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Abstract

This study was aimed to characterize the ability of human bone marrow mesenchymal stem cells (MSC) to differentiate into
osteoblasts in vitro. Twenty-three women and 20 men at late adulthood (52-92 years of age) were selected for the study. MSCs were
isolated and cultured in vitro and alkaline phosphatase (ALP) activity, secretion of amino-terminal propeptide of type I procollagen
(PINP), type I1I procollagen (PIIINP) and osteocalcin were analyzed. Matrix mineralization was analyzed by the von Kossa staining
and by calcium quantification. We found that the ALP and PINP levels compared with control increased to 2.8- and 2.9-fold,
respectively, when cells were cultured for three weeks. ALP activity, PINP and calcium deposition in response to dexamethasone
treatment increased by age in women and was unchanged in men. Overall our data suggests that the osteogenic potential of MSCs
does not decrease by age in either women or men at late adulthood.

© 2003 Elsevier Inc. All rights reserved.
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Age-related bone loss and osteoporosis are suggested
to be caused by increased bone resorption and decreased
bone formation [1]. Although bone loss at late adult-
hood is evident, the mechanism behind this phenome-
non especially in the perspective of bone formation is
not fully understood. An age-related atrophy of mes-
enchymal stem cells (MSC) has been proposed to cause
a decrease in the number of osteoprogenitor cells and
decreased bone formation capacity would then be due to
lack of mature osteoblasts [2,3].

MSCs are multipotent cells, which can differentiate
into various mesenchymal cell types, such as adipocytes,
myoblasts, chondrocytes, tendon cells, and osteoblasts
[4,5]. It has been demonstrated that MSCs isolated from
bone marrow can be induced in vitro to differentiate into
cells, which possess the characteristics of mature osteo-
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blasts by glucocorticoids, B-glycerophosphate, ascor-
bate, and 10% fetal bovine serum [4]. During the
differentiation process, osteoblast phenotype markers
appear in the following order: after the proliferation of
osteoblast precursors, mature osteoblasts produce a
large amount of type I collagen [6], which is followed by
alkaline phosphatase (ALP) expression which reaches a
maximum during the latter phase of matrix maturation
before the matrix mineralization, which is controlled by
bone matrix protein osteocalcin [7,8].

In vitro MSCs form colonies in which cells have fi-
broblastic morphology, hence the literature uses term
colony forming unit-fibroblasts (CFU-Fs) [9]. Some
previous studies have shown that the number of ALP-
positive CFU-Fs is maintained in patients younger than
50 years when compared to patients older than 50 years
[10,11]. However, other studies have shown that the
number of ALP-positive CFU-Fs decreases during the
first two decades of life but is maintained after that
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[12-14]. Controversially, Martinez et al. [15] found that
ALP activity increased by age after 50 years of age.
However, in the Martinez’s study mature osteoblasts
were used instead of osteoblast precursors or stem cells.

The aim of this study was to try to answer the
question whether the osteogenic potential of human
MSCs indeed decreases at late adulthood. We used the
human MSC differentiation model, in which the bone
formation is initiated by proliferation of osteoblast
precursors/stem cells and is followed by osteoblast
maturation and finally ends in calcification of the
extracellular matrix. We found, that the osteogenic
capacity does not show any decline by age. In contrast,
there was a slight age-dependent increase in a variety of
osteogenic markers, including PINP in women. To our
knowledge, there are no previous data available on the
influence of aging at late adulthood on the osteogenic
potential of human MSCs.

Materials and methods

Human MSC isolation and culture. Human bone marrow was
harvested from 43 patients, who were operated for hip fracture or
osteoarthrosis were randomly selected between 2000 and 2003 for the
study. Twenty three of the patients were women (from 52 to 92 years of
age) and 20 were men (from 54 to 86 years of age). The Ethical
Committee of The Northern Ostrobothnia Hospital District approved
the study.

