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ABSTRACT

Because adipose-derived stem cells (ASCs) are usually expanded to acquire large numbers of cells for
therapeutic applications, it is important to increase the production yield and regenerative potential
during expansion. Therefore, a tremendous need exists for alternative ASC stimuli during cultivation
to increase the proliferation and adipogenic differentiation of ASCs. The present study primarily in-
vestigated the involvement of megestrol acetate (MA), a progesterone analog, in the stimulation of
ASCs, and identifies the target receptors underlying stimulation. Mitogenic and adipogenic effects of
MA were investigated in vitro, and pharmacological inhibition and small interfering (si) RNA techni-
ques were used to identify the molecular mechanisms involved in the MA-induced stimulation of
ASCs. MA significantly increased the proliferation, migration, and adipogenic differentiation of ASCs
in a dose-dependent manner. Glucocorticoid receptor (GR) is highly expressed compared with other
nuclear receptors in ASCs, and this receptor is phosphorylated after MA treatment. MA also upregu-
lated genes downstream of GR in ASCs, including ANGPTL4, DUSP1, ERRF11, FKBP5, GLUL, and
TSC22D3. RUA486, a pharmacological inhibitor of GR, and transfection of siGR significantly attenuated
MA-induced proliferation, migration, and adipogenic differentiation of ASCs. Although the adipogenic
differentiation potential of MA was inferior to that of dexamethasone, MA had mitogenic effects in
ASCs. Collectively, these results indicate that MA increases the proliferation, migration, and adipogenic
differentiation of ASCs via GR phosphorylation. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:789-799

SIGNIFICANCE

Magestrol acetate (MA) increases the proliferation, migration, and adipogenic differentiation of
adipose-derived stem cells (ASCs) via glucocorticoid receptor phosphorylation. Therefore, MA can
be applied to increase the production yield during expansion and can be used to facilitate adipogenic
differentiation of ASCs.

their building-block function and survival. Treating
ASCs with exogenous stimuli before transplanta-
tion to enhance their survival and differentiation
might overcome this limitation [11, 12]. For ex-
ample, hypoxia increases proliferation, migration,
and adipogenic differentiation of ASCs in vitro,
and hypoxia preconditioning enhanced the re-
generative potential of ASCs in vivo [13-15].
However, a tremendous need exists for alterna-
tive ASC stimuli during cultivation to increase

INTRODUCTION

Adipose-derived stem cells (ASCs) are located in
the perivascular adipose tissue and can be
enriched from culture of the stromal vascular
fraction (SVF) [1-4]. ASCs show promise for tissue
repair and regeneration because of their differen-
tiation potential and paracrine effects [5-7]. Al-
though an unexpanded SVF has been clinically
applied, ASCs are usually expanded to acquire

large numbers of cells for therapeutic applica-
tions. Pharmacological stimuli such as sphingo-
sylphosphocholine, lysophosphatidic acid, and
vitamin C have been used to increase the pro-
duction yield and regenerative potential of
ASCs [8-10]. However, transplanted ASCs en-
counter harmful environments, which mitigate

the survival, proliferation, and adipogenic dif-
ferentiation of ASCs. We propose a progester-
one analog as a promising alternative for ASC
stimulus.

Because progesterone and estrogen are
critical for the growth and proliferation of
breast cells during normal development and in
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the progression of breast cancer [16—18], we hypothesized that
these hormones might stimulate the proliferation and differen-
tiation of ASCs. However, estrogen derivatives did not affect ASC
proliferation in a preliminary study. Of interest, progesterone
slightly increased these functions in a preliminary study, and
megestrol acetate (MA), a progesterone derivative, has strong
stimulatory effects on ASCs. In previous studies, progesterone
increased the proliferation of mammary gland and pancreatic
cells [19, 20]. In addition, progesterone stimulated the prolifer-
ation of steroid receptor-positive breast cancer and increased
the migration of breast cancer cells [21, 22]. Progesterone also
enhanced the immunoregulatory activity of mesenchymal stem
cells [23]. However, the effect of progesterone derivatives on
the proliferation, migration, and adipogenic differentiation of
ASCs is unclear.

