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Species variation in the spontaneous calcification of bone
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Abstract
Bone marrow-derived mesenchymal stem cells (BM-MSCs) hold great promise for tissue regeneration. With increasing
numbers of clinical trials, the safety of BM-MSCs attracts great interest. Previously, we determined that rat BM-MSCs
possessed spontaneous calcification without osteogenic induction after continuous culture. However, it is unclear whether
BM-MSCs from other species share this characteristic. In this study, spontaneous calcification of BM-MSCs from rat, goat,
and human specimens was investigated in vitro. BM-MSCs were cultured in complete medium, and calcification was
determined by morphologic observation and alizarin red staining. It was demonstrated that rat BM-MSCs possessed
a typically spontaneous calcification, whereas goat and human BM-MSCs under the same system proliferated significantly
but did not calcify spontaneously. The significant species variation in spontaneous calcification of BM-MSCs described in
this study provides useful information regarding evaluation of numerous BM-MSC-based approaches for bone regeneration
and the safety of BM-MSCs.
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Introduction

Mesenchymal stem cells (MSCs) can be isolated
from various tissues (1e3); MSCs derived from bone
marrow (BM-MSCs) are currently the most widely
investigated. MSCs are rare in bone marrow but can
be expanded in vitro and maintain multi-lineage
differentiation potential (1); BM-MSCs harvested
from many mammalian species such as mice, rats,
rabbits, goats and humans (1,4e7) have been used in
studies verifying various regenerative stratagems.
There are increasing reports regarding BM-MSC-
based therapy for tissue regeneration in humans with
significant results such as for long bone (8) and
myocardium regeneration (9).

To date, it is shown that the MSC-based regener-
ative approach is safe; however, two drawbacks should
be considered: one is tumorigenesis, and the other is
spontaneous calcification or ossification. The former
issue is still controversial, but spontaneous calcification
of rodent BM-MSCs has been clearly confirmed.
In our previous study, it was demonstrated that rat
BM-MSCs calcified spontaneously without any
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osteogenic induction after continuous culture, and the
calcified nodules were positive for collagen type I,
osteocalcin and alkaline phosphatase (10). Intra-
myocardial injection of unselected bone marrow cells
in rats after acute myocardial infarction has induced
significant ossification (11); this severe intramyocardial
calcification originated from BM-MSCs (12). Spon-
taneous calcification of rodent BM-MSCs was
determined; however, a still unsolved problem is
whether BM-MSCs from other species, especially
human BM-MSCs, share this characteristic.

Isolation and expansion of BM-MSCs from
different species have become routine procedures in
the laboratory, but properties and functions of BM-
MSCs vary. These discrepancies could result from
the donor age, gender, isolation method, culture
condition and number of passages, but the most key
element may be inter-species variation. It is well
known that there is still no definitive marker to
identify BM-MSCs, although the International
Society of Cell Therapy provided the minimal
criteria (13). If spontaneous calcification is
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determined to be an intrinsic phenomenon in BM-
MSCs from different species, it will become easier to
identify the harvested cells and distinguish them
from cells in other tissues. For clinical relevance,
calcification of BM-MSCs may be beneficial to bone
regeneration but can have adverse effects in the
repair of other non-osseous tissues (14,15); extend-
ing the application of BM-MSC-based techniques
for non-osseous tissue regeneration requires verifi-
cation of the spontaneous calcification in BM-
MSCs. The primary aim of this study was to address
whether BM-MSCs isolated from different species
possess spontaneous calcification.

Methods

Cell isolation

All animal experiments were approved by the Labora-
tory Animal Management Committee of Sichuan
Province (Permit No. SYXK-2008-119). Nine Spra-
gue-Dawley rats and three goats were obtained from
Figure 1. Characterization of human BM-MSCs. (A) Flow cytometry his
by FACS. The cells were positive for CD29 (99.8%), CD73 (99.5%), C
CD19 (0.1%), CD34 (0.2%), CD45 (0.2%) and HLA-DR (0.1%). (B
staining of human BM-MSCs without (B) and with (C) osteogenic induc
without (D) and with (E) adipogenic induction (scale bar ¼ 100 mm). A
chondrogenic induction (scale bar ¼ 200 mm).
the Laboratorial Animal Center of Sichuan University.
Human bone marrow samples were collected from
one healthy donor and three patients with scoliosis
with informed consent. The experimental procedures
were approved by the local ethics committee.