Bone marrow was obtained from the femoral collum and tro-
chanteric region, during the operation. Approximately 5-ml bone
marrow was placed into a 50-ml Falcon tube (Greiner, Germany) with
10ml medium: phenol red free a-modified essential medium with
L-glutamine (a-MEM; Gibco, Paisley, UK) buffered with 20 mM He-
pes (Gibco) and containing 10% heat-inactivated fetal bovine serum
(FBS; Bioclear, Netherlands), and 10ml/L of antibiotic solution
(10,000 U/ml penicillin and 10 mg/ml streptomycin; Gibco) and trans-
ported to the laboratory for further processing within 5 min.

The bone marrow samples were plated into 25cm? tissue culture
flasks (Nunc, Roskilde, Denmark) and cultured in 5ml above de-
scribed medium with 100 nM dexamethasone (Dex) (Sigma, St. Louis,
MO, USA) at 37°C in a humidified atmosphere of 5% CO, and 95%
air. After the cell-attachment period of two days, culture medium was
removed, and cultures were washed with Ca®*- and Mg**-free phos-
phate buffered saline (PBS; Gibco). Fresh medium was added and half
of the medium was replaced two times per week until near-confluence.

For analysis by different biochemical assays human MSCs were
washed with PBS and adherent cells detached using trypsin-EDTA
solution (Gibco). Cells were counted and plated into 24-well plates at a
density of 5000 cells/well. During the final culture half of the medium
with ingredients was changed twice a week.

Number of ALP-positive CFU-Fs. When bone marrow was trans-
ported to laboratory, Ficoll-Paque Research Grade (Pharmacia Bio-
tech, Uppsala, Sweden) was used according to the manufacturer’s
instructions to isolate mononuclear cells. Cells were seeded at a density
50,000 cells/cm? and cultured above described medium with 100 nM
Dex. After 1 week in culture, cells were stained for alkaline phos-
phatase. Colonies consisting more than 5 cells were defined as CFU-Fs
and a CFU-F was considered ALP positive when at least one cell
positively stained for ALP. The average of the number of ALP-positive
CFU-Fs was computed.

ALP staining. Human MSCs in 24-well plates in four replicate wells
were cultured with 100nM Dex or without (control). At day 21,

staining was performed by a standard procedure according to the
manufacturer’s instructions (Sigma Diagnostics). The human MSCs
were washed three times with PBS, fixed in 3% paraformaldehyde
(PFA) for 10min. Cells were then incubated with Naphthol AS-BI
phosphate containing 0.1 M sodium nitrite and Fast red violet for
15 min. Hematoxylin was used as a counterstain. The number of CFU-
Fs and cells staining positive for ALP was viewed with a light micro-
scope.

Specific ALP activity. Human MSCs in 24-well plates in four rep-
licate wells were cultured without (control) or with 100nM Dex. At
days 7, 14, and 21, cultured cells were assayed as described below. The
assay buffer containing 0.1% Triton X-100, pH 7.6, was added to each
well, and the plates were frozen. After thawing, enzyme activity was
determined using 0.1 mM 4-p-nitrophenylphosphate (Sigma) as sub-
strate and absorbance was read at 405nm in a plate reader (Victor 2,
Wallac Oy, Turku, Finland). Each sample was measured in duplicates.
The protein contents of the wells were determined by Bio-Rad Protein
Assay (Bio-Rad Laboratories, Richmond, CA). The enzyme activities
were expressed as units/mg protein (specific ALP activity).

