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Mesenchymal stem cells (MSCs) derived from bone marrow are an important tool in tissue en-
gineering and cell-based therapies because of their multipotent capacity. Majority of studies on
MSCs have investigated the roles of growth factors, cytokines, and hormones. Antioxidants such
as ascorbic acid can be used to expand MSCs while preserving their differentiation ability. More-
over, ascorbic acid can also stimulate MSC proliferation without reciprocal loss of phenotype and
differentiation potency. In this study, we evaluated the effects of ascorbic acid on the proliferation,
differentiation, extracellular matrix (ECM) secretion of MSCs. The MSCs were cultured in media
containing various concentrations (0–500 μM) of L-ascorbate-2-phosphate (Asc-2-P) for 2 weeks,
following which they were differentiated into adipocytes and osteoblasts. Ascorbic acid stimulated
ECM secretion (collagen and glycosaminoglycan) and cell proliferation. Moreover, the phenotypes
of the experimental groups as well as the differentiation potential of MSCs remained unchanged.
The apparent absence of decreased cell density or morphologic change is consistent with the toxic-
ity observed with 5–250 μM concentrations of Asc-2-P. The results demonstrate that MSC prolif-
eration or differentiation depends on ascorbic acid concentration.
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Mesenchymal stem cells (MSCs) can be derived from
specific organs including the gut, lung, liver, and bone mar-
row. MSCs isolated from the bone marrow have multilineage
potential and have been used experimentally in a number of
cell-based therapies. MSCs are capable of producing mul-
tiple mesenchymal cell lineages such as fibroblasts, osteo-
blasts, chondrocytes, and adipocytes, under specific culture
conditions. In contrast to other adult cells such as ligament
cells, chondrocytes, and osteoblasts, MSCs are not rejected
and can be easily obtained after bone marrow aspiration and
subsequent in vitro expansion. However, continued MSC
culture for tissue engineering applications requires proper
stimulation to prevent premature cell aging, spreading, and
inactivity with increasing passage number (1–8). To support
and enhance the in vitro growth and activity of MSCs, the
cell culture medium can be supplemented with various pro-
teins and factors to mimic the physiologic environment, in
which the cells demonstrate optimal proliferation and differ-
entiation (9–13).
The cell metabolism in an organized environment is close-

ly related to the intercellular metabolic interactions between
the different types of cells. However, when the cells are iso-
lated from their original tissues and cultured, the nutritional

requirements of the cells change and vary between the in-
dividual cells (14–17). The stimulatory effect of various nu-
trients, especially ascorbic acid, on the extracellular matrix
(ECM) production of cells in vitro has been extensively in-
vestigated. Ascorbic acid plays a key role as a cofactor in
the post-translational modification of collagen molecules
and increases collagen production (18–22). An investigation
of the ascorbic acid effect on procollagen synthesis in hu-
man skin fibroblast cultures revealed an increased produc-
tion of Type I collagen (20). Furthermore, it is well-known
that ascorbic acid stimulates the proliferation of various
mesenchyme-derived cell types including osteoblasts, adipo-
cytes, chondrocytes, and odontoblasts in vitro (23–31), and
modulates cell proliferation in vitro (32–39).
Moreover, at specific concentrations in culture medium,

ascorbic acid acts as growth promoter to increase the prolif-
eration and DNA synthesis of cells, when supplied to cul-
ture medium. However, markedly elevated concentrations are
cytotoxic, and can lead to proliferation inhibition and apop-
tosis. This relationship between cytotoxicity and ascorbic
acid concentration is determined by culture-related factors
such as the type of medium or incubator condition (CO

2

concentration) (40–42).
Ascorbic acid regulates cell differentiation, particularly

of multilineage mesenchymal cells (adipogenesis, osteogen-
esis, chondrogenesis, and myogenesis). Tsai-Ming Lin et al.

