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Abstract

A series of experimental methods including 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
test, alkaline phosphatase (ALP) activity measurement and Oil Red O stain and measurement were employed to assess
the effect of zinc ion on the osteogenic and adipogenic differentiation of mouse primary bone marrow stromal cells
(MSCs) and the adipogenic trans-differentiation of mouse primary osteoblasts. The results showed that except for
individual concentrations of zinc ion there was no effect on the proliferation of MSCs and osteoblasts. Zinc ion
inhibited the osteogenic differentiation of MSCs at all the concentrations tested. It also inhibited adipogenic
differentiation at all concentrations tested except 10�9mol/L. Both of the inhibition effects were attenuated with time
increasing. Zinc ion depressed adipocytic trans-differentiation of osteoblasts at concentrations of 10�11 and 10�10mol/L,
but the effect could be reversed to promote or even be removed when concentration was increased. It suggests that the
influence of zinc ion on osteogenic, adipogenic differentiation of MSCs and adipocytic trans-differentiation of osteoblasts
depends on zinc ion concentrations and incubation time. The protective effects of zinc ion on bone may be mediated by
modulating differentiation of MSCs away from the adipocytes and inhibiting adipocytic trans-differentiation of
osteoblasts. This may in turn promote osteoblast formation and reduce secretion of cytokines which may inhibit
osteoclast formation and activation. These findings may be valuable for better understanding the mechanism of the effect
of zinc ion on bone.
r 2007 Elsevier GmbH. All rights reserved.

Keywords: Zinc ion; Bone marrow stromal cells; Osteogenic and adipogenic differentiation; Osteoblasts; Adipocytic trans-

differentiation

Introduction

Osteoporosis is a metabolic bone disease that afflicts
millions of the elderly each day. It is characterized by
low bone mass, microarchitectural deterioration of bone
tissue, increased bone fragility and risk of fracture
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incidence [1]. It has been recognized as a major public
health problem because of the great pain patients
suffered and the cost for therapy.

Osteoporosis results in increased bone resorption and
decreased bone formation processes when osteoclasts
and osteoblasts are the major cells involved. A great
number of evidence suggests that osteoporosis is the
result of reciprocal interaction between genetic suscep-
tibility and environmental factors. Among them, certain
essential trace elements were reported to be involved in
the pathogenesis of osteoporosis. It has been reported
that zinc ion administration prevented bone loss in rats
with ovariectomy, skeletal unloading, hydrocortisone
treatment, adjuvant arthritics and diabetic condition in
rats [2–4]. Zinc ion has been shown to play a role in the
preservation of bone mass by stimulating osteoblastic
bone formation and inhibiting osteoclastic bone resorp-
tion in rat [3]. The cellular mechanism of zinc ion has
also been partially elucidated. Zinc ion inhibited the
formation of osteoclastic cells from bone marrow cells
[5,6], and could also reduce pit formation by isolated
neonatal rat OCs in a biphasic manner (10�14–10�10 and
10�4mol/L). This, however, had no effect on OC
number [7]. Meanwhile, zinc ion has been demonstrated
to have a stimulative effect on bone formation and
mineralization due to promoting bone cellular protein
synthesis [8,9].

Bone marrow stromal cells (MCSs) are pluripotent
cells which are able to differentiate into osteoblasts,
adipocytes, and other cell phenotypes [10]. It is currently
well accepted that the ability of MSCs to differentiate
into various cell phenotypes may be critical in the
progression of bone disease. An increased lipid accu-
mulation in the bone marrow has been reported in
association with age-related bone loss [11] and studies
have shown that adipogenesis in postmenopausal
women may occur at the expense of osteogenesis. This
suggested that a reciprocal relationship exists between
adipogenesis and osteogenesis of bone MSC [12].
Therefore, it is possible that modulation of the balance
between marrow adipogenesis and osteoblastogenesis,
by either preventing further increases in adipocyte
formation or diverting existing adipocytes to produce
more osteoblasts with a resulting increase in functional
bone cells and could provide a therapeutic strategy for
osteoprosis [13].