Determination of procollagen propeptides (PINP and PIIINP).
Human MSCs in 24-well plates were cultured with 100nM Dex or
without (control). At days 7, 14, and 21, cultured cells were assayed as
described below. The concentration of amino-terminal propeptide of
type I procollagen (PINP) was measured using commercially available
RIA (Orion Diagnostica, Espoo, Finland), which had only a minimal
1.2% cross-reaction with monomeric Coll domain, which is a degra-
dation product of intact PINP. The assay was done in sequential
saturation and we used duplicate 0.05 ml aliquots of 1:2 or 1:5 diluted
lysates of cells (see below). The intra- and interassay coefficients of
variation of PINP in serum samples were 4.6-10.3% and 3.1-10.8%,
respectively. The concentration of amino-terminal propeptide of type
III procollagen (PIIINP) (also in sequential saturation) was measured
in duplicate 0.2 ml aliquots of 1:5 diluted lysates of cells with a com-
mercially available RIA (Orion Diagnostica, Espoo, Finland). The
intra- and interassay coefficients of variation of PIIINP in serum
samples were 4.4-6.1% and 4.1-18.0%, respectively.

Fluorescence staining of anti-PINP. Human MSCs in 24-well plates
in four replicate wells were cultured with 100nM Dex or without
(control). At day 21, cultured cells were stained for PINP as described
below. The PFA-fixed cells were permeabilized with 0.1% Triton X-100
in PBS for 10 min. The cells were stained by using polyclonal PINP
antibody for 30min, rinsed thoroughly in PBS, and then incubated
with fluorescein isothiocyanate-conjugated goat anti-rabbit secondary
antibodies (DAKO, Glostrup, Denmark) for 30 min. The samples were
viewed with a fluorescence microscope.

Measurement of osteocalcin. Human MSCs were cultured in 24-well
plates in four replicate wells with Dex, PGB, and AA and the con-
centration of osteocalcin in the culture medium was measured on days
0, 14, 21, 28, and 35. Osteocalcin was determined in duplicates with an
in-house immunoassay for total osteocalcin (T-OC) [16] which was
modified from two-site assays described by Hellman et al. [17]. Assay
T-OC detects both human and bovine osteocalcin and the within-assay
and between-assay CVs are less than 10%.

Western blot. For Western analysis, human MSCs were seeded at
4 % 10? cells/em? into 60 mm? Petri dishes, with 100 nM Dex. The cells
were cultured in duplicate dishes 14 and 21 days. Cultures were rinsed
with PBS and then extracted with RIPA buffer (1x PBS, 1% Igepal
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and Complete EDTA-
free protease inhibitor tablets Boehringer Mannheim, Mannheim,
Germany) for 30 min on ice. The total protein concentration of the
lysate was determined using a DC Protein Assay kit (Bio-Rad Labo-
ratories, Hercules, CA). Samples with equal amounts of total protein
were loaded onto SDS-polyacrylamide gel and proteins were electro-
phoretically transferred to Immobilon-P filter (Millipore Corporation,
Bedford, Mass). The filter was immunolabeled with rabbit anti-PINP
and anti-PIIINP antibodies and peroxidase-linked anti-rabbit IgG
antibody (Amersham Life Sciences, Little Chalfont, UK) was used as
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secondary antibody. Proteins were detected with ECL (Amersham Life
Sciences).

Calcium quantification and von Kossa staining. Human MSCs were
plated into 24-well plates. Cells were cultured in four replicate wells in
(1) control only, (2) 100nM Dex, (3) 10mM sodium B-glycerophos-
phate (BGB) (Sigma), and (4) 100nM Dex, 10 mM BGP, and 0.05 mM
ascorbic acid-2-phosphate (AA) (Sigma). For calcium quantification
the cultures were characterized at days 21, 28, and 35. The cells were
washed three times with Ca>* and Mg**-free PBS and incubated
overnight at room temperature in 0.6 M HCIl. Calcium determination
was based on the reaction of calcium with o-cresolphthalein-com-
plexone according to the manufacturer’s instruction (Roche Diag-
nostics Corporation, IN, USA). The colorimetric reaction was read at
570nm in a plate reader. For von Kossa staining, cells were cultured
for 14, 28, and 42 days and the cultures were washed three times with
Ca’* and Mg>*-free PBS, fixed in PFA for 10 min. Bone nodules were
detected with von Kossa [18] staining for calcium. The calcification
was viewed with the light microscope and in a stripping table.