MA is a synthetic progestogen with progestogenic effects
similar to those of progesterone. High-dose MA is often used
to boost the appetite and induces weight gain in patients with
cancer or HIV/AIDS-associated cachexia [24]. It is also used
as a contraceptive with an estrogen at relatively low doses.
MA acts predominantly as a potent agonist of the progester-
one receptor (PR) [25]. In addition, MA is a high-affinity, weak,
partial agonist/antagonist of the androgen receptor (AR),
where it binds with similar affinity to the PR [26]. MA is also
an agonist of the glucocorticoid receptor (GR), with similar
but less affinity than the PR and AR [25, 27]. MA mediates its
pharmacological effects via these nuclear receptors; how-
ever, its functional role and related receptors in ASCs have
not been identified. Therefore, the present study primarily in-
vestigated the stimulatory effects of MA in the proliferation,
migration, and adipogenic differentiation of ASCs and identi-
fied the target receptors mediating the stimulation of these
functions.

MATERIALS AND METHODS

Cell Culture

Human subcutaneous adipose tissue samples were acquired
from elective liposuction of two healthy women, and in-
formed consent was received and approved by the insti-
tutional review board [2]. The obtained samples were
digested with 0.075% collagenase type Il (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com) under gentle
agitation for 45 minutes at 37°C and then centrifuged at
300g for 10 minutes to obtain the stromal cell fraction. The
pellet was filtered with a 70-um nylon mesh filter and resus-
pended in phosphate-buffered saline (PBS). The cell sus-
pension was layered onto histopaque-1077 (Sigma-Aldrich)
and centrifuged at 840g for 10 minutes. The supernatant
was discarded, and the cell band that was buoyant over
the histopaque was collected. The retrieved cell fraction
was cultured overnight at 37°C in 5% CO, in control medium
(Dulbecco’s modified Eagle medium, 10% fetal bovine serum
[FBS], and 100 U/ml penicillin). The ASCs were character-
ized by transdifferentiation and analysis of cell surface mark-
ers using flow cytometry, as described previously [2]. The
ASCs were grown in minimum essential medium-a (HyClone,
Thermo Scientific, Logan, UT, http://www.thermoscientific.
com) with 10% FBS (Gibco, Invitrogen, Carlsbad, CA, http://
www.invitrogen.com) and 1% penicillin and streptomycin
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(Gibco, Invitrogen) at 37°C in humidified air plus 5% CO, and
balanced nitrogen.

Cell Proliferation Assay

ASCs were seeded in a 48-well plate at a density of 5 X 10> cells
per well. After 24 hours, the medium was replaced with medium
containing 0.2% FBS. The next day, the cells were treated with MA
(1,5, 10, and 50 uM) for 48 hours. The medium was then removed,
and cell numbers were counted using the Cell Counting Kit-8 (CCK-
8) assay (Dojindo Molecular Technologies Inc., Rockville, MD,
http://www.dojindo.com) [10]. The cells were treated with 10%
CCK-8 solution in the medium for 4 hours, and the absorbance
was measured at 450 nm using a microplate reader (Tecan, Grodig,
Austria, http://www.tecan.com). To inhibit PR and GR, the cells
were incubated with 10 M RU486 (Sigma-Aldrich).

Cell Migration Assay

ASCs were seeded on the upper chamber of Transwell membrane
plates (Corning Inc., Corning, NY, http://www.corning.com) at a
density of 1.5 X 10° cells per well. After 2 hours, MA (10 uM) or
RU486 (10 uM) in a-MEM containing 0.2% FBS was added on
the lower side of the Transwell membrane plates for 16-20
hours. The migrated cells remaining in the Transwell membrane
were fixed with ice-cold methanol for 20 minutes. Fixed cells were
stained using 10% crystal violet (Sigma-Aldrich) for 30 minutes at
room temperature. The remaining cells in the upper chamber were
removed with cotton swabs, and the cells on the lower side of the
membrane were counted using light microscopy [28]. We then
counted the number of migrated cells in a 6.5-mm (diameter)
Transwell with an 8.0-um pore polycarbonate membrane.