Rat BM-MSCs were isolated as previously
described (16). Goat and human BM-MSCs were
isolated by a density gradient centrifugation method.
Briefly, bone marrow aspirates were diluted 1:1 with
phosphate-buffered saline (PBS), layered over an
equal volume of Ficoll solution (TBD Science,
Tianjin, China) and centrifuged at 500g for 30 min.
The mononuclear cells were removed from the
gradient interface, re-suspended in complete
medium: Dulbecco’s modified Eagle medium, high
glucose (DMEM high glucose; Invitrogen-Gibco,
Grand Island, NY, USA) with 10% fetal bovine
serum and 1% penicillin/streptomycin, and incubated
at 37�C with 5% carbon dioxide. After 72 hours, the
medium was changed, and non-adherent cells were
removed. After 80% confluence, the cells were
tograms illustrating the phenotypes of human BM-MSCs analyzed
D90 (99.7%) and CD166 (99.8%) but negative for CD14 (0.3%),
eG) Differentiation capacity of human BM-MSCs. Alizarin red
tion (scale bar ¼ 200 mm). Oil red O staining of human BM-MSCs
lcian blue staining of human BM-MSCs without (F) and with (G)
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passaged with the ratio of 1:3. The cells at passage 4
were used in the subsequent experiment.
Phenotypes and differentiation of BM-MSCs

To analyze the cell surface antigens of human
BM-MSCs, cells were detached with trypsin and
ethylenediamine tetraacetic acid, washed, re-sus-
pended in PBS and stained for 30 min on ice with
saturating amounts of fluorescein isothiocyanate
(FITC)-conjugated or phycoerythrin (PE)-conjugated
anti-human antibodies: CD34-FITC, CD14-FITC,
HLA-DR-FITC, CD45-FITC, CD19-FITC, CD90-
PE, CD29-PE, CD73-PE and CD166-PE (all from
BioLegend, San Diego, CA, USA). The appropriate
FITC-conjugated or PE-conjugated isotypic controls
were also purchased from BioLegend. All analysis was
done on a BectonDickinson FACSAria flow cytometer
(BD Biosciences, San Jose, CA, USA) running BD
FACSDiva Software version 6.1.1.

The multiple differentiation potency of goat and
human BM-MSCs was investigated after induction.
To induce osteogenic differentiation, cells were treated
with the osteogenic medium (complete medium with
0.1 mmol/L dexamethasone, 10 mmol/L b-glycerol
phosphate and 50 mg/mL ascorbate-2-phosphate) for
18 days. The medium was changed every 3 days. After
induction, cells were washed with PBS, fixed with 75%
ethanol for 20 min and stained with 1% alizarin red
Figure 2. Observation by light microscopy of rat, goat and human BM-M
Phase contrast images of rat BM-MSCs on days 3, 7, 14 and 21 (scale
(scale bar ¼ 200 mm). (IeL) Phase contrast images of human BM-MSC
solution (Sigma-Aldrich, St Louis, MO, USA) for 30
min at 37�C to examine the mineralized matrix
deposition. For adipogenic differentiation, cells were
cultured in complete medium with 0.5 mmol/L
isobutyl-methylxanthine, 0.25 mmol/L dexametha-
sone, 10 mmol/L insulin and 50 mmol/L indomethacin
for 10 days. After that, cells were fixed with 10%
formalin for 30 min and stained with oil red O solution
(Sigma-Aldrich) for 45 min to examine lipid droplets
in cytoplasm. For chondrogenic differentiation, cells
were cultured in complete medium supplemented with
100 mg/mL sodium pyruvate, 10 ng/mL transforming
growth factor-b1, 100 nmol/L dexamethasone, 1%
insulin-transferrin-selenium and 100 mg/mL ascorbate-
2-phosphate. To evaluate deposition of glycosami-
noglycans, 14 days later, cells were fixed with 10%
formalin for 20 min and stained with Alcian Blue
8GX (Cyagen Biosciences, Guangzhou, China) for
30 min. All the staining results were viewed using
an Olympus microscope (Olympus Optical, Tokyo,
Japan) and then photographed.
Spontaneous calcification model

The spontaneous calcification model of BM-MSCs
was established as previously described (10). Briefly,
rat, goat and human BM-MSCs were seeded at an
initial density of 10,000 cells/cm2 in six-well plates
and cultured in complete medium for 21 days. The
SCs cultured in complete medium on days 3, 7, 14 and 21. (AeD)
bar ¼ 200 mm). (EeH) Phase contrast images of goat BM-MSCs
s on days 3, 7, 14 and 21 (scale bar ¼ 200 mm).
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medium was changed every 3 days, and the miner-
alized nodules were assessed on days 3, 7, 14 and 21.