Statistical analysis. The statistics were evaluated by using Student’s
t test and linear regression analysis. Values are expressed as
means + SD or +SE. In the figures *, **, and *** represent the Stu-
dent’s ¢ test p values of p < 0.05, p < 0.01, and p < 0.001, respectively.

Results

Human MSCs form colonies and differentiation initiate
under optimal conditions in vitro

After 7 days of culture, human MSCs started to form
distinct colonies. We were able to demonstrate a positive
correlation between the number of ALP-positive CFU-
Fs and the ALP activity of the cell lysate (» = 0.781,
n = 6). To examine in detail the effect of different culture
conditions in the differentiation process, human MSCs
were treated with Dex for 21 days after seeding for 1-3
days. The attachment period of two days was found to
induce highest ALP activity at 3 weeks of culture when
the ALP activity reached it’s maximum (Fig. 1A). All
measurements of specific ALP activity showed response
for Dex treatment at all tested passages (1.-4.) (Fig. 1B),
however, there was some variation in Dex-responses

between different subcultures (data not shown).
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To determine the optimal cell number for ALP expres-
sion, the human MSCs were plated for 2500, 5000 or
10,000 cells/2 cm? well. The highest specific ALP activity
was observed when 5000 human MSCs/well, were added
(Fig. 10).

Human MSC-derived osteoblasts show high specific ALP
activity and PINP secretion at 3 weeks

The cells were characterized for ALP activity, PINP
and PIIINP secretion. During the first days of culture
the specific ALP activity decreased rapidly (data not
shown), until a slow increase was observed after 7 days
at Dex-treated cells. The maximal specific ALP activity
was achieved by day 21, just before the initial matrix
mineralization. Dex induced an average of 1.8-, 1.9-,
and 2.8-fold increases, in the specific ALP activity
compared with control at 7, 14, and 21 days, respectively
(Fig. 2A). Secretion of PINP was highest after 14 days
with Dex and control, and was maintained in the Dex-
treated cells. PINP levels were 2.9-fold higher in the
Dex-treated group compared to control after 21 days.
PIIINP levels remained low during the observation pe-
riod (Fig. 2B). Western blotting showed expression of
PINP at 14 and 21 days, and expression of PIIINP only
at day 14 (Fig. 2C). To confirm these observations, we
also stained control and Dex-treated human MSCs for
the ALP (Fig. 2D) and PINP (Fig. 2E). Dex, once again
increased the number and proportional area of ALP-
and PINP-positive cells.

Human MSCs form mineralized bone after 3 weeks
in vitro

To test whether human MSCs could form mineral-
ized bone nodules in vitro, we grew these cells under
four different culture conditions: (1) control, (2) Dex,
BGP, and AA, (3) Dex, and (4) BGP. As shown in

Fig. 3A, MSCs did not form mineralized bone nodules
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Fig. 1. The effects of (A) cell-attachment period, (B) passage number, and (C) plating density on human MSC cultures. Cells were treated without
(control) and with 100nM Dex and specific ALP activity was assayed at day 21. The columns show the means + SE (*p < 0.05 Student’s ¢ test)

compared with the highest value.
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Fig. 2. The dynamics of osteoblastic markers in human MSC culture.
Cells were treated without (control) and with 100nM Dex. (A) Specific
ALP activity and (B) secretion of PINP and PIIINP were analyzed.
The results are expressed as means & SE. The p values from Student’s ¢
test between control and Dex are shown as asterisks (*p < 0.05,
**p < 0.01, and ***p < 0.001). Human MSCs were treated with
100 nM Dex and (C) Western blot analysis for expression of PINP and
PIIINP was assayed. For (D) ALP staining and (E) Anti-PINP fluo-
rescent staining cells were grown in the presence of 100 nM Dex for 21
days. Bar, 0.02mm.
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Fig. 3. Human MSCs form colonies and mineralize extracellular ma-
trix in vitro. Cells were grown in (1) control, (2) Dex, PGP, AA, (3)
Dex, and (4) BGP. (A) At days 14, 28, and 42 the cells were washed,
fixed and stained for calcium phosphate by the von Kossa method. (B)
Mineralized nodules were formed when cells were treated with Dex,
BGP and AA, magnification 40x. (C) The calcium deposition was
determined at days 21, 28, and 35. The results are expressed as
means + SE. The p values from Student’s 7 test between control and
Dex, BGP, AA are shown as asterisks (***p < 0.001). (D) Human
MSCs were grown in Dex, BGP and AA. At days 0, 14, 21, 28, and 35
osteocalcin was analyzed from culture medium. The results are ex-
pressed as means + SE. The p value from Student’s ¢ test between 0 and
28 days are shown as asterisk (*p < 0.05).