So far the effects of zinc ion on the osteogenic
and adipogenic differentiation of bone MSCs and
the adipogenic trans-differentiation of osteoblasts
have not been reported. The aim of this study is
evaluating the effect of zinc ion on osteogenic
and adipogenic differentiation of mouse primary
bone MSCs and the adipogenic trans-differentiation
of mouse primary osteoblasts in order to further
elucidate the effect of zinc ion on the pathogenesis of
osteoporosis.

Materials and methods

Reagents

All commercially available reagents were purchased
from Sigma (St. Louis, MO, USA) unless otherwise
specified.

Isolation and culture of primary bone marrow
stromal cells (MSCs)

Female KM mice were obtained from the Laboratory
Animal Resources of Guangzhou University of Chinese.
At 4–6 weeks of age, mice were euthanized by carbon
dioxide asphyxiation. Femora and tibiae were asepti-
cally harvested and the whole bone marrow was flushed
using Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) containing 10% FBS (DingGuo, Beijing,
China) and penicillin/streptomycin in a 1mL syringe
and a 25-gauge needle. The cells were collected and
cultured in a culture flask. After 4 days of incubation in
a 37 1C, 5% CO2 humidified incubator, the nonadherent
cells were removed from the cultures by gentle aspira-
tion and the medium replaced with fresh DMEM. The
medium was changed every 3 days in each of the
experiments [14].

Isolation and culture of primary osteoblasts

KM mice were obtained from the Laboratory Animal
Resources of Guangzhou University of Chinese. At 2–3
days of age, mice were euthanized by carbon dioxide
asphyxiation. Skull (frontal and parietal bones) were
dissected aseptically from KM mice, endosteum and
periosteum were removed by scraping, and the bone was
cut into approximately 1–2mm2 pieces and digested
with 0.25% trypsin (1:250; Gibco, USA) for 30min and
the digestion was discarded. Then the bone was digested
with 0.1% collagenase type II (290U/mg; Worthington,
USA) twice for 1 h each time, and the cells were
collected and cultured in alpha modification of the
MEM medium (a-MEM; Gibco, USA) containing 10%
FBS and penicillin/streptomycin. After overnight in-
cubation (37 1C, 5% CO2), the medium was replaced
with fresh a-MEM. The medium was changed every 3
days in each of the experiments [15].

Cell proliferation assay

MSCs and osteoblasts were plated in 96-well culture
plates at the density of 1� 107 and 1� 104 cells per well,
respectively. Zinc ion was added to the wells at final
concentrations of 1� 10�11, 1� 10�10, 1� 10�9,
1� 10�8 and 1� 10�7mol/L. Control wells were pre-
pared by addition of corresponding medium. The stock
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MTT dye solution (5mg/mL) was added to each well
after the plates were incubated at 37 1C in a 5% CO2

incubator for 44 h. After 4 h incubation, the supernatant
was removed and DMSO (100 mL) was added. The
optical density (OD) of each well was measured on a
microplate spectrophotometer (BioRad Model 3550,
USA) at a wavelength of 570 nm [16].

Measurement of cellular alkaline phosphatase (ALP)
activity

The bone MSCs were isolated as above and plated in
48-well culture plates at the density of 1� 107 cells per
well. Cells were cultured in osteogenic differentiation
medium, consisting of DMEM supplemented with
10�7mol/L dexamethasone, 5.0mmol/L b-glycerophos-
phate, 50 mg/mL ascorbic acid for up to 14 days. Zinc
ion was added at final concentrations of 1� 10�11,
1� 10�10, 1� 10�9, 1� 10�8 and 1� 10�7mol/L. At the
day 7 and 14, the plates were washed three times with
ice-cold PBS and the cells were lysed by two cycles of
freezing and thawing. Aliquots of supernatants were
subjected to ALK activity and protein content measure-
ment using an alkaline phosphatase kit (Jiangcheng,
Nanjing, China) and a micro-bradford assay kit
(Beyotime, Haimen, China), respectively. The osteo-
genic differentiation promotion rate was calculated
according to the formula:

ðALP activitytreated=ALP activitycontrol � 1Þ100% ½17�.

