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Abstract This study aims to investigate the roles and effects of EGCG (epigallocatechin-3-gallate) during the osteogenic
differentiation of human mesenchymal stem cells (hMSCs) in vitro. Recent studies have shown that proper mechanical
stimuli can induce osteogenic differentiation of hMSCs apart from biochemical factors. In this study, the hMSC cultures
were subjected to: (1) 25 uM EGCG alone or (2) 3% mechanical stretching (0.2 Hz for 4 h/day for 4 days) or (3) in
combination with 3% mechanical stretching (0.2 Hz for 4 h/day for 4 days). The two factors were applied to the cell
cultures separately and in combination to investigate the individual and synergistic effect of both mechanical stimulation
and ECGC in the osteogenic differentiation of hMSCs. Utilizing real time PCR, we measured various osteogenic markers
and even those related to intracellular signalings. Further investigation of mitochondria was performed that mitochondria
biogenesis, antioxidant capacity, and morphological related markers were measured. hMSCs were to be osteogenic or
myogenic differentiated when they were under 3% stretching only. However, when EGCG was applied along with
stretching they were to be osteogenic differentiated rather than to be myogenic differentiated. This was supported by
evaluating intracellular signalings: BMP-2 and VEGF. Therefore, the synergistical effects of simultaneous employment of
stretching and EGCG on osteogenic differentiation were confirmed. Moreover, simultaneous employment was found
positive in mitochondria biogenesis, antioxidant capacity, and morphological changes. Through this study, we came into
the conclusion that the combination of proper mechanical stretching, 3% in this study, and EGCG promote osteogenic
differentiation. Reflecting that EGCG can be obtained from plants not from the chemical syntheses, it is worth to be studied
further either by animal tests or long-term experiments for clinical applications.
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damaged tissues. For successful outcomes in tissue engi-
neering, the primary requirement is to promote differenti-
ation of stem cells adopted, especially in bone tissues [6].
For this, various growth factors have been used such as
dexamethasone or beta-glycerophosphate. However, it has
been reported that dexamethasone, one of the steroids
reagents in glucocorticoid affiliation, can reduce bone
mineral density resulting in bone loss [2]. Such concerns
are common to most chemical reagents in general.

To overcome or eliminate such concerns, other methods
excluding any growth factors in stem cell differentiation
have been widely investigated both in vitro experiments.
One of them is to control biophyical environment condi-
tions. Recently, it has been proved that controlling of
biophysical environments such as substrate stiffness or
biomechanical stimulation can modulate stem cell differ-
entiation even without any biochemical reagents. Engler
et al. [7] and Lee et al. [8] found and reported that osteo-
genic differentiation was promoted when the cells were
onto the substrate whose stiffness was more than 40 kPa.
Huang et al. [9] and Jang et al. [10] found stretching of 3%
to mesenchymal stem cells was effective in inducing
osteogenic differentiation. In addition, other mechanical
stimuli such as compression or flow-induced shear stresses
have also been found effective in the expression of osteo-
genic related markers [11-13].

With regard to reagents, EGCG can be the candidate and
has been recently studied. EGCG, a type of catechin, is
found in the dried leaves of most types of teas, such as
white, green, or even black tea. It is known to have
antioxidant effect [14—16]. It also has been found effective
in osteogenesis and other bone related diseases such as
rheumatoid arthritis [17]. Consequently, it has been
emerged as a candidate in cell therapy due to its osteo-
induction capability. Some studies showed the increases of
ALP activity and osteo-related markers when EGCG was
applied to mesenchymal stem cells and proposed EGCG as
a pro-osteogenic agent [18, 19]. Chen et al. [20] also found
the increase in ALP activity and even mineralization in D1
cell line under EGCG. However, most studies so far have
been focused on the effects of EGCG in osteoblasts or
osteoclasts [21, 22]. Moreover, they adopted osteogenic
media along with EGCG and investigated the inter-reaction
of EGCG and biochemical reagents used [18-20].