when only one supplement was present. However when
Dex, BGP, and AA were all added, mineralized bone
appeared as demonstrated by positive staining for

von Kossa. The number and size of bone nodules was
studied up to 42 days at culture (Figs. 3A and B).

Bone formation, as evaluated by calcium levels, in-
creased readily after 21 days at Dex, PGP, and AA-
treated cultures. Calcium levels were 3.8- and 4.9-fold
higher compared with control at 28 and 35 days, re-
spectively. In cells treated with only one supplement,
mineralization was initially weak and remained weak
throughout the culture period (Fig. 3C). Osteocalcin
concentration in the medium increased during the cul-
ture period of 5 weeks and the increase was statistically
significant on day 28 (1.2-fold, p = 0.03*) when com-
pared to the beginning of the culture (Fig. 3D).

MSC mediated in vitro bone formation is not declined by
age

After careful preparation of the bone formation assay
for repeatability as described above, the effect of age on
PINP concentration, specific ALP activity and calcium
concentration were examined. Human MSCs were
grown in the presence of Dex for 21 days. The rela-
tionship between age and PINP concentration was de-
termined. Linear regression analysis did not show a
significant change (r = 0.590, p = 0.124) in male cells,
but an evident increase in cells from women (» = 0.712,
p = 0.00199) (Figs. 4A and B). Similar results were ob-
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Fig. 4. The effect of age on the collagen synthesis, ALP activity and
extracellular matrix mineralization by differentiated osteoblasts. The
human MSCs were cultured for 21 days in the presence of Dex, (A,B)
PINP concentration and (C,D) specific ALP activity were assayed.
(E,F) The cells were cultured for 35 days in the presence of Dex, PGP,
and AA and calcium concentration was assayed. Each point represents
means + SD. Female and male groups are indicated in figures by ¢ and
3 symbols, respectively.
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tained at the age-specific ALP activity relationship.
Once again, linear regression analysis did not indicate
significant change by age for males (»=0.420,
p =0.0654). Female cells, again, showed a significant
increase by age (r = 0.467, p = 0.0248), although this
increment was not as clear as for PINP (Figs. 4C and
D). The relationship between age and calcium concen-
tration on day 35 in the presence of Dex, PGP, and AA
was determined. Again, there was no significant change
in male cells (» =0.162, p = 0.580), but a significant
increase by age in the calcium concentration (r = 0.573,
p = 0.0129) in women (Figs. 4E and F).

Discussion

Osteoporosis is one of the serious diseases impairing
the aging population. Explanations for this condition
have been sought for already more than six decades.
Albright et al. [19] related the postmenopausal osteo-
porosis to estrogen deficiency. In women bone remod-
ellation increases by 90% at the menopause as assessed
by biochemical markers [20], whereas age-related bone
loss in men is not so aggressive. Estrogen might be the
most important factor of age-related osteoporosis, at
least in females, but other explanations have also been
studied. Bone loss in osteoporosis is thought to be partly
caused by decreased bone formation [1] whilst estrogen
effects most clearly bone resorption. Decreased bone
formation can result from both impaired osteoblast re-
cruitment and differentiation from stem cells in the bone
marrow or decreased activity of mature osteoblasts. This
study was focused to clarify the role of osteoblast re-
cruitment from bone marrow mesenchymal stem cells in
elderly patients.

