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Abstract
Objective: There are several factors, like environmental agents, neurotrophic factors,
serotonin and some hormones such as estrogen, affecting neurogenesis and neural dif-
ferentiation. Regarding to importance of proliferation and regeneration in central nervous
system, and a progressive increase in neurodegenerative diseases, cell therapy is an
attractive approach in neuroscience. The aim of the present study was to investigate the
effects of sex steroid hormones and basic fibroblast growth factor (bFGF) on neuronal dif-
ferentiation of mouse bone marrow-derived mesenchymal stem cells (BM-MSCs).

Materials and Methods: This experimental study was established in Kharazmi Univer-
sity. BM was isolated from the bones of femur and tibia of 4-6-week old Naval Medical
Research Institute (NMRI) mice, and the cells were cultured. The cells were divided into
following 4 groups based on the applied treatments: I. control (no treatment), Il. steroid
hormones (B-estradiol, progesterone and testosterone), Ill. bFGF and IV. combination of
steroid hormones and bFGF. Immunocytochemistry and flow cytometery analyses were
applied for beta llI-tubulin (B-I1l tubulin) and microtubule-associated proteins-2 (MAP-2) in
4 days of treatment for all groups.

Results: The cells treated with combination of bFGF and steroid hormones represented
more expressions of neural markers as compared to control and to other two groups
treated with either bFGF or steroid hormones.

Conclusion: This study showed that BM-MSCs can express specific neural markers after
receiving bFGF pretreatment that was followed by sex steroid hormones treatment. More
investigations are necessary to specify whether steroid hormones and bFGF can be con-
sidered for treatment of CNS diseases and disorders.
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Introduction

Bone marrow-derived mesenchymal stem cells
(BM-MSCs) are multipotent adult stem cells with
mesodermal origin. MSCs can be isolated from
bone marrow, being expanded and genetically
modified in culture medium in order to be prepared
as cellular carriers for local or systemic treatments.
BM-MSCs are considered as a potent cell source
for this purpose, since they have a high potency in
self-renewal, multi-differentiation, and producing

functional structures in vivo. Studies have shown
that BM cells have potential to differentiate into
myocytes, hepatocytes and glial cells. Researchers
reported that BM-MSCs of humans and mice can
be induced and differentiate into neural cells under
culture conditions (1, 2).

MSCs produce both growth factors and impor-
tant cytokines which can facilitate the regeneration
of damaged tissues. Growth factors are mitogenic
polypeptides which play important roles in prolif-
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eration and differentiation of neuronal and astro-
glial cells in culture medium (3).

Steroid hormones actively take part in bone me-
tabolism, and have multiple regulatory functions
indifferent cells, such as BM-MSCs. Dexametha-
sone (DEX) and estradiol are neurosteroids which
play regulatory roles in neural cell lines, specifi-
cally in astroglial types (4). For instance, gluco-
corticoid (GC) has a key role in multi-differenti-
ation of MSCs and can increase the potential of
osteogenic, chondrogenic and adipogenic differ-
entiation. These results suggest that steroid hor-
mones can be considered as effective stimulators
to improve the MSCs capacities and being useful
in tissue engineering. DEX and estradiol interact
and regulate cell function via estrogen and glu-
cocorticoid receptors (5, 6). These receptors are
distributed differently based on gender in cardiac,
brain and fat tissues (7).

Estrogens interfere in neuronal and astroglial
differentiation and are key hormones in neurode-
generative events (8). Estrogen shows regulatory
functions via estrogenic receptors (ER-a,-b) avail-
able on some progenitor cells such as embryonic
and MSCs. Estrogen can also promote the neural
differentiation of embryonic stem cells (9).

It was previously believed that the differentia-
tion potential in stem cells is confined to the line-
age specific and their tissue origin, whereas it has
been reported that BM-derived cells do not show
such limitation. These cells can be differentiated
into neural cells, including neurons of different ar-
eas, when transplanted into human and mouse in
vivo (10). It is important to be noticed that such
a differentiation is dependent on experimental
conditions and some factors remaining unknown.
Recent findings have shown that the advantages,
limitations and mechanisms of action of MSCs to
treat some neurodegenerative disorders including
Parkinson’s, Huntington’s and Alzheimer’s diseas-
es, amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS) and spinal cord lesions. Pluripotent
and multipotent stem cells with differentiation ca-
pacities for neural phenotypes have been noticed
through past decades. Recent studies have indicat-
ed the capability of BM cells in migrating towards
the brain and gaining neuronal and glial charac-
teristics. BM-MSCs can be induced by chemical
compounds to express the markers of this lineage
in vitro (11, 12). Since, neurodegenerative dis-
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eases are progressively increasing these days, and
proliferation and regeneration in central nervous
system (CNS) is rare, cell therapy has become an
attractive approach in neuroscience and there are
so many attempts using different stem cells and
biochemical factors to promote and induce neural
differentiation (13).