* Corresponding author. e-mail: jkpark@dongguk.edu
phone: +82-2-2260-3365 fax: +82-2-2271-3489



ASCORBIC ACID EFFECT ON MESENCHYMAL STEM CELLSVOL. 105, 2008 587

cultivated adipose tissue-derived human MSCs using a novel,
low calcium cell culture medium supplemented with the anti-
oxidant compounds N-acetyl-L-cysteine (NAC) and L-as-
corbate 2-phosphate (Asc-2-P) (28). This medium increased
cell proliferation and their differentiation into adipocytes,
osteoblasts, and chondrocytes.
Many papers have also been published on the effects of

ascorbic acid on ECM production, and cell proliferation and
differentiation. However, little is known about the effects of
various concentrations (5–500 pM) of ascorbic acid on the
in vitro behaviors of MSCs including proliferation and dif-
ferentiation, and the compound’s cytotoxicity. Presently, we
aimed to determine the effect of the ascorbic acid deriva-
tive, Asc-2-P, on the in vitro behavior of MSCs including
proliferation, cytotoxicity, ECM production, and osteogenic
and adipogenic differentiation.

MATERIALS AND METHODS

Primary culture of bone marrow-derived MSCs The MSCs
were isolated from the bone marrow aspirates obtained from the iliac
crest of healthy human donors. All donors consented to the proce-
dure, which was also approved by the Institutional Review Board,
St. Mary’s Hospital, Catholic University. The bone marrow aspi-
rates were collected in a syringe containing 10,000 IU heparin to
prevent coagulation. The mononuclear cell fraction was isolated by
0.77 g/ml Ficoll density gradient centrifugation. Mononuclear cells
were plated into tissue culture flasks in an expansion medium at a
density of 105 cells/cm2. The expansion medium consisted of low glu-
cose defined minimal essential medium (LG-DMEM; Invitrogen,
NY, USA) and 10% fetal bovine serum (FBS; BioWhittaker, Lonza,
Walkersville, MD, USA). Upon reaching 80% confluency, the cells
were trypsinized with 0.25% trypsin-1mM EDTA (Sigma, St. Louis,
MO, USA) and replated at a density of 104 cells/cm2. The cells
were expanded for 2 to 6 passages.

Cell proliferation assay Single cell preparations were ob-
tained by incubating the samples with a 0.05% trypsin solution for
an additional 10 min at 37°C. Aliquots of the samples were mixed
with trypan blue, and the viable cells were counted using a hemo-
cytometer. MSCs obtained following the 3rd passage were seeded
at a density of 1×104 cells/well and cultured in unsupplemented
medium containing 10% FBS/LG-DMEM (A group), or medium
supplemented with 5 μM (B group), 50 μM (C group), 250 μM (D
group), or 500 μM (E group) Asc-2-P. MSCs were maintained and
subcultured three times every 3 d. Cell numbers were determined
by using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide (MTT; Sigma-Aldrich) assay. MSCs in 24-well tissue culture
plates (TCP) were incubated designated times in 0.5 mg/ml MTT-
supplemented cell culture medium at 37°C and 5% CO

2
 for 2 h.

The intense purple-colored formazan derivative formed during ac-
tive cell metabolism was eluted and dissolved in 95% iso-propanol
containing 0.04 N HCl, and the absorbance was measured at 570 nm.
The population doubling level (PDL) was calculated using the fol-
lowing equation:

PDL= log (X
1
/X

0
)/log2

where X
0
 is the initial cell number and X

1
 is the final cell number.

Phase-contrast light microscopy was used to observe the morphol-
ogy of MSCs on the tissue culture dish.

Cell surface antigen analysis by fluorescence-activated cell
sorting (FACS) Antibodies against human antigens CD73 and
CD90 were purchased from BD Biosciences (San Jose, CA, USA)
and CD105 antibody was purchased from Ancell (Bayport, MN,
USA). A total of 5×105 cells were resuspended in 200 μl of phos-

phate buffered saline (PBS) and incubated with fluorescein iso-
thiocyanate- or phycoerythrin-conjugated antibodies for 20 min at
room temperature (or for 45 min at 4°C). The fluorescence inten-
sity of the cells was evaluated using a FACScan flow cytometer
(BD Sciences), and the data were analyzed using CellQuest soft-
ware (BD Biosciences).