It is shown in this study that there is an interesting
positive correlation between osteoblast markers (PINP
concentration, specific ALP activity and calcium con-
centration) and the patient’s age in osteoblast formation
assay when MSC from postmenopausal women were
used. We found also that MSCs from older male pa-
tients sustained their osteoblast differentiation and bone
formation capacity (Fig. 4).

The MSC isolation and culture was developed for
reproducibility. It was first demonstrated that the hu-
man bone marrow-derived MSCs were able to prolifer-
ate and subsequently differentiate into mature
osteoblasts, which were capable of CFU and bone for-
mation [9]. The first osteoblastic markers (Fig. 2), ALP
and PINP appeared, when cells were grown for three
weeks. PINP/PIIINP ratio was used to confirm absence
of fibroblastic phenotype in the culture [21]. ALP and
fluorescence staining confirmed that up to 98% of all
cells obtained the osteoblastic phenotype. These cells
were also able to mineralize the collagen matrix and fi-
nally, at the latest stage, synthesize osteocalcin, which

are considered to be hallmarks of terminal osteoblast
differentiation [22]. It is notable that in the model used
here there is very few osteoblasts present in the initial
culture and that marginal specific ALP activity at first
days of culture decreases rapidly when undifferentiated
ALP-negative stem cells proliferate (see Results).

In previous literature there are no reports on the
effects of age on PINP expression, ALP activity, and
extracellular matrix mineralization at late adulthood by
human MSCs. Hence, data presented here are reflected
to studies employing different methodologies. Studies by
Justesen et al. [10] and Stenderup et al. [11] clearly show
that the number of ALP-positive CFU-Fs is maintained
during aging when patients younger than 50 years were
compared to patients older than 50 years. On the other
hand, an age-related decline was demonstrated by
D’Ippolito et al. [12], Majors et al. [13], and Nishida
et al. [14] up to the age of 30 years with little or no
change thereafter. Controversially, Martinez et al. [15]
found that osteoblastic ALP activity increased by age
after fifth decade of life. Martinez study’s finding is now
supported by the data presented here. In this study ALP
activity and other biochemical markers were used as
determinants of osteoblast differentiation rather number
and size of the ALP-positive CFU-Fs. However, we do
not believe that this explains the discrepancy between
this study and previous data since we were able to
demonstrate positive correlation between the number of
ALP-positive CFU-Fs and the ALP activity of the
lysate.

The main finding of this study is that after menopause
the osteogenic potential of human MSCs does not de-
crease. Hence, the pathogenesis of the age-related oste-
oporosis is neither due to impaired human MSC
differentiation capacity nor MSC number and explana-
tions should be looked elsewhere, for example nutrition
which might influence osteoblasts activity in vivo. It is
well-known fact among orthopedic surgeons that oste-
oporotic bone has as good healing capacity as normal
bone, albeit the fractures might be somewhat different.
This study supports and explains this clinical finding.
The question that emerges now is what are the factors
that maintain and even stimulate osteoblastogenesis
from MSCs of elderly patients? Cooper et al. [23] have
shown that activity of 11B-hydroxysteroid dehydroge-
nase type 1, which appears in human osteoblasts and
converts hormonally inactive cortisone into cortisol [24],
increases by age in primary osteoblast cultures. It is
notable that this and all previous studies [4,25] charac-
terize the Dex-induced differentiation of cells into os-
teoblasts. Second, as shown by Batge et al. [26] there is an
age-dependent increase of transforming growth factor-f
receptors in human osteoblast-like cells in vitro. This
might explain via paracrine mechanism the observed
increment in osteoblast recruitment [27,28]. We conclude
that further studies are now required to clarify which of
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the mechanisms suggested above explains our finding,
which demonstrates the unique capacity of stem cells to
enable tissue regeneration even at late course of life.