Various chemical inductors, such as butylhy-
droxytoluene, butylhydroxyanisol (BHA), di-
methyl sulfoxide (DMSO), 2-mercaptoethanol,
3-isobutyl-1-methylxanthine (IBMX) and 5-aza-
cytidine have been used alone or in combination.
In some of these studies, differentiation was ini-
tiated by a 1-day first step using basic fibroblast
growth factor (bFGF) as a pre-inductive molecule
that has been previously described to control neu-
ral stem cell (NSC) self-renewal and differentia-
tion (14, 15).

According to previous works, using bFGF as a
pre-treatment agent seems to be proper for BM-
MSCs cultures. By adding this growth factor into
culture medium, neurite-like extensions are rec-
ognizable after 4 days and fully developed after 7
days. However, from day 7, cells readopt a fibro-
blastoid shape, demonstrating the fact that these
conditions are not able to make long-term differ-
entiation, but the idea of using some growth fac-
tors as pre-treatments for researchers seems to be
reasonable (14, 15). Therefore, the present study
aimed to investigate the effects of sex steroid hor-
mones and bFGF on neuronal differentiation of
mouse BM-MSCs.

Materials and Methods

This experimental study was established in re-
search center of Kharazmi University and all the
procedures were approved by the local Ethics
Committee at Kharazmi University. Four-six-week
old Naval Medical Research Institute (NMRI)
mice (purchased from Razi Institute) were sacri-
ficed by cervical dislocation. In sterile conditions,
BM-MSCs were harvested from the bone marrow
of the femurs and tibias, and the cells were plated
into a T-25 flask (SPL, Korea) with dulbecco's
modified Eagle's medium (DMEM; GIBCO, USA)
containing 15% fetal bovine serum (FBS; GIBCO,
USA) and 100 U/ml penicillin-streptomycin (GIB-
CO, USA) and incubated at 37°C in a humidified
atmosphere containing 5% CO, (Memmert, Ger-
many). After 48 hours, non-adherent cells were



discarded and the medium was replaced every 3-4
days.

The cells were characterized by flow-cytometric
analysis of specific surface antigens of cluster of
differentiation (CD) CDA45, CD31, CD44, and
CD29. When reaching 80% confluency, the cells
were passaged, and after 2 passages, they were
seeded in poly-lysine coated 24-well plates (SPL,
Korea). The cells were incubated without any treat-
ment and after 24 hours, they were divided into 4
groups and the treatments were administered for
4 days. The first group was considered as control
group, with no treatment. The cells in second group
received the combination of hormones, B-estradiol,
progesterone and testosterone (all purchased from
Sigma, USA), in equal concentrations of 90 uM/
each and the cells of group 3 were treated with
bFGF (25 ng/ml; Sigma, USA). The cells in group
4 received bFGF (25 ng/ml) pretreatment for first
two-day and hormones (B-estradiol, progesterone
and testosterone in equal concentrations of 90 pM/
each) treatment for second two-day. Each group
was treated for 4 days. Immunocytochemical and
flow cytometric analysis were performed for neu-
ral markers of microtubule-associated proteins-2
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(MAP-2) and beta IlI-tubulin (B-I1II-tubulin), for
all 4 groups after 4 days of treatment.

Results

Our findings showed that MSCs derived from
bone marrow were in a heterogenous suspension
phase with other cells in culture dish and gradually
adhered to the flask surface. After 48 hours, the
medium was replaced to remove the other unde-
sired suspending cells. MSCs tend to form colo-
nies and after some days, they reached their nor-
mal spindle shape in colonies.

