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Background: Curcumin is a phenolic natural product isolated from the rhizome of Curcuma longa 
(turmeric) and has effects on bone health and fat formation. The bone marrow mesenchymal 
stem cells (MSCs) are multipotent cells capable of differentiating into osteoblasts and adipocytes. 
Osteoblast differentiation of MSCs can be a result of upregulation of heme oxygenase (HO)-1 
expression. Curcumin can potently induce HO-1 expression. Objective: The present study describes 
the effects of curcumin on rat MSC (rMSCs) differentiation into osteoblasts and adipocytes. 
Materials and Methods: Rat bone marrow MSCs were isolated and treated with or without 
curcumin. Osteoblast differentiation was confirmed and determined by alkaline phosphatase 
(ALP) activity, mineralized nodule formation, the expression of Runx2 (runt-related transcription 
factor 2) and osteocalcin. Adipocyte differentiation was determined by Oil red O staining and 
the expression of peroxisome proliferator-activated receptor-γ 2 (PPARγ2) and CCAAT/enhancer-
binding protein (C/EBP) α. Results: Curcumin increased ALP activity and osteoblast-specific mRNA 
expression of Runx2 and osteocalcin when rMSCs were cultured in osteogenic medium. In contrast, 
curcumin decreased adipocyte differentiation and inhibited adipocyte-specific mRNA expression 
of PPARγ2 and C/EBPα when rMSCs were cultured in adipogenic medium. HO-1 expression was 
increased during osteogenic differentiation of rMSCs. Conclusions: These findings demonstrate 
that curcumin can promote osteogenic differentiation of rMSCs and inhibit adipocyte formation. 
The effect of curcumin on osteogenic differentiation of rMSCs is correlated with HO-1 expression.
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INTRODUCTION

The bone marrow contains multipotential mesenchymal 
stem cells (MSCs) that have recently received widespread 
attention because of  their potential use in bone 
engineering. [1,2] MSCs can differentiate into osteoblasts 
and adipocytes.[3] There is a reciprocal relationship between 
adipogenesis and osteogenesis of  MSCs.[4,5] Factors that 
increase fat accumulation always lead to enhanced bone 
loss.[6] In order to treat osteoporosis and other bone 
diseases, it is of  importance to understand the role of  these 
factors that regulate the differentiation of  MSCs.

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) is a phenolic natural product isolated 
from the rhizome of  Curcuma longa (turmeric). It has 
been shown that curcumin exhibits anti-inflammatory and 
antimutagenic properties in addition to anticarcinogenic 
activity.[7,8] A growing body of  evidence also suggests that 
curcumin affects both bone health and fat formation. 
On the one hand, curcumin can induce apoptosis in 
osteoclasts, inhibit osteoclastogenesis in RAW 264.7 
cells, and prevent osteoclast formation by decreasing 
the level of  expression of  RANKL induced by IL-1 α in 
BMSCs.[9,10] On the other hand, curcumin can improve 
obesity-associated inflammation and diabetes in obese 
mice.[11] Curcumin directly interacts with adipocytes and 
suppresses adipocyte differentiation.[12] Due to these effects, 
curcumin is now considered to take part in the regulation 
of  bone remodeling. Therefore, the effect of  curcumin 
on osteogenesis of  MSCs warranted further evaluation. 
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Previous studies have revealed that low concentrations 
of  curcumin potently induce heme oxygenase (HO)- 1 
expression in endothelial cells, leading to increased resistance 
to oxidative stress-mediated damage.[13] HO is the rate-
limiting enzyme that catalyzes the degradation of  heme to 
biliverdin, carbon monoxide, and free iron.[14] The expression 
of  HO-1 is induced by a variety of  stimuli including oxidative 
stress, hypoxia, and pro-inflammatory cytokines.[15-17] HO-1 
plays an important role during bone marrow stem cell 
differentiation.[18,19] It has been reported that increased HO-1 
expression and HO activity are essential for MSC growth 
to the osteoblast lineage and is consistent with the role of  
HO-1 in hematopoietic stem cell differentiation.[20] 

The purpose of  this study is to investigate the possible 
role of  curcumin in the differentiation of  MSCs. We 
demonstrated here that curcumin could significantly 
enhance the osteoblastic differentiation of  rMSCs and 
suppress adipocyte differentiation. HO-1 is involved in 
the effect of  curcumin on osteoblastic differentiation of  
rMSCs. These findings suggest that curcumin could be 
used in the treatment of  secondary bone lesions associated 
with breast cancer and multiple myeloma and those 
associated with nonmalignant diseases like postmenopausal 
osteoporosis.

