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ABSTRACT
Polyamines are naturally occurring organic polycations that are ubiquitous in all organisms, and are essential for cell proliferation and
differentiation. Although polyamines are involved in various cellular processes, their roles in stem cell differentiation are relatively unexplored.
In this study, we found that exogenous polyamines, putrescine, spermidine, and spermine, promoted osteogenic differentiation of human bone
marrow‐derived mesenchymal stem cells (hBMSCs) without inducing cell death or apoptosis. Alkaline phosphatase (ALP) activity and themRNA
level of osteogenic genes, including Runx2, ALP, osteopontin, and osteocalcin, were up‐regulated by exogenous polyamines. When hBMSCs
were cultured at high cell density favoring adipocyte formation, exogenous polyamines resulted in down‐regulation of adipogenic genes such as
PPARg, aP2, and adipsin. Extracellular matrix mineralization, a marker for osteoblast maturation, was enhanced in the presence of exogenous
polyamines, while lipid accumulation, an indication of adipogenic differentiation, was attenuated. Exogenous polyamines increased the mRNA
expression of polyamine‐modulated factor 1 (PMF‐1) and its downstream effector, spermidine/spermine N1

‐acetyltransferase (SSAT), while that
of ornithine decarboxylase (ODC), the rate‐limiting enzyme in polyamine biosynthesis, was suppressed. These results lead to possible
connections between polyamine metabolism and osteogenic differentiation pathways. To summarize, this study provides evidence for the
involvement of polyamines in osteogenic differentiation of hBMSCs, and is the first to demonstrate that osteogenic and adipogenic
differentiation are reciprocally regulated by exogenous polyamines. J. Cell. Biochem. 114: 2718–2728, 2013. � 2013 Wiley Periodicals, Inc.
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Development of new pharmaceuticals or therapeutic alterna-
tives to stimulate bone formation is critical in the treatment of

skeletal diseases. Currently, the only drug that stimulates bone

formation is parathyroid hormone (PTH), which is approved by the U.
S. Food and Drug Administration (FDA) to treat severe osteoporosis in
both men and women [Neer et al., 2001]. However, it was shown in

2718

The authors confirm that there is no conflict of interest.

Grant sponsor: National Science Council, Taiwan; Grant number: NSC 101‐2314‐B‐309‐001‐MY3; Grant sponsor:
Academic Research Funds of Chang Jung Christian University, Tainan, Taiwan; Grant sponsor: Taichung District
Agricultural Research and Extension Station, Council of Agriculture, Executive Yuan, Taichung, Taiwan.

*Correspondence to: Mon‐Juan Lee, Department of Bioscience Technology, Chang Jung Christian University, No. 1,
Changda Rd., Gueiren District, Tainan 71101, Taiwan. E-mail: mjlee@mail.cjcu.edu.tw

Manuscript Received: 22 November 2012; Manuscript Accepted: 17 June 2013

Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 24 June 2013

DOI 10.1002/jcb.24620 � � 2013 Wiley Periodicals, Inc.

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 114:2718–2728 (2013)



animal studies that PTH exhibits the risk of inducing the formation of
osteosarcoma [Kuijpers et al., 2002]. Although bisphosphonates, the
most widely prescribed osteoporosis medications, are effective in
suppressing the growth of osteoclasts, its bone‐forming capability
has not been proven clinically.

Polyamines are naturally occurring organic polycations derived
from amino acids. These molecules of low molecular weight are
ubiquitous in all organisms, and are involved in various biological
processes such as proliferation, differentiation, and apoptosis [Lux
et al., 1980; Heby, 1981; Pendeville et al., 2001; Pignatti et al., 2004].
They are associated with the growth and development of several
tissue types, including embryonic development, and may participate
in tissue repair by facilitating tissue remodeling [Babal et al., 2000;
Lopez‐Garcia et al., 2008]. Compared to PTH, the low molecular‐
weight polyamines have the advantage of lower cost of production,
and are tightly regulated by their biosynthetic and catabolic
pathways. In addition, the various polyamine analogs developed as
anticancer drugs may provide the basis for screening polyamine‐
derived compounds with bone‐stimulating activity [Wolff
et al., 2003; Dredge et al., 2009].