Adipocyte Differentiation

ASCs (4 X 10%) were seeded in 12-well plates in complete me-
dium. When they became confluent, the medium was replaced
with adipogenicinduction medium (AIM). This medium contained
a-MEM, 10% FBS, 1% penicillin and streptomycin, 10 ug/ml insu-
lin, 500 wM isobutyl-1-methylxanthine, and 50 uM indometha-
cin. In addition, dexamethasone (1 wM) was used and compared
with MA as an inducer of adipogenic differentiation. After the
medium was changed to AIM, the cells were cultured for 2 weeks
with MA. Oil Red O staining was used to assess the lipid accumu-
lation in ASCs [29].

Oil Red O Staining

ASCs were washed with PBS and fixed with 10% formalin for
1 hour. After fixing, the cells were washed with PBS and stained
with Oil Red O solution for 2 hours. The stained cells were washed
twice with distilled water and examined microscopically. For
quantification of Oil Red O, the cells were incubated with isopro-
panol for 30 minutes, and the color in the supernatant of the de-
colorized cells was measured by absorbance at 492 nm using
a microplate reader (Tecan) [29].

Small Interfering RNA Transfection

Mixtures of GR small interfering RNA (siRNA) (50 nM) were pre-
pared with Lipofectamine 2000 (Invitrogen) before the cell tryp-
sinization step. Next, the cells were seeded on 48-well plates or

STEM CELLS TRANSLATIONAL MEDICINE

G20z Jaquialdas (0 uo Jesn Ausiaaiun Buy-Bunyd Aq G0E26£9/687/./7/81oN48/WI01S/W02 dNo"dIWapee//:sdiy Wol) papEojuMO(]


http://www.sigmaaldrich.com
http://www.thermoscientific.com
http://www.thermoscientific.com
http://www.invitrogen.com
http://www.invitrogen.com
http://www.dojindo.com
http://www.tecan.com
http://www.corning.com

Sung, An, Jeong et al.

791

A 80001 ok
*%k l
*k

_ 6,000
%]
=
E

S 4,000
3

2,000

0-

0 1 5 10 50

X -

t.Control

*k

%k

Migration fold change

0 1 5 10
MA (uM)

Figure 1. MA increased the proliferation and migration of adipose-
derived stem cells (ASCs). MA significantly increased the proliferation
(A) and migration (B) of ASCs. However, MA showed adverse effects
at a high concentration (>50 mM). **, p < .01. Abbreviation: MA,
megestrol acetate.

60-mm dishes, and the siRNA mixtures were transfected into the
cells for 24 hours [10]. Silencing was evaluated using quantitative
real-time polymerase chain reaction (qPCR).

RNA Isolation and Quantitative PCR

Total cellular RNA was extracted using an RNA preparation kit
(RNeasy; Qiagen, Hilden, Germany, http://www.giagen.com),
and isolated mRNA was reverse transcribed with a cDNA synthesis
kit (A2500; Promega, Madison, WI, http://promega.com). cDNA
was synthesized from 500 ng of total RNA using 1,000 U of reverse
transcriptase and 50 ng/ml oligo(dT) primers. Thermal cycling for
35 cycles consisted of an initial denaturation at 95°C for 5 minutes,
95°C for 30 seconds, 56°C for 20 seconds, and 72°C for 40 seconds,
terminated by a final extension at 72°C for 5 minutes. qPCRs were
performed using a Step One Plus Real-Time polymerase chain re-
action (PCR) system (Applied Biosystems, Invitrogen) using an SYBR
Green PCR Master Mix (Takara Bio, Inc., Otsu, Japan, http://www.
takara-bio.com). Primers used are listed in supplemental online
Table 1. The glyceraldehyde-3-phosphate dehydrogenase mRNA