Acknowledgments

The authors thank Mrs. Minna Savilampi for her expert technical
assistance. This study was supported by funds from State Technology
Development Center of Finland (TEKES).

References

[1] E.F. Eriksen, S.F. Hodgson, R. Eastell, S.L. Cedel, W.M.
O’Fallon, B.L. Riggs, Cancellous bone remodeling in type I
(postmenopausal) osteoporosis: quantitative assessment of rates
of formation, resorption, and bone loss at tissue and cellular
levels, J. Bone Miner. Res. 5 (1990) 311-319.

[2] B.S. Nimni, S. Bernick, W. Paule, M.E. Nimni, Changes in the ratio
of non-calcified collagen to calcified collagen in human vertebrae
with advancing age, Connect. Tissue Res. 29 (1993) 133-140.

[3] J.D. Termine, Cellular activity, matrix proteins, and aging bone,
Exp. Gerontol. 25 (1990) 217-221.

[4] M.F. Pittenger, A.M. Mackay, S.C. Beck, R.K. Jaiswal, R.
Douglas, J.D. Mosca, M.A. Moorman, D.W. Simonetti, S. Craig,
D.R. Marshak, Multilineage potential of adult human mesenchy-
mal stem cells, Science 284 (1999) 143-147.

[5] D.J. Prockop, Marrow stromal cells as stem cells for nonhemato-
poietic tissues, Science 276 (1997) 71-74.

[6] M. Sandberg, H. Autio-Harmainen, E. Vuorio, Localization of
the expression of types I, III, and IV collagen, TGF-beta 1 and c-
fos genes in developing human calvarial bones, Dev. Biol. 130
(1988) 324-334.

[7] J.E. Aubin, K. Turksen, Monoclonal antibodies as tools for
studying the osteoblast lineage, Microsc. Res. Tech. 33 (1996)
128-140.

[8] P. Ducy, C. Desbois, B. Boyce, G. Pinero, B. Story, C. Dunstan,
E. Smith, J. Bonadio, S. Goldstein, C. Gundberg, A. Bradley, G.
Karsenty, Increased bone formation in osteocalcin-deficient mice,
Nature 382 (1996) 448-452.

[9] A.J. Friedenstein, R.K. Chailakhjan, K.S. Lalykina, The devel-
opment of fibroblast colonies in monolayer cultures of guinea-pig
bone marrow and spleen cells, Cell Tissue Kinet. 3 (1970) 393-403.

[10] J. Justesen, K. Stenderup, E.F. Eriksen, M. Kassem, Maintenance
of osteoblastic and adipocytic differentiation potential with age
and osteoporosis in human marrow stromal cell cultures, Calcif.
Tissue Int. 71 (2002) 36-44.

K. Stenderup, J. Justesen, E.F. Eriksen, S.I. Rattan, M. Kassem,
Number and proliferative capacity of osteogenic stem cells are
maintained during aging and in patients with osteoporosis, J.
Bone Miner. Res. 16 (2001) 1120-1129.

G. D’Ippolito, P.C. Schiller, C. Ricordi, B.A. Roos, G.A.
Howard, Age-related osteogenic potential of mesenchymal stro-
mal stem cells from human vertebral bone marrow, J. Bone Miner.
Res. 14 (1999) 1115-1122.

[11

[12

[13] A.K. Majors, C.A. Boehm, H. Nitto, R.J. Midura, G.F. Musch-
ler, Characterization of human bone marrow stromal cells with
respect to osteoblastic differentiation, J. Orthop. Res. 15 (1997)
546-557.

S. Nishida, N. Endo, H. Yamagiwa, T. Tanizawa, H.E. Takah-

ashi, Number of osteoprogenitor cells in human bone marrow

markedly decreases after skeletal maturation, J. Bone Miner.

Metab. 17 (1999) 171-177.