Polyamines have been implicated in the growth and development
of bone and cartilage [Matsui‐Yuasa et al., 1985; Vittur et al., 1986].
Polyamines are abundant in the ossifying area of epiphyseal cartilage
of calf scapulas, and alkaline phosphatase (ALP) activity, a marker for
osteogenic differentiation, is enhanced in the presence of polyamines
[Vittur et al., 1986]. In rabbit costal chondrocytes, the activity of the
polyamine catabolic enzyme, spermidine/spermine N1

‐acetyltrans-
ferase (SSAT) is found to be regulated by PTH [Matsui‐Yuasa
et al., 1985]. The polyamine spermine has been shown to promote
osteogenic differentiation of goat adipose tissue‐derived mesenchy-
mal stem cells (ADSCs) [Tjabringa et al., 2006, 2008]. Up‐regulation of
Runx2 and osteopontin, markers for early‐ and late‐stage osteogenic
differentiation, respectively, as well as ALP activity, is observed in
goat ADSCs after a short‐term stimulation with spermine [Tjabringa
et al., 2008]. In addition, spermine is found to inhibit both nitric oxide
(NO) production and COX2 gene expression, both of which are
involved in the mechanical adaptation of bone during mechanical
loading [Tjabringa et al., 2006]. Nevertheless, the role of polyamines
and their metabolic pathways in relation to osteogenesis remains
poorly understood. Besides, for the purpose of drug development, the
long‐term effect of a bone‐stimulating agent and its efficacy in
promoting terminal differentiation of stem cells have to be
considered.

In this study, we hypothesize that due to functional and structural
similarities, putrescine (PUT) and spermidine (SPD), in addition to
spermine (SPM), may also be involved in bone formation.
Physiologically, polyamines compensate for each other's loss to
maintain their homeostasis. Inhibition of spermidine synthase results
in an increase in spermine to compensate for the reduced spermidine
level in rat tissue [Shirahata et al., 1993]. We therefore assume that
exogenous putrescine, spermidine, and spermine may function in
stem cell differentiation by activating similar signal transduction
pathways. This report aims at determining the efficacy and specificity
of polyamines in promoting bone formation. Human bone marrow‐
derived mesenchymal stem cells (hBMSCs) were induced to
differentiate in the presence of putrescine, spermidine, or spermine.

The effect of polyamines on the terminal differentiation and gene
expression of hBMSCs was evaluated, and the correlation of
polyamine signal transduction to osteogenic differentiation path-
ways was discussed.

METHODS

CELL CULTURE
Human BMSCs (CD14�, CD45�, CD29þ, CD44þ, CD90þ, and CD105þ)
isolated from red marrow of a single normal donor were purchased
from Cellular Engineering Technologies (CET), Inc. (Coralville, IA).
The cells were cultured in CET Human Mesenchymal Stem Cell
Expansion Media (CET, Inc.) supplemented with Invitrogen MSC‐
Qualified Fetal Bovine Serum (Life Technologies, Carlsbad, CA),
according to themanufacturer's instructions. Human BMSCs between
passages 3 and 5 were used in this study. Cells were seeded at
104 cells/well in 24‐well plates for cell viability assay, alizarin red S
staining, oil red O staining and ALP activity assay, at 5� 104 cells/
well in 6‐well plates for total RNA extraction, and at 8� 104 cells/
well in 10‐cm dishes for cell cycle and apoptosis analysis. For
osteogenic differentiation‐related studies, hBMSCs were treated
2 days after seeding. For adipogenic differentiation‐related analysis,
cells were cultured for another 6 days after seeding to reach 100%
confluence before treatment. Under the treatment of exogenous
polyamines, cell culture, and differentiation media were supple-
mented with 1mM aminoguanidine to inhibit bovine serum amine
oxidase.

CELL VIABILITY ASSAY
Human BMSCs were treated with osteogenic induction medium
(OIM), which consists of DMEM supplemented with 10�7M
dexamethasone, 10mM b‐glycerolphosphate, 50mM L‐ascorbate
2‐phosphate, and 1mM aminoguanidine, or with various concen-
trations of polyamines in OIM for 2 or 14 days. Cell viability was
analyzed by WST‐1 assay using Quick Cell Proliferation Colorimetric
Assay Kit (BioVision, Milpitas, CA) and quantitated spectrophoto-
metrically by the optical density at 450 nm, with a reference
wavelength of 650 nm.

