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Effects of demographic factors on adipogenic and chondrogenic
differentiation in bone marrow-derived stem cells
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Abstract. Stem cells have the characteristics of long-term
self-renewal and plasticity and the ability to differentiate
into specialized cells. Stem cells are widely recognized as
potential tools for use in the development of novel therapeutic
strategies. The aim of the current study was to investigate the
effect of demographic factors on adipogenic and chondrogenic
differentiation in bone marrow-derived stem cell (BMSC)
spheroids. Age- and gender-associated alterations in the adipo-
genic and chondrogenic differentiation potential of BMSCs
were examined. Human BMSCs were isolated from male and
female participants in their 20s, 30s and 50s. Cell morphology
and relative values of adipogenesis and chondrogenesis were
examined by measuring the relative intensity of oil red O and
Alcian blue staining, respectively. Cell morphology alterations
in BMSCs isolated from male and female participants in their
20s, 30s and 50s and grown in adipogenic media were very
similar. In addition, there were no significant differences in
the relative values of adipogenesis in BMSCs for the 20s, 30s
and 50s age groups on day 8 and 16. Similarly, no significant
differences were observed in the relative values of adipogen-
esis in BMSCs for the male and female groups on day 8 and
16. Cell morphology changes in BMSCs isolated from male
and female participants in their 20s, 30s and 50s and grown
in chondrogenic media were very similar. In addition, there
were no significant differences in the relative values of chon-
drogenesis in BMSCs for the 20s, 30s and 50s age groups on
day 8, however there was a significant difference observed in
the relative values of chondrogenesis in BMSCs on day 16 for
the 30s and 50s age groups, compared with the 20s age group.
Furthermore, no significant differences were observed in the
relative values of adipogenesis in BMSCs for the male and
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female groups on day 8 and 16. The current study demonstrated
that there were no significant differences in the adipogenic
and chondrogenic differentiation potential of BMSCs isolated
from healthy male donors vs. healthy female donors. Similarly,
no significant differences were observed in the adipogenic
differentiation potential of BMSCs isolated from different age
groups on day 8. However, there was a significant increase in
the chondrogenic differentiation potential of BMSCs isolated
from participants in their 30s and 50s, compared with BMSCs
isolated from participants in their 20s on day 16.

Introduction

Stem cells are recognized as potential tools for use in the
development of novel therapeutic strategies (1). All stem cells
share two common characteristics, long-term self-renewal
and plasticity and the ability to differentiate into special-
ized cells, which have therapeutic potential for the repair of
different tissues and organs (2). Bone marrow-derived stem
cells (BMSCs) are widely used for cell therapy in regenerative
medicine (3). In a previous study, the age-associated osteo-
genic potential of BMSCs was investigated, and a decrease
in osteogenic differentiation potential was observed during
aging in humans (4). However, another study demonstrated
that there were no age-associated changes in the osteoblastic
differentiation potential or the steady state levels of messenger
RNA (mRNA) of osteogenic gene markers (5). A previous
study demonstrated that the capacity of BMSCs to form
bone in vivo was maintained with age, which suggests that
the observed senescence-associated decrease in bone forma-
tion may be due to a defect in bone microenvironment (6).
A previous study demonstrated that the expression levels of
bone-associated genes under osteogenic culture conditions
were similar in BMSCs isolated from females compared with
BMSC:s isolated from males (7). However, the number of the
colony-forming units which express alkaline phosphatase from
bone marrow decreased significantly with age for women, but
not for men (8). In addition, there was no significant differ-
ence observed in in vitro osteogenic activity in cultures of
patient-derived mesenchymal stem cells compared with that in
normal donor cultures (9). BMSCs have the ability to undergo
adipogenic and chondrogenic differentiation (10). Few studies
have investigated whether age- and gender-associated differ-
ences in the adipogenic and chondrogenic potential of BMSCs
exist. The aim of the current study was to investigate the
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effect of demographic factors on adipogenic and chondrogenic
differentiation in BMSC spheroids.

Materials and methods

Human bone marrow-derived stem cells. Human bone
marrow-derived mesenchymal stem cells (Catholic MASTER
Cells) were obtained from the Catholic Institute of Cell
Therapy (Seoul, South Korea). BMSC isolation and char-
acterization was performed, as previously reported (11).
Tests performed by the Catholic Institute of Cell Therapy
confirmed high expression levels of CD73 and CD90 (>90%
positive; data not shown). The current study was approved by
the Institutional Review Board of Seoul St. Mary's Hospital
(approval no. KC17SNSI0606). Written informed consent was
obtained from the participants as specified in the Declaration
of Helsinki. The methods used in this study were performed in
accordance with the relevant guidelines and regulations.