In vitro osteogenic and adipogenic differentiation of MSCs

After reaching confluence, the MSCs were maintained for three
weeks in either an osteogenic or adipogenic medium.

The osteogenic medium consisted of DMEM containing 10%
FBS, 10mM β-glycerophosphate, 50 μM Asc-2-P and 10–7M dexa-
methasone (all from Sigma), and the medium was changed every 3
to 4 d. After 21 d, von Kossa staining (described below) was per-
formed to analyze the MSCs.

The adipogenic medium consisted of DMEM containing 10%
FBS, 1 mM dexamethasone (Sigma), 0.5 mM 1-methyl-3-isobu-
tylxanthin (Sigma), 10 mg/ml h-insulin (WelGENE), and 10 mM
indomethacin (Sigma) that was unsupplemented or Asc-2-P-supple-
mented (B-E groups, as described above).

The differentiation medium was replaced once every 3 d for 21 d,
and Oil Red-O staining (described below) was performed to ana-
lyze the MSCs.

Immunocytochemical analysis For alpha-smooth muscle
actin (α-SMA) staining, α-SMA antibody (clone 1A4; DAKO
Cytomation, Heverlee, Belgium) was biotinylated using the DAKO
Animal Research Kit before application and then incubated over-
night at 4°C. Thereafter, the sections were thoroughly washed with
PBS and incubated with streptavidin-horse radish peroxidase (HRP)
for 15 min at room temperature. NovaRed (Vector Laboratories,
Burlingame, CA, USA) was used for HRP detection. Sections were
counterstained with Mayers haematoxylin, mounted, and covered
as described below.

The degree of differentiation of the cells into adipocytes and
osteocytes was evaluated by the appearance of Oil Red-O stained
lipid vacuoles and von Kossa stained mineralization of calcium
nodules, respectively. The degree of osteogenic differentiation was
evaluated using von Kossa staining to detect mineral deposition
and calcification. For von Kossa staining, the cells were fixed with
10% formalin for 30min and washed three times with 10mM Tris–
HCl, pH 7.2. The fixed cells were incubated with 5% silver nitrate
for 5 min in daylight, washed twice with hydrogen peroxide (H

2
O

2
),

and then treated with 5% sodium thiosulfate. For Oil Red-O stain-
ing, the slides were immersed in propylene glycol for 5 min, and
the procedure was repeated twice. Oil Red-O was slowly dissolved
in propylene glycol (7 mg/l) by heating to 100°C, but not over
110°C, with constant stirring.

The solution was filtered-through Whatman no. 5 filter paper,
cooled, and filtered again. The slide was then dipped in Oil Red-O
for 7 min with agitation, dipped in 85% propylene glycol for 3 min,
and rinsed in distilled water. The stained samples were allowed to
react with hematoxylin for 1min, washed in water, and then mounted
with glycerol.

Quantitative analysis of calcium and Oil Red-O Calcium
deposition was measured using the Quantichrom calcium assay kit
(Bioassay Systems, Hayward, CA, USA). Briefly, the supernatants
of the MSC cultures were prepared and mixed with working re-
agent. The mixtures were incubated for 3 min and the amount of cal-
cium in the supernatants was quantified using an ELISA at 612 nm.
The amount of oil produced was measured using a general quanti-
fication of Oil Red-O staining. Briefly, the MSC cultures were mild-
ly rinsed and fixed with 10% (v/v) buffered formalin in Dulbecco’s
PBS for 24 h. Following fixation, they were added to a filtered 60%
Oil Red-O stock solution in distilled water and incubated for 1 h.
Thereafter, they were rinsed with 70% alcohol, and isopropanol
was added. The mixtures were centrifuged at 50,000 rpm for 5 min
and the supernatants were assayed using an ELAIA at 540 nm.
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Intercellular collagen and glycosaminoglycan analysis

Total intracellular soluble collagen was measured using the Sircol-
collagen assay kit (Bioassay Systems). Briefly, the collagen sam-
ples were prepared from the MSC cultures containing various con-
centrations of Asc-2-P. The samples were then mixed with Sircol
dye reagent (Bioassay Systems). After centrifugation (10,000×g
for 10 min), the mixtures were dissolved in alkali reagent and the
absorbance was measured at 540 nm.