MATERIALS AND METHODS

Reagents
Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione] (Sigma-Aldrich, St. Louis, MO) 
was dissolved in dimethyl sulfoxide (DMSO) and stored 
at -20°C. For experiments, curcumin was added to the 
culture media at indicated concentrations. DMSO was used 
in control experiments at 0.1%.

Rat mesenchymal stem cells isolation
Sprague--Dawley rats (female, 5 weeks old, weighing 150 g) 
were purchased from the Shanghai Laboratory Animal 
Center, Chinese Academy of  Sciences, and maintained 
under pathogen-free conditions. All animal experiments 
complied with the animal protocols approved by the 
Institutional Review Board of  the Institute of  Soochow 
University. Bilateral femora and tibias were dissected 
from rats. The bone marrow cells were flushed out of  the 
femora and tibias with α-MEM (HyClone, Logan, UT) by 
a 5 ml syringe. The marrow cells were seeded into 10 cm 
petri dish at a density of  5 × 105/cm2, containing α-MEM 
supplemented with 10% fetal calf  serum (FCS) and 1% 
penicillin-streptomycin. The cells were then incubated 
at 37°C in 5% CO2. The medium was changed at every 
3 days. When the cells were grown to 80% confluency, cells 
were trypsinized and expanded into dishes as passage 1. 

The medium was changed every 3 to 4 days, and the cells 
were passaged every 12--14 days. All cells used for the 
experiments were passage 3. 

Induction of osteoblastic and adipogenic differentiation 
in rat mesenchymal stem cells
To induce osteoblastic differentiation, 1 × 104 rat MSCs 
were seeded in 24-well plates in α-MEM supplemented 
with 10% FCS, 1% penicillin-streptomycin, 10-8 
M dexamethasone (Sigma), 10 mM β-glycerophosphate 
(Sigma) and 50 μg/ml ascorbic acid (Sigma). To induce 
adipogenic differentiation, 1 × 104 rat MSCs were seeded in 
24-well plates for 10 days in α-MEM supplemented with 10% 
FCS, 1% penicillin-streptomycin, 10-8 M dexamethasone 
(Sigma), and 5 μg/ml insulin (Sigma).

Alkaline phosphatase activity assay
After 7 days of  treatment, the cells grown under osteogenic 
media were harvested and resuspended in 250 μl of  culture 
supernatants, followed by cell breaking with an ultrasound 
breaker. After centrifugation, the Alkaline phosphatase 
(ALP) activities in the cell supernatants were quantified by 
an (ALP) Detection Kit (Nanjing Jiancheng Biotechnology 
Institute, Nanjing) and a spectrophotometer (Bio-Rad, 
Hercules, CA) at a wavelength of  520 nm. Each value was 
normalized to the protein concentration.

Von Kossa staining
Von Kossa staining was performed as previously described[21] 
with minor modification. After 21 days of  treatment, the cells 
grown under osteogenic media were washed three times with 
PBS, and fixed in 4% formaldehyde for 30 min. The cells were 
then washed three times with distilled water and incubated in 
5% silver nitrate (Sigma) for 1 h under UV light. The silver 
nitrate solution was removed and the cells were washed three 
times with distilled water. Five percent sodium thiosulfate was 
added for 5 min and the plates were then rinsed with water. 
The mineralized nodules/well was counted.

Oil red O staining 
Oil red O staining was performed as previously described. [22] 
0.5% Oil Red O solution (Sigma) was used. Briefly, 
adipocytes were fixed in 1% formaldehyde, washed in 
Oil red O for 20 min, rinsed with 85% propylene glycol 
(Sigma) for 3 min, washed in distilled water and mounted 
with aqueous mounting medium.