CELL CYCLE ANALYSIS
Human BMSCs were treated with OIM or with exogenous polyamines
in OIM for 7 days. Cells were harvested with 0.05% trypsin–EDTA
(Life Technologies) and resuspended in cold PBS, followed by
incubation in ice‐cold 70% ethanol on ice for at least 8 h. Cells were
then pelleted and resuspended in 50mg/ml propidium iodide (PI) and
100mg/ml RNase in PBS. After 30min of incubation in the dark, the
cells were analyzed by a FACSCalibur flow cytometer using the
CellQuest software program (Becton Dickson, San Jose, CA). At least
104 cells were analyzed for each sample. The percentages of cells in
sub‐G1, G0/G1, S, and G2/M phases were calculated using the
WinMDI 2.8 program [Trotter, 2000].

APOPTOSIS ANALYSIS
Human BMSCs were treated with OIM or with exogenous polyamines
in OIM for 7 days. Cells were harvested with 0.05% trypsin–EDTA
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(Life Technologies), washed twice with cold PBS, and resuspended in
1� Annexin V Binding Buffer (BD Pharmingen, Becton Dickson). A
100ml cell suspension was mixed with 100mg/ml of PI and 5ml of
FITC Annexin V (BD Pharmingen, Becton Dickson), and was
incubated in the dark for 15min at room temperature. The suspension
was thenmixedwith another 400ml of 1�Annexin V Binding Buffer,
and analyzed by a FACSCalibur flow cytometer.

OSTEOGENIC DIFFERENTIATION AND ALIZARIN RED S STAINING
Osteogenic differentiation assay was performed as previously
described [Chen et al., 2012]. Human BMSCs were treated with
various concentrations of polyamines prepared in OIM for 14 days.
Cells were fixed with 4% paraformaldehyde (Sigma‐Aldrich, St.
Louis, MO) in PBS at room temperature for 15min, followed by
washing with PBS and ddH2O. The level of extracellular matrix
calcification was determined by staining hBMSCs with 0.2% alizarin
red S (Sigma‐Aldrich) in ddH2O (pH 6.4) for 20min at room
temperature. After washing three times with ddH2O, the 24‐well plate
was air‐dried at room temperature. To quantify the level of matrix
mineralization, cell‐bound alizarin red S was dissolved in 10%
cetylpyridinium chloride and shaken at room temperature for 10min.
The concentration of alizarin red S in each sample was determined by
measuring optical density at 570 nm and interpolating on a standard
curve produced by various concentrations of alizarin red S standards.
The level of matrix mineralization was determined by normalizing
alizarin red S concentration (mM) to the total amount of DNA (mg),
which was determined by Quant‐iT™ PicoGreen® dsDNA Assay Kit
(Life Technologies) according to the manufacturer's instructions.

ALKALINE PHOSPHATASE ACTIVITY ASSAY
The ALP activity of hBMSCswas determined by staining the cells with
Pierce 1‐Step NBT/BCIP Solution (Thermo Fisher Scientific,Waltham,
MA) according to the manufacturer's instructions. Human BMSCs
were fixedwith 4% paraformaldehyde in PBS at room temperature for
15min, washed with PBS and ddH2O, and incubated with the NBT/
BCIP solution for another 15min. After washing three times with
ddH2O, the 24‐well plate was air‐dried at room temperature. The
resulting black‐purple stain was solubilized by dimethyl sulfoxide
(DMSO). After centrifugation at 12,000 rpm for 10min to remove
insoluble precipitates, the level of ALP activity was determined by the
optical density of solubilized ALP stain at 570 nm.