Oil red O stain and measurement of adipocytes

The bone MSCs and osteoblasts were isolated as
above. The cells were plated in 48-well culture plates at
the density of 1� 107 and 1� 104 cells per well,
respectively. Cells were cultured in adipogenic
differentiation medium, consisting of DMEM supple-
mented with 10mg/mL insulin, 10�7mol/L dextha-
methone. Treatments were the same as those described
for the osteogenic differentiation. The Oil red O staining
and measurement method was a modification of the
method as previously described [18]. The cells were
fixed in 4% formaldehyde, 0.6% (w/v) oil red O
solution (60% isopropanol, 40% water) was added
for 15min at room temperature after washing with
1�PBS. For quantification, cell monolayers were
washed extensively with 1�PBS to remove unbound
dye and then 0.5mL of isopropyl alcohol was added to
the stained culture dish. After 3min, the absorbance
of the solution was assayed using a spectrophotometer
at 510 nm. The adipogenic differentiation inhibition
rate and adipocytic trans-differentiation inhibition rate
were calculated according to the formula: (1�ODtreated/
ODcontrol)100%.

Statistical analysis

Data were analyzed by one-way ANOVA and post
hoc Student’s two-tailed t-test. All P-values were
compared to an a-value of 0.05 to determine signifi-
cance. All data were presented as mean7SD.

Results

Effect of zinc ion on the MSCs proliferation

As shown in Fig. 1, zinc ion had no effect on MSC
proliferation at concentrations of 10�11–10�9mol/L, but
it inhibited MSC proliferation at concentrations of 10�8

and 10�7mol/L and inhibition rates were 14% and 17%,
respectively.

Effect of zinc ion on the osteoblasts proliferation

As shown in Fig. 2, zinc ion had no significant effect
on the osteoblasts proliferation at the tested concentra-
tions.

Effect of zinc ion on the osteogenic differentiation of
MSCs

As shown in Fig. 3, the osteogenic differentiation of
MSCs was inhibited by zinc ion at all the concentrations
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Fig. 1. Effect of zinc ion on the proliferation of MSCs

(**Po0.01 vs. control, n ¼ 5). MSCs were cultured at the

density of 1� 107 per well in the absence of zinc ion and in the

presence of 1� 10�11, 1� 10�10, 1� 10�9, 1� 10�8 and

1� 10�7mol/L zinc ion, as described in materials and

methods. Stock MTT dye solution was added when MSCs

were cultured for 44 h. After 4 h incubation, culture medium

was removed and DMSO was added and the optical density

(OD) of each well was measured at a wavelength of 570 nm.
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tested at the 8th and 14th day with the maximal effect at
the concentration of 10�9mol/L. The inhibition effects
were attenuated with time increasing.

Effects of zinc ion on the adipogenic differentiation
of MSCs

As shown in Fig. 4, zinc ion inhibited adipogenic
differentiation at all concentrations except 10�9mol/L,
and the effect was more evident at day 14 than day 21.
The morphologic observation was accorded with the
results (Fig. 5).

Effect of zinc ion on adipocytic trans-differentiation
of osteoblasts

As shown in Fig. 6, zinc ion depressed adipocytic
trans-differentiation when osteoblasts exposed up to
10�11 and 10�10mol/L zinc ion, but the effect could turn
to be stimulative or even be removed when concentra-
tion was increased. The morphologic observation was
accorded with the results (Fig. 7).
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Fig. 2. Effect of zinc ion on the proliferation of osteoblasts

(n ¼ 5). Osteoblasts were cultured at the density of

1� 104 cells per well in the absence of zinc ion and in the

presence of 1� 10�11, 1� 10�10, 1� 10�9, 1� 10�8 and

1� 10�7mol/L zinc ion, as described in materials and

methods. Stock MTT dye solution was added when MSCs

were cultured for 44 h. After 4 h incubation, culture medium

was removed and DMSO was added and the optical density

(OD) of each well was measured at a wavelength of 570 nm.
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Fig. 3. Effect of zinc ion on the osteogenic differentiation of