RNA isolation and real-time PCR 
Total RNA was isolated from the cells using RNAiso Reagent 
(Takara Bio Inc., Kyoto), according to the manufacturer’s 
instructions. cDNA was prepared by using PrimeScript 
II 1st Strand cDNA Synthesis Kit (Takara). For real-time 
PCR quantification, the GAPDH gene was used as an 
endogenous control to normalize for differences in the 
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amount of  total RNA in each sample. Real-time PCR 
was carried out in a 25 μl volume with SYBR Green 
PCR Master Mix (Applied Biosystems, Foster City, CA). 
Reactions were carried out and fluorescence was detected 
on an ABI 7500 system (PE Applied Biosystems). Primer 
sequences for real-time PCR were listed as follows: 
GAPDH: 5′-GACATGCCGCCTGGAGAAAC-3′ 
(forward) 5′-AGCCCA

GGATGCCCTTTAGT-3 ′  ( r e ve r s e ) ;  Runx2 : 
5′-GCCGGGAATGATGAGAACTA-3′ (forward) 
and 5′-GGACCGTCCACTGTCACTTT-3′ (reverse); 
ALP: 5′-ACGGTGAACGGGAGAAC-3′ (forward) and 
5′-CTCAGAACAGGGTGCGTAG-3′ (reverse); PPARγ2: 
5′-CTGATGCACTGC

C T A T G A G C - 3 ′  ( f o r w a r d )  a n d 
5′-TGGACTCCATAGTGGAAGCC-3′ (reverse); 
C/  EBPα: 5′-AGAACAGCAACGAGTACCGG-3′ 
(forward) and 5′-TTGACCAAGGAGCTCTCAGG-3′ 
(reverse); LPL: 5′-ACTGCCACTTCAACCACAGC-3′ 
(forward) and 5′-AATACTTCGACCAG

G C G A C C - 3 ′  ( r e v e r s e ) ;  α p 2 : 
5′-CGTCTCCAGTGAGAACTTCG-3′ (forward) and 
5′-TCATGA CACATTCCACCACC-3′ (reverse).

Western blot analysis
Protein extracts were resolved on SDS-polyacrylamide gels 
and transferred to polyvinylidene difluoride membrane, 
blocked with 5% nonfat milk, and probed with Abs specific 
for HO-1 (Stressgen Biotechnologies, Victoria) and β-actin 
(Sigma). Signals were detected with horseradish peroxidase-
labeled secondary Abs using chemiluminescence labeling.

Statistical analysis
All of  the results were expressed as means ± SEM. 
Differences among groups were analyzed by one-way 
ANOVA. In the case of  two groups, a Student’s t-test was 
used. P values less than 0.05 were considered significant.

RESULTS

The morphology of rMSCs in culture
The primary rMSCs showed either a fibroblast-like or a 
monocyte-like morphology. By day 7, the fibroblast-like 
cells were predominant, and the colonies were seen to arise 
from single cells [Figure 1a]. By day 13, the colonies were 
grown to confluency [Figure 1b]. The P3 rMSCs were then 
cultured in osteoblast differentiation medium, and showed 
a change in their morphology from fibroblast-shape to 
cuboid in as little as 4 days and were more apparent by 
days [Figure 1c]. In adipogenic differentiation, the rMSCs 
cultured in adipogenic medium changed from a typical 

fibroblast-shape to polygonal cells with perinuclear 
accumulations of  fat droplets in the cytoplasm [Figure 1d].

Curcumin increases osteoblast differentiation of 
rMSCs
To determine the effect of  curcumin on the onset of  
osteoblast differentiation of  rMSCs, we analyzed ALP activity 
in rMSCs that were treated with different concentrations of  
curcumin for 9 days. The effect of  increasing concentrations 
of  curcumin on ALP activity is shown in Figure 2a. 
Curcumin at 10 μM and 15 μM significantly increased ALP 
activity in rMSCs as compared with control group (P < 0.01). 
We further examined the effect of  curcumin on osteoblast 
maturation by detecting the mineralization of  rMSCs. The 
results showed that incubation of  rMSCs with curcumin at 10 
μM and 15 μM had no effect on mineralization as determined 
by von Kossa staining [Figure 2b]. These results suggest that 
curcumin could increase the osteoblast differentiation of  
rMSCs only at an earlier stage.