Cell culture. Human BMSCs were seeded in 24-well plates
at a density of 2x10* cells/well and cultured in a-minimal
essential medium (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 15% fetal
bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin, 100 pg/ml streptomycin (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany), 200 mM L-glutamine
(Sigma-Aldrich; Merck KGaA) and 10 mM ascorbic acid
2-phosphate (Sigma-Aldrich; Merck KGaA) at 37°C.

Adipogenic differentiation. To determine the adipocyte differ-
entiation potential of BMSCs, isolated cells were cultured
using a StemPro® Adipogenesis Differentiation kit (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. Adipogenic induction medium and adipogenic
maintenance medium were supplied. On day 8 and 16 respec-
tively, cells were rinsed twice with phosphate buffered saline
(PBS) and fixed with 4% paraformaldehyde (Biosesang Inc.,
Seongnam, Korea) at 20°C for 5 min. Cells were subsequently
washed with distilled water, rinsed with 60% isopropanol and
covered with oil red O solution (Sigma-Aldrich; Merck KGaA)
for 10 min (12). Following incubation, cells were rinsed in 60%
isopropanol and washed with distilled water. Cell morphology
was observed using an inverted microscope (Leica DM IRM,;
Leica Microsystems GmbH, Wetzlar, Germany) and relative
values of adipogenesis were determined by measuring the
intensity of oil red O staining using ImageJ (version 1.8.0,
National Institutes of Health, Bethesda, MD, USA) analysis
software (magnification, x100 for day 8; x200 for day 16).

Following induction of adipocyte differentiation,
1.5x10° cells were collected on day 8 and 16, respectively, and
incubated with specific fluorescein isothiocyanate-conjugated
mouse monoclonal human CD44 antibody (dilution 1:200,
cat. no. 11-0441-81; Invitrogen; Thermo Fisher Scientific, Inc.)
at 20°C for 20 min. Cells were analyzed using a flow cytometer
(FACSCanto II; BD Biosciences, San Jose, CA, USA), and
FACSDiva software (Version 8.0.1, BD Biosciences). Human
BD Fc Block™ (564219, BD Biosciences) was used as a
blocking reagent and 1% bovine serum albumin/PBS served
as the washing reagent.
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Chondrogenic differentiation. To determine the chondrogenic
potential of BMSCs, isolated cells were cultured using a
StemPro® Chondrogenesis Differentiation kit (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. On day 8 and 16 respectively, cells were
rinsed twice with PBS and fixed with 4% paraformaldehyde at
20°C for 5 min. Cells were subsequently washed with distilled
water, rinsed with 60% isopropanol and covered with Alcian
blue solution (Sigma-Aldrich; Merck KGaA) for 10 min (13).
Following incubation, cells were rinsed in 3% acetic acid and
washed with distilled water. Cell morphology was observed
using an inverted microscope and relative values of chondro-
genesis were determined by measuring the intensity of Alcian
blue staining using ImageJ analysis software (magnification,
x100 for day 8; x200 for day 16).

Statistical analysis. Data are presented as the mean + standard
deviation. All analyses were performed using SPSS software
(version 12.0; SPSS Inc.,Chicago,IL,USA). A test for normality
was performed, and all statistical comparisons between groups
were determined using Student's t-test or one-way analysis of
variance with Tukey's post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Morphologic evaluation of adipogenic differentiation. The
ability of the isolated BMSCs to differentiate into adipocytes
was examined in BMSCs isolated from male and female
participants in their 20s, 30s and 50s and grown in adipogenic
media. Following eight days of growth in adipogenic media,
observed changes in cell morphology were very similar among
the different age groups. In addition, similar changes in oil
red O staining intensity were also observed (Fig. 1). Similarly,
following 16 days of growth in adipogenic media, observed
changes in cell morphology were very similar among the
different age groups. In addition, similar changes in oil red O
staining intensity were also observed (Fig. 2). In general, oil
red O staining intensity was significantly increased at day 16
compared with day 8 in each group (P<0.05; Fig. 3).

Adipogenesis was evaluated by measuring the relative
intensity of oil red O staining in BMSCs. Relative values of
adipogenesis were 0.178+0.010, 0.173+0.007 and 0.170+0.012
for the 20s, 30s and 50s age groups on day 8, respectively,
whilst the relative values of adipogenesis were 0.216+0.019,
0.228+0.017 and 0.219+0.013 for the 20s, 30s, and 50s age
groups on day 16, respectively (Fig. 3). Furthermore, the rela-
tive values of adipogenesis were 0.177+0.011 and 0.171+0.007
for male and female groups on day 8, respectively, whilst
the relative values of adipogenesis were 0.223+0.019 and
0.219+0.016 for male and female groups on day 16, respectively
(Fig. 4).