[15] M.E. Martinez, M.T. del Campo, S. Medina, M. Sanchez, M.J.
Sanchez-Cabezudo, P. Esbrit, P. Martinez, I. Moreno, A. Rod-
rigo, M.V. Garces, L. Munuera, Influence of skeletal site of origin
and donor age on osteoblastic cell growth and differentiation,
Calcif. Tissue Int. 64 (1999) 280-286.

[16] K.K. Ivaska, H. Ylipahkala, T.A. Hentunen, H.K. Vaananen,
Analysis of osteocalcin fragments released from osteoblasts and
osteoclasts in vitro, J. Bone Miner. Res. 17 (Suppl. 1) (2002) 407
(Abstract).

[17] J. Hellman, S.M. Kakonen, M.T. Matikainen, M. Karp, T.
Lovgren, H.K. Vaananen, K. Pettersson, Epitope mapping of nine
monoclonal antibodies against osteocalcin: combinations into
two-site assays affect both assay specificity and sample stability, J.
Bone Miner. Res. 11 (1996) 1165-1175.

[18] J. Von Kossa, Uber die im organismus kunzlinch erzeugen
Verkalkungen, Beitr. Anat. (1901) 163.

[19] F. Albright, P.H. Smith, A.M. Richardson, Postmenopausal
osteoporosis, JAMA 116 (1941) 2465-2474.

[20] P. Garnero, E. Sornay-Rendu, M.C. Chapuy, P.D. Delmas,
Increased bone turnover in late postmenopausal women is a major
determinant of osteoporosis, J. Bone Miner. Res. 11 (1996) 337—
349.

[21] A. Jukkola, J. Risteli, L. Risteli, Effect of dextran on synthesis,
secretion and deposition of type III procollagen in cultured human
fibroblasts, Biochem. J. 279 (Pt. 1) (1991) 49-54.

[22] G.S. Stein, J.B. Lian, Molecular mechanisms mediating prolifer-
ation/differentiation interrelationships during progressive devel-
opment of the osteoblast phenotype, Endocrinol. Rev. 14 (1993)
424-442.

[23] M.S. Cooper, E.H. Rabbitt, P.E. Goddard, W.A. Bartlett, M.
Hewison, P.M. Stewart, Osteoblastic 11beta-hydroxysteroid de-
hydrogenase type 1 activity increases with age and glucocorticoid
exposure, J. Bone Miner. Res. 17 (2002) 979-986.

[24] P.M. Stewart, Z.S. Krozowski, 11 beta-Hydroxysteroid dehydro-
genase, Vitam. Horm. 57 (1999) 249-324.

[25] S.L. Cheng, J.W. Yang, L. Rifas, S.F. Zhang, L.V. Avioli,
Differentiation of human bone marrow osteogenic stromal cells in
vitro: induction of the osteoblast phenotype by dexamethasone,
Endocrinology 134 (1994) 277-286.

[26] B. Batge, A. Feydt, J. Gebken, H. Klein, H. Notbohm, P.K.
Muller, J. Brinckmann, Age-related differences in the expression
of receptors for TGF-beta in human osteoblast-like cells in vitro,
Exp. Clin. Endocrinol. Diabetes 108 (2000) 311-315.

[27] R.A. Ignotz, T. Endo, J. Massague, Regulation of fibronectin and
type I collagen mRNA levels by transforming growth factor-beta,
J. Biol. Chem. 262 (1987) 6443-6446.

[28] M. Kassem, M. Kveiborg, E.F. Eriksen, Production and action of
transforming growth factor-beta in human osteoblast cultures:
dependence on cell differentiation and modulation by calcitriol,
Eur. J. Clin. Invest 30 (2000) 429-437.

[14



	Osteoblast recruitment from stem cells does not decrease by age at late adulthood
	Materials and methods
	Results
	Human MSCs form colonies and differentiation initiate under optimal conditions in vitro
	Human MSC-derived osteoblasts show high specific ALP activity and PINP secretion at 3 weeks
	Human MSCs form mineralized bone after 3 weeks in vitro
	MSC mediated in vitro bone formation is not declined by age

	Discussion
	Acknowledgements
	References