Curcumin reduces adipocyte differentiation of rMSCs 
Curcumin can affect both bone health and fat formation. It 
has been reported that curcumin could suppress adipocyte 
differentiation.[12] To determine the effect of  curcumin on 
adipocyte differentiation of  rMSCs, the cells were cultured 
in adipogenic medium for 10 days, and stained with Oil Red 
O. Red areas in Figure 3 indicate lipid droplets produced 
by adipocyte differentiation. Treatment with curcumin 
reduced Oil Red O staining at 10 and 15 μM (P < 0.05). 

Curcumin reduces adipocyte gene expression and 
increases osteoblast gene expression of rMSCs
The differentiation of  MSCs into osteoblasts is critically 
dependent on Runx2.[23] To provide further evidence that 
the effect of  curcumin on ALP activity was due to changes 

Figure 1: The morphology of rMSCs. The MSCs were derived from 
bone marrow of rats: (a) 7 days after plating, (b) 13 days after plating, 
(c) 9 days after cultured in osteogenic medium, (d) 10 days after 
cultured in adipogenic medium. Magnification × 100 (at column width) 
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Figure 2: The effect of curcumin on osteoblast differentiation of 
rMSCs. Cells were cultured in 24-well plates and treated for indicated 
days in osteogenic medium with or without curcumin. (a) ALP activity 
was measured at day 9 in rMSCs. Values are expressed as means ± 
SEM. **P < 0.01. (b) Von Kossa staining was performed at day 21 as 
described in the Materials and Methods section. Magnification × 100 
(at column width)

b

a

in osteoblast differentiation, we detected the effects of  
curcumin on the expression of  Runx2 and osteocalcin 
in osteogenic cultures. Curcumin at 10 μM and 15 μM 
increased Runx2 and osteocalcin expression as compared 
with control group (P < 0.01) [Figure 4a]. We next detected 
the expression of  adipocyte-specific genes such as PPARγ2, 
LPL, αP2, and C/EBPα in adipogenic cultures. Curcumin 
at 10 μM and 15 μM significantly decreased the expression 
of  PPARγ2 and C/EBPα (P < 0.01) [Figure 4b]. However, 
curcumin had no significant effects on LPL and αP2 
expression (data not shown).

Curcumin increases HO-1 expression 
It has been reported that curcumin dose-dependently 
induces HO-1 expression. HO-1 expression increases 
mesenchymal stem cell-derived osteoblasts but decreases 
adipocyte lineage. To investigate the mechanism that 
curcumin increases osteoblasts but decreases adipocyte 
lineage, we examined the HO-1 expression after treatment 
with curcumin. Curcumin at the concentration of  10 μM 
significantly increased the expressions of  HO-1 mRNA and 
protein in rMSCs after 15 days of  osteoblast differentiation 
[Figures 5a and 5b]. These results suggest that curcumin 
may increase the osteoblast differentiation of  rMSCs 
through upregulation of  HO-1 expression. 

DISCUSSION

In the present study we show, for the first time, that 

curcumin increases osteoblast differentiation of  rMSCs 
with reduction in adipocytes. The increased osteoblast 
differentiation is determined by an increase in ALP activity 
and the expressions of  Runx2 and osteocalcin mRNA, 
while the decreased adipocyte differentiation is determined 
by a reduction in Oil red O staining and the expressions 
of  PPARγ2 and C/EBPα mRNA. Moreover, an increase 
in HO-1 expression by curcumin is consistent with the 
increased osteoblast differentiation from rMSCs. Thus, 
our findings suggest that curcumin promotes osteoblast 
differentiation of  rMSCs by upregulation of  HO-1. 

Bone marrow MSCs are precursors of  different 
mesenchymal cell lineages, including osteoblasts, adipocytes, 
and chondroblasts. Several factors have been reported to 
be involved in the differentiation of  MSC such as VitD3,[24] 
bone morphogenetic proteins,[25] and osteogenic growth 
peptide (OGP). OPG can regulate the commitment 
of  MSCs into osteogenic or adipogenic lineages,[26-28] 
suggesting factors that influence the balance between 

Figure 3: The effect of curcumin on adipocyte differentiation of 
rMSCs. Cells were cultured in 24-well plates and treated for 10 days 
in adipogenic medium with or without curcumin. (a) Oil red O staining 
was performed as described in the Materials and Methods section. 
Magnification × 100. (b) The number of adipocyte was counted and 
reported as a percentage of total stem cells. Values are expressed as 
means ± SEM. *P < 0.05, **P < 0.01 (at column width)

b

a
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osteoblast and adipocyte differentiation could lead to 
changes in body composition. Understanding the role 
of  these factors could have important implications for 
treatment of  osteoporosis and other bone diseases.