MSCs (**Po0.01 vs. control, n ¼ 5). The bone MSCs were

cultured in a culture medium supplemented with 10�7mol/L

dexamethasone, 5.0mmol/L b-glycerophosphate, 50 mg/mL

ascorbic acid; and in the absence and in the presence of

1� 10�11, 1� 10�10, 1� 10�9, 1� 10�8 and 1� 10�7mol/L

zinc ion. At selected times, the medium was removed, alkaline

phosphatase activity and protein content measurement were

measured by using an alkaline phosphatase kit and a micro-

bradford assay kit, respectively. The osteogenic differentiation

promotion rate was calculated according to the formula:

ðALP activitytreated=ALP activitycontrol � 1Þ � 100%.

-10

0

14 d 21 d

10

20

30

40

50

*

**

**

**

*

****
**

A
d
ip

o
g
e
n
ic

 d
iff

e
re

n
ti
a
ti
o
n
 i
n
h
ib

it
io

n
 r

a
te

 (
%

)

10-11 10-10 10-9 10-8 10-7

Concentration (mol/L)

Fig. 4. Effect of zinc ion on the adipogenic differentiation of

MSCs (*Po0.05, **Po0.01 vs. control, n ¼ 5). The bone

MSCs were cultured in a culture medium supplemented with

10 mg/mL insulin, 10�7mol/L dexthamethone; and in the

absence and in the presence of 1� 10�11, 1� 10�10, 1� 10�9,

1� 10�8 and 1� 10�7mol/L zinc ion. At selected times, cells

were fixed in 4% formaldehyde, washed with 1�PBS and

stained with 0.6% (w/v) oil red O solution for 15min at room

temperature. For quantification, cell monolayers were assayed

using a spectrophotometer at 510 nm as described in materials

and methods. The adipogenic differentiation inhibition rate

was calculated according to the formula:

ð1�ODtreated=ODcontrolÞ100%.
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Discussion and conclusion

The adipocyte is the most plentiful stromal cell. The
mechanisms leading to adipocyte formation and the
function of adipocyte have just begun to be elucidated.

Firstly, the differentiation of MSCs towards osteoblasts
or adipocytes is reciprocal and regulated by several
molecules, including hormones and local growth factors
[19]. This provides the interesting possibility that the
alteration of osteoblastogenesis and adipogenesis occur-
ring in osteopenic conditions including aging and
osteonecrosis resulting from an abnormality of the
differentiation of the common precursor cell [17].
Besides that, it was reported that preadipocytes isolated
from mouse marrow might regulate the activity and final
differentiation of marrow precursors of osteoblasts. The
condition medium harvested from mouse stromal
preadipocytes decreased the ALP activity of a mouse
stromal osteoblastic cell line [20]. In addition, some
investigators suggest that adipocytes may take an
important participation in hematopoietic and osteogenic
processes by supplying the essential stromally derived
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Fig. 6. Effect of zinc ion on the adipocytic trans-differentia-

tion of osteoblasts (*Po0.05, **Po0.01 vs. control, n ¼ 5).

The osteoblasts were cultured in a culture medium supple-

mented with 10 mg/mL insulin, 10�7mol/L dexthamethone;

and in the absence and in the presence of 1� 10�11, 1� 10�10,

1� 10�9, 1� 10�8 and 1� 10�7mol/L zinc ion. At selected

times, cells were fixed in 4% formaldehyde, washed with

1�PBS and stained with 0.6% (w/v) oil red O solution for

15min at room temperature. For quantification, cell mono-

layer was assayed by a spectrophotometer at 510 nm as

described in materials and methods. The adipogenic differ-

entiation inhibition rate was calculated according to the

formula: (1�ODtreated/ODcontrol)100%.