www.StemCellsTM.com

Progesterone Receptor

Glucocorticoid Receptor

_ Mineralocorticoid Receptor

Androgen Receptor

GAPDH

B DexiuyM - - + -
MA10pM - + = &

- — o p-GR

o-Tubulin

C GR DAPI Merge

control

Figure 2. GR is highly expressed and phosphorylated in adipose-
derived stem cells (ASCs). (A): We measured the mRNA expression
of nuclear receptors in ASCs with or without MA (10 wM) and pro-
gesterone (10 wM) treatment. The progesterone receptor is not
expressed in ASCs. The mineralocorticoid receptor and androgen
receptor are expressed at low levels. However, the GR is expressed
at high levels. (B): On Western blotting, MA significantly increased
the phosphorylation of the GRin ASCs. Dex (1 uM) was used as a pos-
itive control for GR phosphorylation. (C): Phosphorylated GR trans-
location to the nucleus after MA and Dex treatment (green,
phosphorylated GR; blue, DAPI). Scale bar = 20 um. Abbreviations:
DAPI, 4',6-diamidino-2-phenylindole; Dex, dexamethasone; GR,
glucocorticoid receptor; p-GR, phosphorylated GR; MA, megestrol
acetate.

level was used for sample standardization. Analysis of the fold
change was calculated by the ACt value.

Polymerase Chain Reaction Array

For analysis with the RT? Profiler PCR array (Human Glucocor-
ticoid Signaling: PAHS-154ZA; SABiosciences, Qiagen), the
cells were seeded on 60-mm dishes at a density of 2.5 X 10°
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Figure3. MA upregulated the downstream genes of GR. (A): Using an RT? Profiler PCR array, we determined the effects of MA treatment on GR-
related gene expression. The expression of ANGPTL4, DUSP1, ERRF11, FKBP5, GLUL, and TSC22D3 was upregulated (>2.5-fold increase) by GR
(10 wM) treatment in ASCs. (B): Expression of these genes was confirmed by quantitative real-time polymerase chain reaction and was signif-
icantly upregulated after MA, Dex, or MA plus Dex treatment. **, p <<.01. Abbreviations: Dex, dexamethasone; GR, glucocorticoid receptor; MA,

megestrol acetate.

cells in 0.2% FBS in a-MEM. Total RNA was harvested using
an RNA preparation kit (Qiagen), and cDNA was synthesized us-
ing reverse transcriptase. Gene expression was detected using
a PCR array kit according to the manufacturer’s instructions
(Qiagen) [28].

©AlphaMed Press 2015

Statistical Analysis

Data are representative of triplicate independent experiments.
The statistical significance of differences among the groups was
tested using the Student t test; p < .05 or p < .01 was considered
significant.
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Figure 4. MA enhanced the adipogenic differentiation of adipose-derived stem cells (ASCs). (A): MA significantly increased Oil Red O stain-
ing and lipid accumulation in adipogenic induction medium that did not contain Dex, but the adipogenic effect was inferior to Dex. (B): MA and
Dex significantly upregulated adipogenic marker genes such as ADIPOQ, C/EBP-«, FABP4, and PPAR-v in differentiation medium. *, p < .05;
#%, p < .01. Abbreviations: Dex, dexamethasone; MA, megestrol acetate; n.s., no significant difference.

RESULTS
Progesterone and MA Increased the Proliferation and
Migration of ASCs

Progesterone slightly increased the proliferation (supplemental
online Fig. 1A) and migration (supplemental online Fig. 1B)
of ASCs. In contrast, MA, a synthetic derivative, significantly

www.StemCellsTM.com

increased the proliferation (Fig. 1A, p < .01, n = 3) and migration
(Fig. 1B, p < .01, n = 3) of ASCs in a dose-dependent manner. How-
ever, MA showed adverse effects at high concentrations (>50 mM).