The total intracellular sulfated glycosaminoglycan (GAG) con-
tent was measured using the Blyscan sulfated glycosaminoglycans
assay kit (Bioassay, UK). The GAG samples were prepared from
the MSC cultures containing various concentrations of Asc-2-P.
The samples were mixed with Blyscan Dye Reagent and incubated
for 30 min.After centrifugation (10,000×g for 10 min), visual in-
spection revealed a dark purple residue in the sample test tubes.
The samples were dissolved in a dissociation reagent and the ab-
sorbance was measured at 656 nm.

RESULTS

Effect of ascorbic acid concentration on MSC prolif-
eration To examine the effects of concentration of Asc-
2-P on MSC proliferation, the cell numbers in each culture
were estimated by a MTT assay after 1st, 2nd, and 3rd sub-
cultures. The initial seeding cell number in each subculture
was the same (1×104 cells/well) in each group. As shown in
Fig. 1, the cell growth was significantly enhanced in pro-
portion to the increasing Asc-2-P concentration. The stimu-
lating effect of Asc-2-P on the proliferation remained un-
changed during cell passage. Asc-2-P significantly increased
cell growth. Especially, MSCs cultured in 250 μM Asc-2-P
showed the highest cell proliferation activity, while addition
of 500 μM Asc-2-P produced decreased rate of cell prolifer-
ation in comparison with 250 μM Asc-2-P. It is believed that
500 μM Asc-2-P might have induced cellular damage during
culture.
Figure 2 shows the morphology of MSCs cultivated for

3 d (Fig. 2a, c, e, g, i) and 14 d (Fig. 2b, d, f, h, j) after five
subcultures. There was no morphological change and the
cells became confluent after 14 d of culture, with the excep-
tion of the control group.
To investigate the effects of Asc-2-P concentration on

MSC proliferation after the third subculture, the cell num-

bers in each culture were counted on the 3rd, 6th, and 9th
day after seeding using the MTT assay. The cell number was
determined to be about 2.76×104 cells/well in the A group,
3.70×104 cells/well in the B group, 4.82×104 cells/well in the
C group, 6.96×104 cells/well in the D group, and 5.76×104

cells/well in the E group on the 9th day after seeding (Fig. 3).
In this case, the PDL values were 1.46 (A), 1.89 (B), 2.27
(C), 2.80 (D), and 2.53 (E), respectively. This result showed
that the appropriate concentration of Asc-2-P (B, C, D groups)
enhanced the proliferation of MSCs, while excess of Asc-2-P
(500 μM) significantly reduced MSC proliferation. The D
group in particular showed significant improvement in the

FIG. 1. Effect of L-ascorbate 2-phosphate (Asc-2-P) on growth
and proliferation of mesenchymal stem cells (MSCs) according to pas-
sage number and concentration of Asc-2-P during the 3rd subculture.

FIG. 2. Phase-contrast photograph of mesenchymal stem cells
(MSCs) (P5) cultivated for 3 d (a, c, e, g, i) and 14 d (b, d, f, h, j) after
five subcultures. (a, b) A group (0 μM L-ascorbate 2-phosphate [Asc-
2-P]): (c, d) B group (5 μM Asc-2-P): (e, f) C group (50 μM Asc-2-P):
(g, h) D group (250 μM Asc-2-P): (i, j) E group (500 μM Asc-2-P).
Bars: 100 μm.
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MSC proliferation activity in comparison with the A group
having conventional MSC culture condition.
Effect of ascorbic acid concentration on MSC surface

antigen expression To determine whether the Asc-2-P
concentration altered MSC surface antigen expression, FACS
analysis was performed for MSC markers CD73, CD90, and
CD105. The MSCs in the A group were cultured using a con-
ventional culture condition, and they served as the control
group. There was no difference in the MSC surface antigen
expression between the groups (Fig. 4), suggesting that the
various Asc-2-P concentrations did not alter MSCs’ surface
antigen expression.
Effect of ascorbic acid on α-SMA expression in MSCs