To determine the phenotype of isolated BMSCs following
growth in adipogenic media, expression of the CD44 surface
marker was examined in BMSCs isolated from male and
female participants in their 20s and 30s. CD44 surface marker
expression was analyzed on day 8 and 16 by flow cytometry
(Figs. 5 and 6). The percentage of CD44 expression was
13.1+£5.5 and 7.5+0.4% for the 20s and 30s age groups on
day 8, respectively, whilst the percentage of CD44 expression
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Figure 1. Evaluation of cell morphology on day 8 following adipogenic
media-induced differentiation. Oil red O staining of bone marrow-derived
stem cells isolated from male and female participants in their 20s, 30s and
50s (original magnification x100; scale bar=400 pm).
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Figure 2. Evaluation of cell morphology on day 16 following adipogenic
media-induced differentiation. Oil red O staining of bone marrow-derived
stem cells isolated from male and female participants in their 20s, 30s and
50s (original magnification x200; scale bar=200 ym).
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Figure 3. Relative values of adipogenesis in isolated bone marrow-derived
stem cells from participants in their 20s, 30s and 50s, as determined by anal-
ysis of oil red O staining intensity. Data are presented as the mean + standard
deviation. 'P<0.05 vs. day 8.
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Figure 4. Relative values of adipogenesis in isolated bone marrow-derived stem
cells from male and female participants, as determined by analysis of oil red O
staining intensity. Data are presented as the mean =+ standard deviation.

was 10.9+£3.7 and 21.8+16.1% for the 20s and 30s age groups
on day 16, respectively (Fig. 7). Furthermore, the percentage
of CD44 expression was 12.1+6.9 and 8.5+1.0% for male and
female groups on day 8, respectively, whilst the percentage of
CD44 expression was 20.7+17.5 and 12.0+2.2% for male and
female groups on day 16, respectively (Fig. 8).

Morphologic evaluation of chondrogenic differentiation. The
ability of the isolated BMSCs to differentiate into chondro-
cytes was examined in BMSCs isolated from male and female
participants in their 20s, 30s and 50s and grown in chondro-
genic media. Following eight days of growth in chondrogenic
media, observed changes in cell morphology were very
similar among the different age groups. In addition, similar
changes in Alcian blue staining intensity were also observed
(Fig. 9). Following 16 days of growth in chondrogenic media,
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Figure 5. Evaluation of CD44 surface marker expression on day 8 following adipogenic media-induced differentiation. Flow cytometric profile of CD44
expression in bone marrow-derived stem cells isolated from male and female participants in their 20s and 30s.
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Figure 6. Evaluation of CD44 surface marker expression on day 16 following adipogenic media-induced differentiation. Flow cytometric profile of CD44
expression in bone marrow-derived stem cells isolated from male and female participants in their 20s and 30s.
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Figure 7. Relative percentage of cells expressing CD44 surface marker in
isolated bone marrow-derived stem cells from participants in their 20s and
30s.

observed changes in cell morphology were very similar
among the different age groups. In addition, similar changes
in Alcian blue staining intensity were also observed (Fig. 10).
In general, Alcian blue staining intensity was increased at day
16 compared with day 8 (P<0.05; Fig. 11).
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Figure 8. Relative percentage of cells expressing CD44 surface marker in
isolated bone marrow-derived stem cells from male and female partici-
pants.

Chondrogenesis was evaluated by measuring the rela-
tive intensity of Alcian blue staining in BMSCs. Relative
values of chondrogenesis were 0.171+£0.013, 0.153+0.035 and
0.147+0.010 for the 20s, 30s and 50s age groups on day 8,
respectively, whilst the relative values of chondrogenesis were
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Figure 9. Evaluation of cell morphology on day 8 following chondrogenic
media-induced differentiation. Alcian blue staining of bone marrow-derived
stem cells isolated from male and female participants in their 20s, 30s and
50s (original magnification x100; scale bar=400 pm).
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Figure 10. Evaluation of cell morphology on day 16 following chondrogenic
media-induced differentiation. Alcian blue staining of bone marrow-derived
stem cells isolated from male and female participants in their 20s, 30s and
50s (original magnification x200; scale bar=200 ym).
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Figure 11. Relative values of chondrogenesis in isolated bone marrow-derived
stem cells from participants in their 20s, 30s and 50s, as determined by analysis
of Alcian blue staining intensity. Data are presented as the mean + standard
deviation. "P<0.05 vs. 20s group at day 16; “P<0.05 vs. day 8.
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Figure 12. Relative values of adipogenesis in isolated bone marrow-derived
stem cells from male and female participants, as determined by analysis of
Alcian blue staining intensity. Data are presented as the mean =+ standard
deviation.