Morphology observation and alizarin red staining

The morphology of rat, goat and human BM-MSCs
was observed under a light microscope on days 3, 7,
14 and 21. For alizarin red staining, the complete
medium was decanted; the cells were washed with
PBS twice and fixed for 20 min at room temperature
with 75% alcohol. Cells were then stained with 1%
alizarin red solution as described earlier. The mine-
ralized nodules were photographed.

Osteogenic differentiation of human BM-MSCs

As the positive control, human BM-MSCs were
seeded at a density of 2000 cells/cm2 and cultured in
complete medium until they reached 70e80%
confluence. The cells were incubated in osteogenic
medium for 3 weeks, and the mineralized nodules
were assessed on days 7, 14 and 21.
Results

Characterization of BM-MSCs

The phenotype and differentiation ability of rat
BM-MSCs were investigated in our previous study
(10). Flow cytometry analysis showed that human
Figure 3. Alizarin red staining of rat, goat and human BM-MSCs culture
staining of rat BM-MSCs (scale bar ¼ 500 mm). (EeH) Alizarin red sta
staining of human BM-MSCs (scale bar ¼ 500 mm).
BM-MSCs were uniformly positive for CD29, CD90,
CD73 and CD166, but they were negative for CD14,
CD19, CD34, CD45 and HLA-DR (Figure 1A).
After specific induction, human BM-MSCs were
positive for alizarin red (Figure 1C), oil red O
(Figure 1E) and alcian blue (Figure 1G). However,
negative results of these cells cultured with complete
medium only were observed (Figure 1B,D,F). Like-
wise, the osteogenic, adipogenic and chondrogenic
differentiation of goat BM-MSCs were confirmed
using the same induced medium (see supplementary
Figure 1).
Species variation in calcification of BM-MSCs

Cultured in complete medium for 3 days, rat BM-
MSCs exhibited a typical fibroblast-like morphology
(Figure 2A) and were negative for alizarin red
(Figure 3A). After 7 days of culture, rat BM-MSCs
began to form cellular aggregation that was weakly
positive for alizarin red (Figures 2B and 3B). The
cellular aggregation became more obvious and
showed typical mineralization, which was evidently
positive for alizarin red (Figures 2C and 3C). Finally,
cells aggregated significantly and the mineralized
nodules were widely spread after 21 days of culture
(Figures 2D and 3D). The morphology observation
and alizarin red staining clearly showed a sponta-
neous calcification process of rat BM-MSCs.
d in complete medium on days 3, 7, 14 and 21. (AeD) Alizarin red
ining of goat BM-MSCs (scale bar ¼ 500 mm). (IeL) Alizarin red
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This calcification process was not observed in goat
and human BM-MSCs cultured in the same system.
They both displayed a fibroblast-like cell shape and
proliferated well over 3 days (Figure 2E,I). After 7, 14
and 21 days of culture, they formed multilayer cell
sheets without cellular aggregation (Figure 2FeH,
JeL). Additionally, alizarin red staining indicated that
both goat and human BM-MSCs did not calcify at all
time points (Figure 3EeL). Nevertheless, human
BM-MSCs cultured in the osteogenic medium
exhibited apparent mineralization, which could be
observed using light microscopy and alizarin red
staining. During the first week of osteogenic induc-
tion, human BM-MSCs proliferated slowly, aggre-
gated progressively and did not form any calcified
extracellular matrix (Figure 4A,D). They began to
produce and assemble collagen matrix in the second
week (Figure 4B); meanwhile, obvious mineralization
could be observed (Figure 4E). After induction for 3
weeks, they formed abundant mineralized extracel-
lular matrix (Figure 4C,F). Compared with this
well-defined mineralization process, goat and human
BM-MSCs cultured in complete medium apparently
did not possess the spontaneous calcification poten-
tial. All of these data confirmed that the spontaneous
calcification of BM-MSCs was species-specific.
Discussion