Flow cytometry analysis of surface antigens
revealed that cells were negative for CD45 and
CD31, while positive for CD44 and CD29 (Figs.1-
4). After 2 passages, the cells were transferred to
24-well plates and incubated for 24 hours with
no treatment. Then the defined treatments were
performed for 4 groups of cells. After 4 days, the
cells were morphologically monitored and immu-
nocytochemistry and flow cytometry were applied
for specific neural markers of MAP-2 and B-III-
tubulin.
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Fig.1: Flow cytometric results of BM-MSCs for surface antigen of CD44: 87.13% of cells expressed CD44.
BM-MSCs; Bone marrow-derived mesenchymal stem cells and CD; Cluster of differentiation.
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Fig.2: Flow-cytometric results of BM-MSCs for surface antigen of CD29: 55.41% of cells expressed CD29.
BM-MSCs; Bone marrow-derived mesenchymal stem cells and CD; Cluster of differentiation.

Isotype CD45

3 samasl sssssal

10° 10 “?’3 10° 10t

10

0 10

LT

10

4

CD45

Al

assmand

)

1?"“_19'-305“ 10° 1t

\J .
a~® 0
N
N2 VWS

L) \r':.;. ‘ :: .

Fig.3: Flow-cytometric results of BM-MSCs for surface antigen of CD45: 34.65% of cells expressed CD45.
BM-MSCs; Bone marrow-derived mesenchymal stem cells and CD; Cluster of differentiation.
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Fig.4: Flow-cytometric results of BM-MSCs for surface antigen of CD31: 11.82% of cells expressed CD31.
BM-MSCs; Bone marrow-derived mesenchymal stem cells and CD; Cluster of differentiation.
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In control group with no treat, after 4 days,
no special change was observed. Whereas, in
group 4 with bFGF pretreatment, in first 2-day
and hormones treatment, in second 2-day,
neurite-like extensions were recognizable af-
ter 4 days. These changes in cell appearance
were less and slighter seen in group 3 with
bFGF and group 2 with hormones, respective-
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ly (Fig.5). In addition, molecular analysis of
both neural markers, affirming morphologi-
cal observations, revealed that the most ex-
pression level was in group 4 (combination
of bFGF and hormones) and these markers
showed less expression level in group 3 and
group 2, respectively (Figs.6-8).

Fig.5: Mesenchymal stem cell cultures. Representative images from 4 experimental groups. A. Control group; was untreated and
no special change is seen, B. Hormones group; treated with hormones, after 4 days no very obvious extensions are detectable, C.
bFGF group; 4 days after bFGF treatment, extending processes are more clear and D. bFGF with hormones group; cells progres-
sively developed neurite-like extensions. Some cells represented a long extension (arrows) from the small-cell body (arrowheads),

scale bars=50 um.

bFGF; Basic fibroblast growth factor and Hormones; B-estradiol, progesterone and testosterone.

CELL JOURNALaknen, Vol 17, No 1, Spring 2015 31



Steroid Hormones-Mediated Differentiation of MSCs

Control Hs

R s
IOO 102 103 104
FL1-H
bFGF + Hs

10

FL2:H
10°
sl siasl

Fig.6: Flow-cytometric results of 4 experimental groups for B-1ll tubulin: the expression level was 1.35% in control group, 11.23% in hor-
mones group, 33.85% in bFGF group and 53.67% in bFGF with hormones.
bFGF; Basic fibroblast growth factor and Hs (hormones); B-estradiol, progesterone and testosterone.

-
-

Fig.7: Fluorescent micrographs of cells in 4 experimental groups for cytosolic neural marker, B-1l tubulin, conjugated with FITC. A. Control
group; no special green stain can be seen (scale bar=50 um), B. Hormones group; the cells are not stained well (scale bar=50 um), C. bFGF
group; the stain is well-detectable in cells, more than 2 previous groups (scale bar=25 pm)and D. bFGF with hormones group; the cells are
whole stained. The most staining level is seen, as compared with other groups (scale bar=25 pum).

FITC; Fluorescein isothiocyanate, bFGF; Basic fibroblast growth factor and Hormones; B-estradiol, progesterone and testosterone.
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Fig.8: Fluorescent micrographs of cells in 4 experimental groups for cytosolic neural marker, MAP-2, conjugated with FITC. A. Control
group; no special green stain can be seen, B. Hormones group; the cells are not stained well, C. bFGF group; the stain is well-detectable
in cells, more than 2 previous groups and D. bFGF with hormones group; the cells are whole stained. The most staining level is seen,
comparing with other groups (scale bars=50 um).
MAP-2; Microtubule-associated protein 2, FITC; Fluorescein isothiocyanate, bFGF; Basic fibroblast growth factor and Hormones;
B-estradiol, progesterone and testosterone.