Fig. 5. Effect of zinc ion on adipogenic differentiation of

MSCs. The MSCs were cultured in a culture medium

supplemented with 10 mg/mL insulin, 10�7mol/L dextha-

methone; and in the absence (adipogenic supplement) and in

the presence of zinc ion. On day 14, cells were fixed in 4%

formaldehyde, washed with 1�PBS and stained with 0.6%

(w/v) oil red O solution for 15min at room temperature, then

washed with PBS and photographed at � 200: (a) adipogenic

supplement, (b) adipogenic supplement+1� 10�10mol/L zinc

ion, (c) adipogenic supplement+1� 10�9mol/L zinc ion.
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soluble and cell surface factors necessary for osteoclast
differentiation and function in vitro [21]. Sakaguchi
et al. [22] have demonstrated that adipocyte-enriched
stromal cells support osteoclast formation. Benayahu
et al. [23] reported that preadipocytes also have the
potential to stimulate osteoclast differentiation. Adipo-
cytes synthesized and released a variety of peptide and
nonpeptide compounds and secrete cytokines such as
tumor necrosis factor-a (TNF–a) and interleukin (IL-6).
The main effect of these cytokines is a stimulation of
bone resorption [24,25]. So a reversal of adipogenesis
will be as important as therapeutic approaches to
treating age-related osteoporosis and steroids induced
osteoporosis.

In this study, we have examined the effects of zinc ion
on osteogenic and adipogenic differentiation of MSCs
and the adipogenic trans-differentiation of osteoblasts in
vitro by employing isolated mouse primary bone MSCs
and osteoblasts. Our results showed that: (1) cell growth
was almost unaffected by zinc supplements except for
individual concentrations, which was the basis of
assessing the effect of zinc ion on differentiation; (2)
zinc ion was able to inhibit both the osteogenetic and
adipogenetic differentiation of MSCs, the extent of its
inhibition effect depended on the concentrations and
incubation time; (3) while, for osteoblasts, zinc ion
depressed adipogenetic differentiation at lower concen-
trations, but the effect could turn to promotion or be
completely diminished when concentration increased.

ALP is a membrane-bound exoenzyme that has been
implicated in bone formation and mineralization.
Recently, it is reported that osterix, a zinc-finger-
containing transcription factor, enhanced proliferation
and osteogenic potential of bone MSCs, and therefore
induced an increase in the expression of other markers
associated with the osteoblastic lineage [26,27]. An
adenoviral-mediated overexpression of ZIP1, a zinc
transporter in MSCs, increased expression of specific
osteoblast-associated markers and several osteoblast
differentiation genes [28]. However, our results showed
that zinc decreased the expression of ALP activity of
MSCs at all the tested concentrations. The difference
may be caused by states of zinc ion (chelated or
dissociated with proteins) and different cell models. In
order to evaluate the effects of zinc ion accurately
additional studies should be performed in vivo to define
the role of zinc in proliferation and differentiation of
MSCs. Our data showed zinc ion plays an important
role in the suppression of adipogenic in the commitment
of MSCs and osteoblasts. We therefore deduced that the
zinc ion may protect bone by decreasing adipocytic cell
formation from MSCs, which may indirectly promote
osteoblast proliferation, mineralization and bone for-
mation, and inhibiting osteoclast formation, activation
and bone resorption by secreting less cytosine. Further-
more, some studies demonstrate that the IGF-I-induced
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Fig. 7. Effect of zinc ion on adipocytic trans-differentiation of

osteoblasts. The osteoblasts were cultured in a culture medium

supplemented with 10 mg/mL insulin, 10�7mol/L dextha-

methone; and in the absence (adipogenic supplement) and in

the presence of zinc ion. On day 6, cells were fixed in 4%

formaldehyde, washed with 1�PBS and stained with 0.6%

(w/v) oil red O solution for 15min at room temperature,

then washed with PBS and photographed at � 200:

(a) adipogenic supplement, (b) adipogenic supplement+1�
10�10mol/L zinc ion, (c) adipogenic supplement+1�
10�9mol/L zinc ion.
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increase in protein tyrosine phosphatase activity and the
effect of IGF-I in increasing proliferation of osteoblastic
cells were significantly enhanced by culture with zinc [29].
Moreover, a direct stimulative effect of zinc on serum
IGF-IGFBP-3, ALP and osteocalcin was also suggested
[30]. So we could deduce that other mechanisms which
were not assessed in the present study may be also
involved in the progress of zinc ion benefaction on bone,
as a local or systemic enhancement of growth factors.
These mechanisms remain to be further elucidated.