Because spontaneous calcification is an intrinsic
property of rat BM-MSCs that has been determined
by in vitro and in vivo studies and because species
variation would affect the biologic characterization of
BM-MSCs, it is reasonable to assume that BM-
MSCs isolated from different species may demon-
strate different patterns in spontaneous calcification.
In this study, typical spontaneous calcification of rat
Figure 4. Morphology and alizarin red staining of human BM-MSCs c
images of human BM-MSCs on days 7, 14 and 21 (scale bar ¼ 200 mm).
human BM-MSCs on days 7, 14 and 21 (scale bar ¼ 500 mm).
BM-MSCs was successfully replicated, whereas goat
and human BM-MSCs cultured in the same system
proliferated significantly and did not form any
mineralized nodules. In view of this variation, we can
conclude that spontaneous calcification should be
not a common property of BM-MSCs, and human
BM-MSCs would not calcify in vitro after continuous
culture. In vivo studies need to be done to make
a convincing conclusion.

Despite many similarities, species variation aff-
ects not only the spontaneous calcification but also
other behaviors of BM-MSCs (17). BM-MSCs iso-
lated from various species reveal the same fibroblast-
like morphology, proliferation, and colony formation
potential. However, the immunosuppression mech-
anisms, chromosomal stability, phenotypes and
differentiation ability of BM-MSCs differ among
species. Ren et al. (18) found that immunosuppres-
sion by human BM-MSCs was mediated by
indoleamine 2,3-dioxygenase, whereas mouse BM-
MSCs used nitric oxide. Murine BM-MSCs dis-
played high chromosomal instability, whereas human
BM-MSCs can be safely expanded with negligible
susceptibility to malignant transformation (19,20).
Additionally, expression patterns of some cell surface
antigens such as CD13, CD34, CD73, CD90,
CD105, CD146, c-Kit, Sca-1 and SSEA-4 in
BM-MSCs from various species were notably
different (21). It was revealed that BM-MSCs from
minipigs have lower osteogenic differentiation ability
compared with human BM-MSCs (22). All of the
above-mentioned evidence suggested that species
variation played an important role in the properties
and functions of BM-MSCs. Factors that determine
variability are unknown, but the variation in spon-
taneous calcification from different species in this
study is not unexpected.
ultured in osteogenic medium for 21 days. (AeC) Phase contrast
(DeF) Alizarin red staining of formation of mineralized nodules by
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Why was spontaneous calcification observed only
in the rat BM-MSCs but not other BM-MSCs? The
detailed mechanism was not well elucidated, which is
the major limitation of this qualitative study we
should acknowledge. The following explanations
may be helpful. The intrinsic high osteogenic
potency of BM-MSCs may be due to tissue-specific
environmental cues “imprinted” on them (23);
compared with adipose tissue-derived MSCs, BM-
MSCs were superior to osteogenesis but inferior to
adipogenesis (24); we suggested that spontaneous
calcification of rat BM-MSCs in this study might
result from the intrinsic high osteogenic potency.
Further research is warranted to investigate the
intrinsic osteogenic potency and gene expression
profiles of BM-MSCs from different species. BM-
MSCs are a heterogeneous mixture of various
subpopulations; more recently, it was demonstrated
that one of the subpopulations termed tissue non-
specific alkaline phosphatase (TNAP)-positive cells
possessed a higher degree of calcium mineralization
and higher level of osteogenic-related gene expres-
sion than TNAP-negative cells (25). Variability in
the number of TNAP-positive cells of BM-MSCs
from different species may be a potential explanation
of the variation, which needs further investigation.

In conclusion, our results showed that goat and
human BM-MSCs did not behave the same way as
rat BM-MSCs in regard to spontaneous calcification.
More calcification potency of rat BM-MSCs
compared with goat and human BM-MSCs would
give a cue to different outcomes in bone regeneration
among species. Species variation in biologic behav-
iors of BM-MSCs should be taken fully into
consideration when extending the results from
animal model to clinical application. We suggest that
human BM-MSCs should always be used as a tool to
evaluate the bone regeneration potential of newly
developed materials or instruments. When BM-
MSCs are used for other non-osseous tissue regen-
eration, the possible calcification or ossification
should be verified and excluded before extensive
clinical application.
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