Continued in vitro culture of MSCs induces cell aging or
differentiation depending on the environmental parameters.
In generally, a high concentration of Asc-2-P induces α-SMA
expression when MSCs differentiate into smooth muscle cells
(43–46). Thus, to examine the aging or differentiation of
MSCs in Asc-2-P-supplemented culture medium, immuno-
cytochemical analysis of α-SMA was performed after 9 days
of culture. The expression of α-SMA in MSCs was not ob-
served in any group (Fig. 5). These data suggest that the ad-
dition of Asc-2-P did not induce MSC differentiation.
Effect of ascorbic acid concentration during culture

following osteogenic and adipogenic MSC differentiation
To investigate whether the Asc-2-P concentration during cul-
ture affected the capacity of MSCs for osteogenic and adipo-
genic differentiation, calcium and oil staining was performed
after proliferation culture.
Generally speaking, the osteogenic medium is usually

supplemented with 50 μM Asc-2-P and conventional adipo-
genic medium is usually free of Asc 2-P; however, we sup-
plemented the differentiation medium with 0, 5, 50, 250, or
500 μM of Asc-2-P and induced MSC differentiation into
osteoblasts and adipocytes for three weeks. Calcium and oil
deposition was detected by von Kossa and Oil Red-O stain-
ing, respectively. As shown in Fig. 6, there were osteoblast-
like morphological changes in the MSCs, and many mineral
depositions were observed on the surface in the experi-
mental group (Fig. 6c, e, g, i) in comparison with the control

group (Fig. 6a). MSCs cultured in media containing 0 to
5 μM Asc-2-P (Fig. 6b and d, respectively) showed weak
staining and those cultured in the media containing 50 to
500 μM Asc-2-P (Fig. 6f, h, j) showed strong staining.
According to the quantitative assay for calcium (Fig. 8a),
the MSCs cultured in 50 μM ascorbic acid showed the great-
est amount of calcium deposition. The calcium content per
cell in the group with over 50 μM of Asc-2-P was higher
(0.35 μg/cells) than that in the control group (0.25 μg/cells).
As shown in Fig. 7, the MSCs cultured in media contain-

ing Asc-2-P at concentrations over 250 μM (Fig. 7g, i)
showed more oil droplets than the control group (Fig. 7a).
The MSCs cultured in adipocyte differentiation medium con-
taining Asc-2-P at concentrations of 0, 5, and 50 μM (Fig. 7b,
d, and f, respectively) showed weak staining and those cul-
tured in the media containing Asc-2-P at concentrations of
250 to 500 μM (Fig. 7h and j, respectively) showed strong
staining. According to the quantitative assay for oil staining
(Fig. 8b), the MSCs cultured in 500 μM Asc-2-P showed
the highest number of oil droplets. The oil content per cell
in the group of MSCs cultured in media containing Asc-2-P
at concentrations over 250 μM was higher (0.3 μg/cells) than
that of the control group (0.25 μg/cells). The addition of As-
2-P at a concentration of 50 μM or less did not differ from
control (Asc-2-P-free). This result showed that the concen-
tration of Asc-2-P affected the osteogenic and adipogenic
capacity of the MSCs regardless of the differentiation con-
dition.
Effect of ascorbic acid concentration on collagen and

GAG production Collagen and GAG are the main com-
ponents of ECM involved in both cell proliferation and dif-
ferentiation. Thus, analysis of the intracellular collagen and
GAG content was performed after 21 d of differentiation
culture (Fig. 9). According to the quantitative assay for in-
tercellular collagen (Fig. 9a), total collagen production in
the experimental group 5–500 μM Asc-2-P was significantly
increased in comparison to the control group. However, the
collagen content per cell in the other experimental group
(50–500 μM Asc-2-P) did not differ from that of the control
group, and 5 μM Asc-2-P significantly improved the amount
of collagen production per cell. It is believed that energy is
required for MSC differentiation. The total intercellular
GAG production (Fig. 9b) in the cells cultured in 5–250 μM
Asc-2-P was similar to that of the control group; however,
it decreased at higher concentrations of Asc-2-P (500 μM).
The GAG content per cell in the experimental group (5–50
μM Asc-2-P) did not differ from that of the control group,
and Asc-2-P concentrations of 250 and 500 μM showed de-
creased total intercellular GAG production in comparison
with the control group. These results showed that the appro-
priate level of Asc-2-P significantly increased collagen and
GAG production; however, over-addition of Asc-2-P led to
reduced GAG production.
Correlation between cell proliferation and differentia-