ADIPOGENIC DIFFERENTIATION AND OIL RED O STAINING
Human BMSCs were induced to differentiate adipogenically using the
Chemicon Mesenchymal Stem Cell Adipogenesis kit (Millipore,
Billerica, MA). Cells were maintained in DMEM until reaching
confluence, followed by treatment with PUT, SPD, or SPMprepared in
adipogenic induction medium (AIM), which consists of DMEM
supplemented with 1mM dexamethasone, 0.5mM isobutylmethyl-
xanthine (IBMX), 10mg insulin/ml, 100mM indomethacin, and 1mM
aminoguanidine. Cells were cultured alternately in polyamine‐
containing AIM or adipogenesis maintenance medium (DMEM
containing 10mg/ml insulin and 1mM aminoguanidine) for another
3 weeks according to the manufacturer's instructions. The amount of
lipid droplets accumulated in hBMSCs was determined by oil red O
staining. Cells were fixed with 4% paraformaldehyde in PBS at room

temperature for 15min, followed by washing with PBS and ddH2O.
Oil red O staining solution (0.36% in 60% isopropanol) was then
added and reacted with hBMSCs for 50min at room temperature.
After washing three times using ddH2O, the accumulated lipid
droplets were observed with phase‐contrast microscopy. Cell‐bound
oil red O was extracted with 500ml isopropanol per well and its
intensity was determined by the optical density at 540 nm.

REAL‐TIME POLYMERASE CHAIN REACTION
Total RNA was isolated from hBMSCs by the Trizol® Reagent (Life
Technologies), and reverse transcription was carried out using the
Applied Biosystems High Capacity cDNA Reverse Transcription Kit
(Life Technologies) according to the manufacturer's instructions. The
cDNA was diluted to a final concentration of �1 ng/ml and reacted
with gene‐specific primer pairs and Applied Biosystems SYBR® Green
PCR Master Mix (Life Technologies) according to the manufacturer's
protocol. The primer sequences for Runx2 (NM_004348), liver/bone/
kidney‐type ALP (NM_000478), osteopontin (NM_000582), osteo-
calcin (NM_199173), PPARg (NM_015869), aP2 (NM_001442),
adipsin (NM_001928), ODC (NM_002539), PMF‐1 (NM_007221),
and SSAT (NM_002970) were designed by Origene (Rockville, MD).
Primer specificity was confirmed by Primer‐BLAST developed at
NCBI, and primer PCR efficiency was validated to be close to 100%.
Genes of interest were detected and amplified by Applied Biosystems
7300 Real‐Time PCR System (Life Technologies) with the following
conditions: 2min at 50°C, 10min at 95°C, and 40 cycles of
amplification at 95°C for 15 s and 60°C for 1min, followed by
melting curve analysis. Amplicons were visualized by electrophoresis
on a 1.4% agarose gel to ensure the presence of a single product. The
mRNA level of each gene was analyzed by the Applied Biosystems
Sequence Detection Software V1.2 (Life Technologies) and normal-
ized to that of GAPDH. Relative gene expressionwas calculated by the
comparative Ct (2�DDct) method [Livak and Schmittgen, 2001] and
expressed as fold changes (x‐fold) relative to the control.

STATISTICAL ANALYSIS
Statistical analysis was performed on data from at least three
independent experiments using hBMSCs from the same donor.
Significant difference relative to the control was tested using one‐
way ANOVA followed by post hoc tests. Levels of significance of
P< 0.05 and 0.01 were accepted as significant and highly significant,
respectively.

RESULTS

EFFECT OF EXOGENOUS POLYAMINES ON CELL VIABILITY
Cell viability assay (WST‐1 assay) was performed to determine the
maximum tolerated concentration of exogenous polyamines for
hBMSCs. When treated with various concentrations of polyamines in
the presence of OIM for 2 days, the viability of hBMSCs was slightly
increased at 100mM PUT and 10mM SPD. However, the number of
viable cells was significantly decreased at 100mM SPD and 100mM
SPM (Fig. 1A). Prolonged incubation of hBMSCs with polyamines
resulted in significant decrease in cell viability compared to the
control at all polyamine concentrations tested, as well as in the
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presence of OIM (Fig. 1B). Less than 50% of hBMSCs were viable after
incubating with 10–100mM SPD or SPM for 14 days (Fig. 1B).