GR Is Highly Expressed and Phosphorylated in ASCs

Because MA acts as an agonist of diverse nuclear receptors (NRs),
we measured the mRNA expression of NRs in ASCs with or without
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Figure 5. Pharmacological inhibition by RU486 attenuated MA-induced stimulation. We examined whether glucocorticoid receptor (GR)
mediated the proliferation, migration, and adipogenic differentiation of adipose-derived stem cells (ASCs) using the pharmacological GR inhib-
itor, RU486. As expected, RU486 significantly reduced MA-induced proliferation (A), migration (B), and adipogenic differentiation (C) of ASCs.

#%, p < .01. Abbreviation: MA, megestrol acetate.

MA (10 uM) and progesterone (10 uM) treatment. Unexpec-
tedly, PR was not expressed in ASCs (Fig. 2A). The mineralocor-
ticoid receptor and AR were expressed at low levels, but GR was
expressed at high levels (Fig. 2A; supplemental online Table 2).
However, MA or progesterone treatment did not alter the
expression of these receptors (supplemental online Table 2).
In addition, MA (10 uM) and dexamethasone (1 uM, a positive
control for GR phosphorylation) significantly increased the
phosphorylation of GR in ASCs (Fig. 2B). Phosphorylated GR
translocated to the nucleus after MA and dexamethasone
treatment (Fig. 2C, green, phosphorylated GR; blue, 4’,6-
diamidino-2-phenylindole). Collectively, these results sug-
gest that MA might act as a GR agonist and stimulate ASCs
via the GR.

©AlphaMed Press 2015

MA Upregulated the Downstream Genes of GR

We examined the effect of MA treatment on GR-related genes using
an RT? Profiler PCR array. Expression of angiopoietin-like 4 (ANGPTL4),
dual specificity phosphatase 1 (DUSP1), ERbB receptor feedback inhib-
itor 1 (ERRF11), FK506 binding protein 5 (FKBP5), glutamate-ammonia
ligase (GLUL), and TSC22 domain family, number 3 (7SC22D3) was
upregulated in ASCs by MA (10 wM) treatment (>2.5-fold increase,
n = 1). In addition, the expression of these genes was significantly
upregulated by MA (10 M), dexamethasone (1 uwM), or MA plus
dexamethasone in qPCR analysis (Fig. 3B, p < .01, n = 3).

MA Enhanced the Adipogenic Differentiation of ASCs

Because MA might mediate its function via GR, we examined
whether MA enhanced the adipogenic differentiation of ASCs.

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 6. GRsilencing attenuated the MA-induced proliferation and migration. We used small interfering RNA to downregulate GR expression
to measure the direct stimulatory effect of MA on GR. (A): Transfection of siGR significantly downregulated the mRNA expression of GR. siGR
significantly attenuated MA-induced proliferation (B) and migration (C) of adipose-derived stem cells (black bars, control; white bars, MA treat-
ment). (D): In addition, siGR significantly downregulated MA-induced mRNA expression of ANGPTL4, DUSP1, ERRF11, FKBP5, GLUL,and TSC22D3
in quantitative real-time polymerase chain reaction (black bars, control; white bars, MA treatment). *:*, p < .01. Abbreviations: GR, glucocor-
ticoid receptor; MA, megestrol acetate; siCON, small interfering control; siGR, small interfering GR.

First, we added MA to the commercially available adipogenic dif-
ferentiation medium (i.e., PDM-2 medium; Lonza, Walkersville,
MD, http://www.lonza.com) containing dexamethasone, but it
did not induce adipogenic differentiation of ASCs (data not shown).
However, MA significantly increased Oil Red O staining and
lipid accumulation in adipogenic induction medium that did not
contain dexamethasone (composition is described in Materials
and Methods); however, its adipogenic effect was inferior to
that of dexamethasone (Fig. 4A). MA and dexamethasone signif-
icantly upregulated adipogenic marker genes such as ADIPOQ,
C/EBP-a., FABP4, and PPAR-vy (Fig. 4B, p < .05, n = 3) in gPCR.