0.237+0.023, 0.290+0.016 and 0.278+0.003, for the 20s, 30s
and 50s age groups on day 16, respectively (P<0.05, 50s and
30s vs. 20s group at day 16; Fig. 11). Furthermore, the relative
values of chondrogenesis were 0.168+0.023 and 0.148+0.022
for male and female groups on day 8, respectively, whilst
the relative values of chondrogenesis were 0.254+0.029 and
0.280+0.026 for male and female groups on day 16, respec-
tively (Fig. 12).

Discussion

The current study investigated the effect of demographic factors
on adipogenic and chondrogenic differentiation potential
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in BMSC spheroids. A previous study demonstrated that the
expression levels of adipocyte-associated genes significantly
increased in BMSCs isolated from female mice compared with
BMSC:s isolated from male mice (7). Similarly, gene expres-
sion analysis by reverse transcription-quantitative polymerase
chain reaction examining aging and gender-associated effects
on BMSC differentiation, identified an increase in adipogenesis
with aging (14). In addition, a previous study demonstrated that
adipogenesis is enhanced in BMSCs isolated from older female
mice (15). Furthermore, a reduced chondrogenic and adipo-
genic differentiation potential was observed in BMSCs isolated
from patients with advanced osteoarthritis (9). However, a
previous study demonstrated that there were no age-associated
changes in the adipocytic colony formation or the steady-state
level mRNA expression of adipogenic gene markers in marrow
stromal cells isolated from patients with osteoporosis compared
with age-matched healthy controls (5). In the current study, no
significant differences in the androgenic differentiation poten-
tial of BMSCs isolated from participants in the 20s, 30s and
50s age groups were observed. Similarly, no gender-associated
effects were observed in the androgenic differentiation poten-
tial of isolated BMSCs.

A previous study demonstrated histological, immunohisto-
chemical and molecular evidence for the in vitro chondrogenic
differentiation of bone marrow-derived mesenchymal progen-
itor cells (16). In addition, when bone marrow-derived cells
were passaged in a monolayer culture as many as 20 times,
cells maintained the chondrogenic differentiation potential
after each passage (17). There was a significant reduction in
in vitro chondrogenic activity in cultures of patient-derived
mesenchymal stem cells (MSCs) from patients with advanced
osteoarthritis compared with normal cultures (9). A previous
study demonstrated that the chondrogenic potential of human
adult MSCs is independent of age or osteoarthritis etiology (18).
However, the chondrogenic potential of BMSCs decreased
with age in rat models (19). In the current study, no significant
differences in the chondrogenic differentiation potential of
BMSCs isolated from participants in the 20s, 30s and 50s age
groups were observed on day 8, however on day 16 there was
a significant difference in the chondrogenic differentiation
potential of BMSCs isolated from participants in the 30s and
50s age groups, compared with those in the 20s age group.
In addition, no gender-associated effects were observed in the
chondrogenic differentiation potential of isolated BMSCs.

The effects of aging and gender on adipogenic and chon-
drogenic differentiation potential is varied, and this may be due
to changes in the model system used, the passage and stage of
differentiation, and the culture period (20,21). Investigating the
effects of aging have proved contradictory due to the relative
narrow age range of participants in a number of the studies (22).

The differentiation potential of MSCs varies depending on
their origin. In a previous study, adipose tissue-derived MSCs
isolated from young female participants were revealed to be
more resistant to senescence under in vitro culture conditions
when compared with those isolated from older patients (23).
The effect of gender and anatomical region on induction of
osteogenic differentiation of human adipose-derived stem
cells was examined, which revealed that male-derived cells
differentiated faster and more efficiently compared with
female-derived cells (24). In addition, the influence of gender
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on the chondrogenic potential of muscle-derived stem cells
(MDSCs) was examined, which revealed that male MDSCs
displayed a higher chondrogenic differentiation with increased
cartilage regeneration potential (25). Furthermore, a decrease
in the chondrogenic potential of periosteum with aging was
observed in a rabbit model (26). However, the chondrogenic
potential of periosteum-derived stem cells varied between
donor sites, an effect potentially caused by differences in total
cell count (21).

The current study demonstrated no significant differences
in the adipogenic and chondrogenic differentiation potential
of BMSCs derived from healthy male donors compared with
healthy female donors. Similarly, there were no significant
differences in the adipogenic and chondrogenic differentiation
among the different age groups.
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