EFFECT OF EXOGENOUS POLYAMINES ON CELL CYCLE AND
APOPTOSIS
Human BMSCs were treated with 1mMPUT, 1mM SPD, or 1mM SPM
in OIM for 7 days, and subjected to cell cycle analysis to examine
whether the reduced cell viability observed in Figure 1B was
correlatedwith cell death. As shown in Figure 2A, the cell cycle profile
of hBMSCs revealed that a large subset of cells resided in the growth
arrest state (G0/G1 phase) and G2/M phase. There were no dead (sub‐
G1) cells in untreated hBMSCs or those treated with OIM or
exogenous polyamines, indicating that the decrease in cell number
caused by OIM or exogenous polyamines (Fig. 1B) was not attributed
to cell death. Further detection of apoptotic cells with annexin V also
indicated that OIM or exogenous polyamines did not induce apoptosis
at the concentrations tested (Fig. 2B).

EFFECT OF EXOGENOUS POLYAMINES ON MATRIX
MINERALIZATION
The effect of polyamines on matrix mineralization, one of the
markers for osteoblast maturation, was determined by the amount
of calcium deposition, which can be detected by alizarin red S
through the formation of the bright‐red calcium–alizarin red S
complex. Calcium deposition in hBMSCs usually requires 3 weeks
of culture in OIM to reach an abundant level. In the absence of OIM,
exogenous polyamines were unable to induce matrix mineraliza-
tion within 3 weeks (data not shown). Therefore, hBMSCs were
treated with exogenous polyamines in the presence of OIM so
that their effect on terminal differentiation could be seen within
the limited life span of hBMSCs in vitro. As expected, after
being cultured for 14 days in OIM, calcium–alizarin red S
complex was barely observed in hBMSCs (Fig. 3A). However,
when hBMSCs were treated with OIM supplemented with various
concentrations of polyamines, matrix mineralization was drasti-
cally enhanced, and was most significant at the highest tolerated
concentrations of exogenous polyamines (Fig. 3A). When hBMSCs
were incubated in OIM in the presence of 100mM PUT, 1mM SPD,
or 1mM SPM, the amount of cell‐bound alizarin red S (mM alizarin
red S/mg DNA) was increased to 2.27‐, 1.91‐, or 1.96‐fold,
respectively, of those cultured in OIM (Fig. 3B). The enhancement
in matrix mineralization suggests that exogenous PUT, SPD, and
SPM are capable of accelerating the osteogenic differentiation of
hBMSCs.

EFFECT OF EXOGENOUS POLYAMINES ON OSTEOGENIC GENE
EXPRESSION
We next studied the effect of exogenous polyamines on the mRNA
level of several osteogenic genes, including Runx2 and ALP, which
belong to the early‐onset genes responsible for osteogenic differenti-
ation, as well as osteopontin and osteocalcin, which are late‐onset
genes related to extracellular matrix mineralization. The mRNA level
of Runx2 and ALP was significantly elevated when hBMSCs were
cultured in the presence of OIM for 7 days, and exogenous polyamines
further enhanced the expression of both genes (Fig. 4A,B). Up‐
regulation of osteopontin and osteocalcin by OIMwas less significant
compared to Runx2 and ALP, but in the presence of exogenous
polyamines, the mRNA level of osteopontin and osteocalcin was
significantly higher than that of OIM (Fig. 4C,D). These results suggest
that exogenous polyaminesmay direct hBMSCs toward the osteoblast
lineage by up‐regulating both early‐ and late‐onset genes related to
osteogenesis.

EFFECT OF EXOGENOUS POLYAMINES ON ALKALINE PHOSPHATASE
ACTIVITY
Up‐regulation of ALP activity is an indication of early‐stage
osteogenesis. Treatment of hBMSCs for 7 and 14 days with 1–
100mM PUT, 0.01–1mM SPD, or 0.01–1mM SPM prepared in OIM
resulted in significant increase in ALP activity compared to OIM
alone (Fig. 5). Optical density of ALP stain in the presence of
100mM PUT, 1mM SPD, or 1mM SPM was 1.47‐, 1.79‐, or 1.77‐
fold, respectively, that of OIM at day 7 (Fig. 5B), consistent with the
up‐regulation of ALP mRNA expression by exogenous polyamines
(Fig. 4B).