tion The appropriate level of Asc-2-P enhanced MSC
proliferation; however, excess of Asc-2-P (250 μM) reduced
MSC proliferation. Although some MSC surface antigens
(CD73, CD90, and CD105) showed similar expression levels
regardless of the Asc-2-P concentration, they are not exactly
MSC-specific and do not represent enough MSC stemness

FIG. 3. Proliferation of mesenchymal stem cells (MSCs) (P5) de-
pending on the concentration of L-ascorbate 2-phosphate (Asc-2-P).
The cell number was determined by a 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide (MTT) assay at the 3rd, 6th, and 9th
day of culture.
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or multipotency. Under the same osteogenic and adipogenic
condition, the degree of calcium deposition was different
among the MSCs after they were cultured under different
concentrations of Asc-2-P. Moreover, other capacities like
that for chondrogenesis, remain unexplored. Therefore, fur-
ther investigation is necessary. Notably, the D group (250 μM
Asc-2-P) showed significant improvement in MSC prolifer-
ation and significant reduction in cellular damage without
the reduction of differentiation capacity in comparison with

the A group (control).

DISCUSSION

Many studies have shown that ascorbic acid induces vari-
ous cellular responses in a variety of cells and that the dose-
and environmental parameter-dependent ascorbic acid effects
also modulate various cellular responses (ECM synthesis,
proliferation, and differentiation). Although these ascorbic

FIG. 4. Fluorescence-activated cell sorting (FACS) analysis of the surface marker after culture with various concentrations of L-ascorbate
2-phosphate (Asc-2-P). Mesenchymal stem cells (MSCs) (P5) were labeled with fluorescein isothiocyanate- or phycoerythrin-conjugated antibodies
and then analyzed in a flow cytometer: (a) 0 μM (A group), (b) 5 μM (B group), (c) 50 μM (C group), (d) 250 μM (D group), (e) 500 μM (E group)
Asc-2-P.
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acid-induced cellular responses in many types of cells are
not completely understood, many studies have shown that
the in vitro proliferation and differentiation of MSCs into
skeletal tissues requires ascorbic acid as an essential me-
dium component.
Generally, a low concentration of ascorbic acid increases

cell proliferation; this effect is more pronounced in malig-
nant cells than in normal cells (47–51). Malicev et al. (52)
investigated the potential cytotoxic effect of ascorbic acid
on human articular chondrocytes and found that ascorbic
acid can induce morphological changes and apoptosis in a
cell culture of chondrocytes after 18 h of cultivation. Apop-
totic changes were found to be minimal in cells cultivated in
the absence of ascorbic acid or with low concentrations
(0.05 to 0.2 mg/ml) (52).
Growth inhibition should not be generally considered as a

cytotoxic effect, a inhibition of growth by low concentra-
tions of ascorbic acid (200 μg/ml) was observed in the mu-
rine melanoma cell line BL6 without any sign of obvious
toxicity (53). Furthermore, various mesenchymal cells form-
ing connective tissues can proliferate at various medium
concentrations of ascorbic acid, whereas embryonic fibro-
blasts react with growth arrest to ascorbic acid at concentra-
tions as low as 0.05 mM (22). This pronounced suscepti-
bility of embryonic fibroblast cells can be tentatively attrib-
uted to an immature antioxidant defense system, since it can
be prevented by catalase and other antioxidants. Particularly,
when investigating cells forming connective tissues, the pos-
sibility that growth inhibition might also mark the beginning

of a differentiation process that can be induced by ascorbic
acid should not be overlooked. In some cell culture condi-
tions, the ascorbic acid concentrations of 0.01–0.5 mM in-
hibit or stimulate proliferation of various kinds of cells in-
cluding HEP2, KB, ascites, bone marrow and melanoma
cells.
Ascorbic acid is especially essential for the expression of

osteoblastic markers and for mineralization in various osteo-
blast culture systems. Takamizawa et al. (27) studied the
effect of ascorbic acid and the Asc 2-P derivative on the
proliferation and differentiation of human osteoblast-like
cells. Both ascorbic acid and Asc-2-P were shown to stimu-
late nascent cell growth and expression of various osteo-