Acknowledgements

We thank Mr. Robert S. Rogowski at the University
of Maryland at Baltimore, Baltimore, Maryland, USA,
for valuable review of this manuscript. This work was
supported by a grant from the National High Technol-
ogy Research and Development Program of China (863
Program) (No. 2003AA2Z2052) and the National
Natural Science Foundation of China (No. 30530860).

References

[1] Rico H, Villa LF. Zinc, a new coherent therapy for

osteoporosis? Calcified Tissue Int 2000;67:422–3.

[2] Maret W, Sandstead HH. Zinc requirements and the risks

and benefits of zinc supplementation. J Trace Elements

Med Biol 2006;20:3–18.

[3] Yamaguchi M. Role of zinc in regulation of osteoclasto-

genesis. Biomed Res Trace Elements 2004;15:9–14.

[4] Eberle J, Schmidmayer S, Erben RG, Stangassinger M,

Roth HP. skeletal effects of zinc deficiency in growing

rats. J Trace Elements Med Biol 1999;13:21–6.

[5] Yamaguchi M. ß-alany-L-histidinate zinc and bone

resorption. Gen Pharmacol 1995;26:1179–83.

[6] Yamaguchi M. ß-alany-L-histidinate zinc: a potent

activator in bone formation. Curr Med Chem

1995;1:356–65.

[7] Moonga BS, Dempster DW. Zinc is a potent inhibitor of

osteoclastic bone resorption in vitro. J Bone Miner Res

1995;10:453–7.

[8] Hashizume M, Yamaguchi M. Stimulatory effect of

b-alanyl-1-histidinato zinc on cell proliferation is depen-

dent on protein synthesis in osteoblastic MC3T3-E1 cells.

Mol Cell Biochem 1993;122:59–64.

[9] Yamaguchi M, Kishi S, Hashizume M. Effect of zinc-

chelating dipeptides on osteoblastic MC3T3-E1 cells:

activation of aminoacyl-tRNA synthetase. Peptides

1994;15:1367–71.

[10] Caplan AI. Mesenchymal stem cells. J Orthop Res

1991;9:641–50.

[11] Nuttall ME, Patton AJ, Olivera DL, Nadeau DP, Gowen

M. Human trabecular bone cells are able to express both

osteoblastic and adipocytic phenotype: implications for

osteopenic disorders. J Bone Miner Res 1998;13:371–82.

[12] Beresford JN, Bennett JH, Devlin C, Leboy P, Owen ME.

Evidence for an inverse relationship between the differ-

entiation of adipocytic and osteogenic cells in rat marrow

stromal cell cultures. J Cell Sci 1992;102:341–51.

[13] Song CL. Adipocytes in marrow space and osteoporosis.

Chin J Osteoporos 2002;8:266–9.

[14] Verma S, Rajaratnam JH, Denton J, Hoyland JA, Byer

RJ. Adipoctyic proportion of bone marrow is inversely

related to bone formation in osteoporosis. J Clin Pathol

2002;55:693–8.

[15] Carpenter TO, Moltz KC, Ellis B, Andreoli M, McCarthy

TL, Centrella M, et al. Osteocalcin production in primary

osteoblast cultures derived from normal and Hyp mice.

Endocrinology 1998;139:35–43.

[16] Mosmann T. Rapid colorimetric assay for cellular growth

and survival: application to proliferation and cytotoxicity

assays. J Immunol Methods 1983;65:55–63.

[17] Li X-H, Zhang J-C, SUI S-F, Yang M-S. Effects of

daidzin, genistin and glycitin on the osteogenic and

adipogenic differentiation of bone marrow stromal cells

and the adipocytic trans-differentiation of osteoblasts.

Acta Pharm Sinica 2005;26:1081–6.

[18] Katherine AK, Jeffrey MG. 1,25-dihydroxy vitamin D3

inhibits adipocyte differentiation and gene expression in

murine bone marrow stromal cell clones and primary

cultures. Endocrinology 1998;139:2622–8.
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