Pharmacological Inhibition by RU486 Attenuated
MA-Induced Stimulation

We further examined whether GR mediated the prolifera-
tion, migration, and adipogenic differentiation of ASCs. The

www.StemCellsTM.com

Figure continues on next page.

pharmacological GRinhibitor, RU486 (5 or 10 uM), significantly
reduced MA-induced proliferation (Fig. 5A, p < .01, n=3).In
addition, RU486 (10 uM) significantly attenuated MA-induced
migration (Fig. 5B, p < .01, n = 3) and adipogenic differentia-
tion (Fig. 5C, p < .01, n = 3). RU486 also inhibited the
dexamethasone-induced adipogenic differentiation of ASCs
(supplemental online Fig. 3).

GR Silencing Attenuated MA-Induced Stimulation

To measure the direct involvement of GR in MA-induced ASC
stimulation, siRNA was used to downregulate GR expression.
Transfection of siGR significantly downregulated the mRNA ex-
pression of GR (Fig. 6A, p < .01, n = 3), and siGR#1 was used
throughout our study. siGR significantly attenuated the MA-
induced proliferation (Fig. 6B, p < .01, n = 3) and migration
(Fig. 6C, p < .01, n = 3) of ASCs. In addition, siGR significantly

©AlphaMed Press 2015
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downregulated the MA-induced mRNA expression of ANGPTL4,
DUSP1, ERRF11, FKBP5, GLUL, and TSC22D3 in ASCs (Fig. 6D,
p <.01,n=3).

In addition, siGR significantly attenuated the MA- and
dexamethasone-induced Oil Red O staining and lipid accumulation
that occurs in adipogenic induction medium (Fig. 7A, p < .01,
n = 3). In addition, gPCR showed that siGR significantly downre-
gulated MA- and dexamethasone-induced adipogenic marker
genes, such as ADIPOQ, C/EBP-«, FABP4, and PPAR-v (Fig. 7B,
p < .01, n = 3). These results collectively indicate that MA
increases the proliferation, migration, and adipogenic differenti-
ation of ASCs via GR.

DIScuUsSION

The present study investigated the effects of MA on the prolif-
eration, migration, and adipogenic differentiation of ASCs and
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identified the target receptors involved in these functions. MA
significantly increased the proliferation, migration, and adipo-
genic differentiation of ASCs in a dose-dependent manner. GR
expression is increased compared with other NRs in ASCs and is
phosphorylated after MA treatment. MA upregulates the down-
stream genes associated with GR, such as ANGPTL4, DUSP1,
ERRF11, FKBP5, GLUL, and TSC22D3 in ASCs. Pharmacological in-
hibition and siRNA techniques were used to identify the molecu-
lar mechanisms involved in MA-induced proliferation, migration,
and adipogenic differentiation of ASCs. As expected, the pharma-
cological inhibitor RU486 and transfection of siGR significantly at-
tenuated MA-induced proliferation, migration, and adipogenic
differentiation.

MA induces adipogenic differentiation via GR. Therefore, we
compared the adipogenic differentiation potential of MA and
dexamethasone (Fig. 4). Compared with MA treatment (10 uM),
dexamethasone (1 uM) showed more efficient adipogenic
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Figure 7. GR silencing attenuated MA-induced adipogenic differentiation. (A): siGR significantly attenuated MA- and Dex-induced Oil Red O
staining and lipid accumulation in adipogenic induction medium. (B): In addition, siGR significantly downregulated MA- and Dex-induced adi-
pogenic marker genes such as ADIPOQ, C/EBP-3, FABP4, and PPAR-vy in quantitative real-time polymerase chain reaction (black bars, control;
gray bars, MA treatment; white bars, Dex treatment). **, p < .01. Abbreviations: GR, glucocorticoid receptor; MA, megestrol acetate; siCON,

small interfering control; siGR, small interfering GR.