FIG. 5. Immunocytochemical analysis of mesenchymal stem cells
(MSCs) (P5) in α-smooth muscle actin (α-SMA). MSCs were stained
with α-SMA stain: (a) 0 μM (A group), (b) 5 μM (B group), (c) 50 μM
(C group), (d) 250 μM (D group), and (e) 500 μM (E group) Asc-2-P.
Alpha-SMA was not expressed on the MSC culture plates at any con-
centration of L-ascorbate 2-phosphate (Asc-2-P). Bars: 100 μm.

FIG. 6. Morphological examination of mesenchymal stem cells
(MSCs) (P5) that had differentiated into adipocytes (a, c, e, g, i) and
osteoblasts (b, d, f, h, j) for 21 d. (a, b) A group (0 μM L-ascorbate
2-phosphate [Asc-2-P]); (c, d) B group (5 μM Asc-2-P); (e, f) C group
(50 μM Asc-2-P); (g, h) D group (250 μM Asc-2-P); (i, j) E group
(500 μM Asc-2-P). Bars: 100 μm.
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blast differentiation markers, such as collagen synthesis and
alkaline phosphatase activity. When they used Asc-2-P, a
long-acting ascorbic acid derivative, as a supplement in the
culture medium of MG-63 cells, it stimulated nascent growth
of cells regardless of the concentration used. These data
show that the Asc-2-P-supplemented culture system might
be useful for analyzing the process of osteoblast differentia-
tion and for investigating the effects of various hormones
and other factors on the differentiation and metabolism of
osteoblastic cells (27). Ishikawa et al. (31) investigated the
role of ascorbic acid on the early osteoblastic differentiation
of periodontal ligament cells. Both type I collagen production
and alkaline phosphatase activity were upregulated when

periodontal ligament cells were cultured in the presence of
ascorbic acid (200 pM), and the cell surface expression of
α

2
β
1
 integrin (a major receptor of type I collagen) was in-

creased in ascorbic acid-stimulated periodontal ligament
cells (31).
The present study reveals that the Asc-2-P concentration

during culture can modulate MSC proliferation and differ-
entiation, and that specific levels of ascorbic acid serve as
potent positive modulators of MSC proliferation without
causing a loss in the differentiation capacity of the cells.
Asc-2-P can be dephosphorylated to ascorbic acid by alka-
line phosphatase and then oxidized to dehydroascorbate (27).
However, it is not clear which molecular mechanisms are
related to the response and which concentrations of ascorbic
acid induce selective response. Thus, further investigation is
necessary to understand the molecular biological mecha-
nism underlying the effects of ascorbic acid concentration
on MSC proliferation and differentiation.
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FIG. 7. Immunocytochemical analysis of mesenchymal stem cells
(MSCs) (P5) maintained in adipogenic and osteogenic medium for
21 d. (a, c, e, g, i) Oil Red-O staining; (b, d, f, h, j) von-Kossa staining.
(a, b) A group (0 μM L-ascorbate 2-phosphate [Asc-2-P]); (c, d) B
group (5 μM Asc-2-P); (e, f) C group (50 μM Asc-2-P); (g, h) D group
(250 μM Asc-2-P); (i, j) E group (500 μM Asc-2-P). Bars: 100 μm.

FIG. 8. Quantitative assay: (a) calcium content, (b) oil content on
mesenchymal stem cells (MSCs) (P5) in adipogenic and osteogenic
differentiation induction plates depending on the concentration of
L-ascorbate 2-phosphate (Asc-2-P).
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