Fig. 1. Effect of exogenous polyamines on the viability of hBMSCs. Human
BMSCs were treated with osteogenic induction medium (OIM) or with various
concentrations of putrescine (PUT), spermidine (SPD), or spermine (SPM) in OIM
for (A) 2 or (B) 14 days. Cell viability was determined by WST‐1 assay and
expressed as optical density at 450 nm (OD450). Error bars represent standard
deviations (n� 3). �P< 0.05 and ��P< 0.01, compared to the control (DMEM);
#P< 0.05 and ##P< 0.01, compared to OIM.
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Fig. 2. Effect of exogenous polyamines on cell cycle and apoptosis of hBMSCs. Human BMSCs were treated with osteogenic induction medium (OIM), 1mM putrescine (PUT),
1mM spermidine (SPD), or 1mM spermine (SPM) in OIM for 7 days and then subjected to (A) cell cycle analysis, in which the number of cells in sub‐G1, G0/G1, S, and G2/M phases
was estimated by propidium iodide (PI) staining and calculated using the WinMDI 2.8 program [Trotter, 2000], or (B) staining with FITC annexin V and PI to determine the fraction
of apoptotic cells.
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EFFECT OF EXOGENOUS POLYAMINES ON ADIPOGENIC GENE
EXPRESSION
Because there exists a reciprocal relationship between the osteogenic
and adipogenic differentiation pathways [Gimble and Nuttall, 2012;
Huang et al., 2012], whether exogenous polyamines suppress
adipogenesis to promote osteogenic differentiation of hBMSCs was
examined. Human BMSCs were cultured at high cell densities that
favor adipogenesis, and treated with 1mM PUT, 1mM SPD, or 1mM
SPM in the presence of adipogenesis‐inducing reagents for 7 days to
examine the effect of individual polyamines on the expression of
adipogenic genes. When cultured in AIM, a significant increase in the
mRNA levels of PPARg, aP2, and adipsin was observed in hBMSCs
compared to the control (Fig. 6). Addition of exogenous polyamines
drastically reduced the expression of PPARg, aP2, and adipsin under
adipogenic conditions, suggesting that exogenous polyamines were
capable of suppressing adipogenic gene expression at the transcrip-
tional level (Fig. 6).

EFFECT OF EXOGENOUS POLYAMINES ON LIPID ACCUMULATION
Human BMSCs were cultured at high cell densities that favor
adipogenesis, and treated with various concentrations of polyamines
under adipogenic induction conditions for 21 days. Lipid accumulation,
an indication of adipocyte formation, was then quantified by oil red O
staining. It was found that the amount of lipid droplets formed in
hBMSCs after adipogenic induction for 21 days was 6.7‐fold that of the
control. Treatment with 1–100mM PUT, 0.01–1mM SPD, or 0.01–1mM
SPM in the presence of adipogenesis‐inducing reagents attenuated lipid
accumulation (Fig. 7). The amount of lipid droplets reduced to 0.66‐,
0.65‐, or 0.54‐fold of AIM in the presence of 100mMPUT, 1mMSPD, or

1mM SPM, respectively (Fig. 7B). It is therefore suggested that
exogenous polyamines were effective in suppressing adipogenic
terminal differentiation while promoting osteogenic differentiation.

EFFECT OF EXOGENOUS POLYAMINES ON GENES RELATED TO
POLYAMINE METABOLISM
Ornithine decarboxylase (ODC) is the enzyme responsible for the rate‐
limiting step of polyamine biosynthesis [Yuan et al., 2001; Palani-
murugan et al., 2004; Kurian et al., 2011; Ramot et al., 2011]. Besides,
polyamines activate the transcription of the polyamine catabolic
enzyme, SSAT, through polyamine‐modulated factor 1 (PMF‐1), a
transcriptional cofactor regulated by polyamines [Wang et al., 1999].
The effect of exogenous polyamines on themRNA level of ODC, PMF‐
1, and SSAT was therefore examined under osteogenesis‐inducing
conditions in order to correlate polyamine metabolic pathways with
osteogenic differentiation. The mRNA expression of ODC and PMF‐1
were unaffected compared to the control when hBMSCswere cultured
in OIM (Fig. 8A,B). However, supplementing OIM with exogenous
polyamines resulted in down‐regulation of ODC, and up‐regulation
of PMF‐1. On the other hand, the mRNA level of SSAT was increased
in the presence of OIM, and exogenous polyamines further enhanced
its expression (Fig. 8C). These results indicate that intracellular
polyaminemetabolismmay be regulated by exogenous polyamines to
stimulate osteogenic differentiation of hBMSCs.