Curcumin is a diferuloylmethane derived from Curcuma 
longa. The role of  curcumin in bone metabolism has been 
the subject of  studies. Some studies have reported the 
antiosteoclastogenic properties of  curcumin. Others have 
reported that curcumin markedly inhibited the proliferation 
of  rat calvarial osteoblastic cells and induced the death of  
human osteoblast.[26,29] However, the effect of  curcumin on 
osteoblast differentiation from rMSCs remains unknown. 

ALP can be detected in the early stage of  osteogenic 
differentiation from MSCs,[30] during which MSCs have 
not acquire mature osteoblast phenotype. In this study, 
we found that curcumin increased ALP activity of  rMSCs, 
which suggests that curcumin could increase the osteogenic 
differentiation of  rMSCs. However, even at day 21 after 
cultured in osteogenic medium, we did not find the 
increased mineralization of  rMSCs. This result is consistent 

with previous study that administration of  curcumin 
cannot efficiently improve the bone mineralization 
in ovariectomized rats.[31] Considering the fact that 
mature osteoblasts perform the matrix production and 
mineralization,[32] our data indicate that curcumin promotes 
osteogenesis at the level of  commitment rather than at 
the level of  maturation. Although von Kossa staining 
showed that curcumin did not change the mineralization 
of  rMSCs, real-time PCR showed that curcumin enhanced 
the expressions of  Runx2 and osteocalcin mRNA. 
The transcription factor Runx2 is a critical regulator of  
osteoblast differentiation, and osteocalcin is a marker of  
osteoblastic differentiation. These results lend further 
evidence that curcumin can enhance the osteoblast 
differentiation of  rMSCs.

In contrast to the osteogenic effect, curcumin significantly 
inhibited the adipogenic differentiation of  rMSCs. 
Curcumin reduced Oil red O staining compared with 
nontreated group. Moreover, curcumin decreased the 
expression of  the adipogenic differentiation gene. 
PPARγ2 is a critical transcription factor involved in 

Figure 4: The effect of curcumin on osteogenic and adipogenic genes in rMSCs. (a) Cells were cultured for 21 days in osteogenic medium with 
or without curcumin. Total RNA was isolated and analyzed by real-time PCR as described in the Materials and Methods section. (b) Cells were 
cultured for 10 days in adipogenic medium with or with out curcumin. Total RNA was isolated and analyzed by real-time PCR as described in the 
Materials and Methods section. Values are expressed as means ± SEM. **P < 0.01 (at column width)

b

a
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has received extensive attentions.[35,36] Our results suggest 
that curcumin may promote osteoblast differentiation of  
rMSCs through the upregulation of  HO- 1. Curcumin can 
activate MAP kinase pathways in tumor cells resulting in 
the induction of  the expression of  HO-1.[37] It has also 
been reported that curcumin can enhance neurogenesis via 
MAP kinase-mediated mechanism,[38] suggesting curcumin 
can exert important effects on MAP kinase pathways. 
MAP kinase pathway is an important signal transduction 
pathway that might regulate differentiation of  MSCs into 
osteoblasts. Many growth factors that activate MAP kinase 
can inhibit adipocyte differentiation. Leptin-induced MAP 
kinase activation may cause a reduction in the adipogenic 
differentiation by phosphorylating PPAR.[39] These findings 
suggest that curcumin may regulate the differentiation of  
rMSCs through MAP kinase pathway. However, to clarify 
the mechanism of  curcumin regulating the differentiation 
of  rMSCs needs further investigation.

CONCLUSION

We show here that curcumin, a naturally occurring 
compound, can directly increase rMSCs-mediated 
osteoblasts with reduction in adipocytes. Moreover, 
curcumin may promote osteoblast differentiation of  rMSCs 
by upregulation of  HO-1. The results of  this study may 
offer strategy in the management of  metabolic disorders 
related diseases such as osteoporosis.
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