Discussion

BM-MSCs are proper options among differ-
ent cell sources for tissue engineering and re-
generative therapies. However, MSCs isolated
from various origins show diverse potentials in
differentiation. Little is known on the molecular
mechanisms controlling MSCs differentiation,
whilst these cells seem to have a great differ-
entiation potential. Recent studies have found
the ability of MSCs in differentiating into ecto-
dermal (neurons) and endodermal (hepatocytes)

tissues in vitro (16, 17).

Estrogen can effectively enhance the multi-
differentiative potentials of human BM-MSCs
in vitro, and specifically play key roles in tis-
sue engineering and MSCs modification as dif-
ferent regulators (17). Studies have shown that
17-B-estradiol (E2) effectively stimulate the
proliferative potential of MSCs in human and
mouse (18, 19). Additionally, E2 have a high
ability in supporting the differentiation poten-
tial of MSCs (20). Estrogens, affecting the as-
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troglial group (21), can permissively facilitate
neurotrophic activities by genomic cross-talk
with neurotrophin or growth factor regulative
pathways (22).

Some researchers have revealed that intrave-
nously injected BM-MSCs migrate to the stroke
injury site, differentiate into cells expressing
neuronal markers and restore the damaged neu-
ral cells in rodents. Recent studies have indi-
cated that female estrogenic hormones such as
17-B-estradiol affect the developing and adult
brain function (23, 24). Brannvall et al. (25)
showed that E2 treatment for NSCs, cultured
from rat brain in embryonic day 20, increased
the proliferation and neural differentiation in
these cells. For many years, it was supposed
that sex steroids like estrogen, are synthe-
sized in peripheral tissues including prostate,
ovary, adrenal cortex, etc. and reach the brain
through blood circulation and control sex per-
formance or stress responses. Recently, it has
been cleared that estrogen is also synthesized
in hippocampal neurons of rat brain, and repre-
sents a broad spectrum of functions including
neuroprotective effects and a stimulatory effect
on cognitive function (26).

However, there are some ambiguities regard-
ing where estrogen synthesis site is in early
developmental stages and it is still a question
whether NSCs can synthesize the estrogens and
start an autocrine mechanism themselves (27).

Using a combination of sex steroids suggest
a new approach in systemic regenerative thera-
pies, neurodegenerative diseases and CNS dis-
orders. In 2008, a research team using a specific
combination of sex steroids observed neural
differentiation in human ovarian epithelial stem
cells. Their results showed that testosterone,
progesterone and estradiol alone had no neural
differentiative effect on these cells, whereas a
combination of testosterone and progesterone,
after a pre-treatment with estradiol, differenti-
ated many human ovarian epithelial stem cells
and porcine granulosa cells into NSCs and neu-
ronal cells, within one to three hours (28). These
observations indicated that systemic treatment
with sex steroids and their mixture might be
likely effective in the treatment or prevention of
degenerative CNS disorders. The ovarian stem
cell cultures that are readily obtainable from
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human ovaries, regardless of the women’s age,
can be considered as a good potential to pro-
duce NSCs for autologous regenerative treat-
ment of neural diseases in aging women. They
reported that a proper mixture of sex steroids
can likely be used to differentiate the adult bone
marrow stem cells or peripheral blood cells into
autologous NSCs and stimulate their neuronal
differentiation after homing in CNS (29).

In addition, the studies have shown that when
mouse MSCs transport into culture medium (in
vitro) and remain for a long time, they might
lose many features of stemness and gain some
novel characteristics to promote differentia-
tion. Some researchers in 2004 observed that
MSCs, after many passages in vitro, without
any specific treatment expressed neural lineage
markers. Although such changes in molecular
marker expression are usually transient and is
not considered as stable differentiation, they
might mislead the researchers. These cells af-
ter being isolated from their main niche, full of
normal signals and specific conditions, should
not be maintained in culture medium for a long
time, and the treatment should be administered
soon after reaching a homogenous cell source
(30, 31).

Conclusion

Our data suggested that sex steroid hormones
supplement enhances the neural differentiation
effects of bFGF on cultured BM-MSCs. These
findings could be used in the cultivation of BM-
MSC:s for cell-based strategies for CNS disease
treatment. This study showed that BM-MSCs
can express specific neural markers after re-
ceiving bFGF as a pretreatment that is followed
by receiving sex steroid hormones as treatment.
It can be concluded that some steroid hormones
may be considered as a drug for treatment of
CNS diseases and disorders in future studies.
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