DISCUSSION

This study demonstrated that exogenous polyamines reduced the
viability of hBMSCs during osteogenic differentiation (Fig. 1), but did

Fig. 3. Effect of exogenous polyamines on matrix mineralization of hBMSCs. Human BMSCs were treated with various concentrations of putrescine (PUT), spermidine (SPD), or
spermine (SPM) in combination with osteogenic induction medium (OIM) for 14 days. A: The cells were stained with alizarin red S and observed with phase‐contrast microscopy. B:
The concentration of cell‐bound alizarin red S was quantitated spectrophotometrically at OD570 and normalized to the amount of DNA (mg). Error bars represent standard
deviations (n� 3). ��P< 0.01, compared to the control (DMEM); #P< 0.05 and ##P< 0.01, compared to OIM.
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not result in cell death or apoptosis (Fig. 2). Exogenous polyamines
accelerated matrix mineralization of hBMSCs (Fig. 3) by up‐
regulating osteogenic genes such as Runx2, ALP, osteopontin and
osteocalcin (Fig. 4), and ALP activity (Fig. 5). In the meantime,
exogenous polyamines suppressed adipogenic gene expression and
lipid accumulation (Figs. 6 and 7), indicating that exogenous PUT,
SPD, and SPM reciprocally regulate osteogenic and adipogenic
differentiation pathways to direct hBMSCs toward osteoblast
maturation.

In addition to promoting osteogenic differentiation as discussed in
this study and by Tjabringa et al. [2008], SPM (0.5–1mM) is found to
induce the generation of contractile muscle fibers in mouse
embryonic stem (ES) cells [Sasaki et al., 2008], while SPD (0.1–
1mM) is reported to promote hair growth from hair follicle epithelial
stem cells [Ramot et al., 2011]. Although our data demonstrated that
adipogenic gene expression in hBMSCs is suppressed by exogenous
polyamines (Fig. 6), other researchers suggest that SPD is indispens-

able for adipocyte formation in 3T3‐L1 fibroblasts, and polyamine
metabolism is involved in adipogenesis [Vuohelainen et al., 2010;
Ishii et al., 2012]. Moreover, there is also evidence pointing to the
involvement of SPD and SPM (1–10mM) in the terminal differentia-
tion of osteoarthritic chondrocytes [Facchini et al., 2012]. Conse-
quently, the function of exogenous polyamines in cell differentiation
is diverse and depends on the various stem cell and committed cell
types.

Studies on polyamine transport have shown that polyamines are
not uniformly distributed in mammalian cells, and endogenous and
exogenous polyamines are sequestered in different cellular compart-
ments, indicating that exogenous polyamines may exert their effect
through pathways distinct from their endogenous counterparts
[Poulin et al., 2006]. It is therefore of particular interest to elucidate
the mechanism underlying the osteogenic potential of exogenous
polyamines. Because ODC activation is an indication of cell
proliferation in many cell types, including mesenchymal stem cells

Fig. 4. Effect of exogenous polyamines on the osteogenic gene expression of hBMSCs. Human BMSCs were treated with osteogenic induction medium (OIM), 1mM putrescine
(PUT), 1mM spermidine (SPD), or 1mM spermine (SPM) in OIM for 7 days. Relative gene expression of (A) Runx2, (B) ALP, (C) osteopontin, and (D) osteocalcin was determined by
real‐time PCR. Error bars represent standard deviations (n� 3). �P< 0.05 and ��P< 0.01, compared to the control (DMEM); #P< 0.05 and ##P< 0.01, compared to OIM.
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[Nemoto et al., 2002; Curran et al., 2005; Lee et al., 2011], it is
reasoned that the reduced cell viability in the presence of exogenous
polyamines (Fig. 1) may result from suppression of the expression of
ODCmRNA (Fig. 8A). In addition, a possible connection between ODC
suppression (Fig. 8A) and osteogenic differentiation may be
attributed to up‐regulation of ALP (Fig. 4B), because polyamines
regulate Sp1, the major positive regulator of ODC transcription that is
in turn antagonized by Sp3, the transcription factor that activates
ALP [Kumar and Butler, 1997; Yusa et al., 2000; Huang et al., 2006].
Suppression of ODC by exogenous polyamines may therefore be
associated with growth inhibition and activation of ALP. On the other