differentiation based on Qil Red O staining and lipid accumula-
tion. In addition, dexamethasone resulted in higher expression
of adipogenic differentiation markers than MA (Fig. 4B). There-
fore, MA treatment did not enhance adipogenic differentiation
in PDM-2 medium, which contains dexamethasone (data not
shown). However, MA significantly induced adipogenic differ-
entiation in adipogenic differentiation medium without dexa-
methasone (Fig. 4A, 4B). It is of interest that dexamethasone
(<20 uM) treatment did not alter the proliferation of ASCs, but
MA did (supplemental online Fig. 2). Although we could not identify

www.StemCellsTM.com

the different regulatory mechanisms between MA and dexa-
methasone and they share the same receptor in ASCs, MA appears
to affect ASC proliferation with slight adipogenic differentiation
potential and dexamethasone to strongly influence adipogenic
differentiation.

In a pharmacological inhibition study, RU486 significantly
attenuated MA-induced proliferation, migration, and adipogenic
differentiation of ASCs. RU486 also inhibited the dexamethasone-
induced adipogenic differentiation of ASCs (supplemental online
Fig. 3). RU486 is reportedly a PR antagonist used in small doses as
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an emergency contraceptive [30, 31]. It is also a powerful GR an-
tagonist and has occasionally been used in refractory Cushing syn-
drome [30]. Therefore, RU486 can act as a dual antagonist of PR
and GR. Because ASCs do not express PR but have high GR, RU486
might have acted as a GR antagonist in the present study. There-
fore, functional inhibition of MA by RU486 suggests GR involve-
ment in ASC stimulation.

Although GR is well-known for its involvement in adipogenic
differentiation, it also plays a role in osteogenic and chondro-
genic differentiation. For example, osteogenic differentiation
of mesenchymal stem cells (MSCs) was significantly decreased
by glucocorticoids [32]. In contrast, glucocorticoids promote chon-
drogenic differentiation of adult human MSCs by enhancing ex-
pression of cartilage extracellular matrix genes [33]. Although
we did not investigate these functions of MA in the present study,
MA might have additional effects on the osteogenic and chondro-
genic differentiation of ASCs.

A tremendous need exists for alternative ASC stimuli during
cultivation to increase the proliferation or adipogenic differ-
entiation of ASCs. We have previously demonstrated that hypoxia
significantly increases the proliferation of ASCs via NADPH oxi-
dase 4-generated reactive oxygen species (ROS) [34, 35]. Hypoxia
also accelerated the adipogenic differentiation of ASCs via mito-
chondrial ROS generation [29]. In addition, vitamin C significantly
increased ASC proliferation through the mitogen-activated pro-
tein kinase pathway and enhanced the hair-growth promoting ef-
fect of ASCs [10]. Furthermore, platelet-derived growth factor
(PDGF)-B and -D increased the proliferation of ASCs via ROS gen-
eration, and preconditioning by PDGF-D significantly enhanced
the hair-growth promoting effect of ASCs [28, 36]. Although we
did not examine the preconditioning effect of MA on ASCs in vivo,

MA can be used as a promising ASC preconditioning agent be-
cause MA has mitogenic and differentiating effects in ASCs.

CONCLUSION

We investigated the stimulation of ASCs by MA and identified the
target receptors involved in the stimulation of ASCs. MA signifi-
cantly increased the proliferation, migration, and adipogenic dif-
ferentiation of ASCs via GR phosphorylation. Therefore, MA can
be applied to increase the production yield and regenerative po-
tential during expansion. Although the adipogenic differentiation
potential of MA is inferior to that of dexamethasone, MA can
be used to facilitate adipogenic differentiation of ASCs.
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