or his-
tomorphometric analysis were not assessed. Moreover, 12 weeks 
of treatment duration might not be enough to evaluate the long 
term effects of lobeglitazone on BMD changes. Finally, the ani-
mal model that was used in the present experiment was not dia-
betic model. Therefore, further studies are needed to elucidate 
whether lobeglitazone impact neutrally on the skeleton of dia-
betes. 

In conclusion, the evidence presented here from in vitro and 
in vivo studies indicate that lobeglitazone has no detrimental ef-
fects on osteoblast biology compared with those of rosigli-
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tazone. These data suggest that lobeglitazone may have few or 
no side effects on the skeletal system.
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