hand, up‐regulation of PMF‐1, and hence SSAT may be necessary to
maintain intracellular polyamine homeostasis in the presence of
exogenous polyamines (Fig. 8B,C). Interestingly, SSAT expression
can be induced by OIM alone without an increase in the mRNA level
of PMF‐1 (Fig. 8B,C), suggesting that other factors in the osteogenic
differentiation pathway may regulate SSAT, and that polyamine
catabolism may be associated with osteogenesis.

Because polyamines and their metabolic pathways are ubiquitous
in almost all cell types, it may be challenging to target exogenous
polyamines directly to specific cells or tissues. In addition, exogenous
polyamines may be catabolized by polyamine oxidase or SSAT to

Fig. 5. Effect of exogenous polyamines on the alkaline phosphatase (ALP) activity of hBMSCs. Human BMSCs were treated with exogenous polyamines in OIM for (A,B) 7 or (C,D)
14 days, followed by cell staining with Pierce 1‐Step NBT/BCIP Solution (Thermo Fisher Scientific) according to the manufacturer's instructions. Cells were observed with phase‐
contrast microscopy, and the level of alkaline phosphatase activity was determined by the optical density of solubilized ALP stain at 570 nm. Error bars represent standard deviations
(n� 3). ��P< 0.01, compared to the control (DMEM); #P< 0.05 and ##P< 0.01, compared to OIM.
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regulate intracellular polyamine levels, rendering it difficult to
accumulate enough concentration of exogenous polyamines to
induce osteogenic differentiation under physiological conditions.
Nevertheless, the correlation between polyamine metabolism and the
differentiation fate of hBMSCs established in this study provides a
new direction for the development of novel bone‐stimulating drugs,
which may exert their osteogenic activity by interfering with
intracellular polyamine homeostasis.

In conclusion, we have proved in this study that exogenous PUT,
SPD, and SPM were capable of inducing osteogenic differentiation in

hBMSCs by reciprocally regulating osteogenic and adipogenic gene
expression and terminal differentiation. The osteogenic activity of
exogenous polyamines may be associated with suppression of ODC
and activation of ALP, resulting in the onset of osteogenic
differentiation. Further investigations are necessary to elucidate
the crosstalk between pathways of polyamine metabolism and
osteogenesis. Studies on polyamines as novel osteogenic inducers not
only help to explore the mechanism underlying their osteogenic
activity, but also provide the basis for the development of polyamine‐
derived new drugs that stimulate bone formation.

Fig. 6. Effect of exogenous polyamines on the adipogenic gene expression of hBMSCs. Human BMSCs were cultured at high cell densities that favor adipogenesis, and treated with
adipogenic induction medium (AIM), 1mM putrescine (PUT), 1mM spermidine (SPD), or 1mM spermine (SPM) in AIM for 7 days. Relative gene expression of (A) PPARg, (B) aP2,
and (C) adipsin was determined by real‐time PCR. Error bars represent standard deviations (n� 3). ��P< 0.01, compared to the control (DMEM); ##P< 0.01, compared to AIM.

Fig. 7. Effect of exogenous polyamines on lipid accumulation of hBMSCs. Human BMSCs were cultured at high cell densities that favor adipogenesis, and treated with various
concentrations of putrescine (PUT), spermidine (SPD), or spermine (SPM) under adipogenic conditions for 21 days. A: Cells were stained with oil red O and observed with phase‐
contrast microscopy. B: Cell‐bound oil red O was extracted with isopropanol and its intensity was determined colorimetrically at OD540. Error bars represent standard deviations
(n� 3). ��P< 0.01, compared to the control (DMEM); #P< 0.05 and ##P< 0.01, compared to AIM.
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