This study utilized no other reagents but EGCG. All
cells were cultured and to be differentiated by mechanical
stretching and EGCG in basal culture media. Therefore, the
role of EGCG was investigated with or without mechanical
stretching. Also, various changes in mitochondria were also
studied. Moreover, intracellular signaling was also inves-
tigated to confirm the role of EGCG in promoting osteo-
genic differentiation.
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2 Materials and methods
2.1 Cell culture and EGCG treatment

Human mesenchymal stem cells (hMSCs) were purchased
from a company (Lonza, Basel, Switzerland). Based on the
manufacturer’s protocol, hMSCs were cultivated at 37 °C
in a humidified 5% CO, incubator until the passage #5.
hMSCs were cultivated in Dulbecco’s Modified Eagle
Medium with low glucose (DMEM-LG; Life Technolo-
gies, USA) containing 5% fetal bovine serum (FBS;
Gibco), 100 U/mL penicillin and 100 mg/mL streptomycin
(Hyclone, Logan, UT, USA). EGCG was added to hMSCs
24 h after cell seeding at a concentration of 25 pM.

2.2 Employment of mechanical stretch

A bioreactor system (ACBT-200, Anycasting Inc., Seoul,
Korea) was used to employ mechanical stretching to the
cells. To apply mechanical stretch to the cells hMSCs were
seeded on the elastomeric substrate. To fabricate elas-
tomeric substrate Polydimethylsiloxane (PDMS, SYL-
GARD 184 Silicone Elastomer Kit, Dow Corning Corp.,
USA) were used. Silicone elastomer base and a curing
agent were mixed at a ratio of 10:1. Then the mixture was
baked at 120 °C for 20 min. Then PDMS membrane was
cutinto 9 cm x 4 cm x 800 um and was sterilized using
70% ethanol and deionized water followed by being
exposed to ultraviolet (UV) for 30 min. Then, membranes
were coated with fibronectin (FO0895, Sigma, MO, USA)
after treatment of atmospheric plasma (APP, Gyeonggi,
Korea). Then hMSCs were seeded on the PDMS membrane
at a density of 1 x 10* cells/cm®. The mechanical
stretching of 3% was applied: 0.2 Hz, 4 hours/day for 4
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Fig. 1 Schematics of experimental procedure
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days starting 24 hours after seeding (Fig. 1). The cells were
harvested right after stimulation. And hMSCs without any
treatment were used as a control group.

2.3 Quantitative real-time PCR

The various expressions of related markers were evaluated
by real time PCR. From each sample, total cellular RNA
was extracted using RNeasy Mini Kit (#74106, Qiagen,
Valencia, CA, USA) and cDNA was synthesized using
High Capacity cDNA Reverse Transcription Kit
(#4374966, Applied Biosystems, USA). Then, cDNA was

amplified by using Power SYBR Green PCR Master Mix
(Applied Biosystems) and QuantStudio-3 (Applied
Biosystems, USA). The primers used in this study were
listed in Table 1. The expressions of Runt-related tran-
scription factor 2 (RUNX2) and myocardin were measured
to evaluate differentiation direction: osteogenic or myo-
genic differentiation. And vascular endothelial growth
factor (VEGF), transforming growth factor — beta 1 (TGF-
betal) and bone morphogenetic protein 2 (BMP-2) were
observed to investigate changes of intracellular signaling
due to mechanical stretch and/or EGCG. Also, peroxisome
proliferator-activated receptor gamma coactivator 1 alpha

Table 1 Primers for

quantitative real-time PCR used Primer Forward (F) and reverse (R) primer (5'-3') Genebank accession no. Product size
in the experiments RUNX2 (F) ACCCACGAATGCACTATCCA AH005498.1 154

(R) CTGGTGGGAAGGGTCCACT

Myocardin (F) ATTCCCTGAAGCGCAAAGC NM_001146312 350
(R) GGATCCCGCTGAGTTTTGG

VEGF (F) CCTGGTGGACATCTTCCAGG KT581010.1 196
(R) GAAGCTCATCTCTCCTATGT

TGF-betal (F) ATTGAGGGCTTTCGCCTTAG NM_000660.5 78
(R) GAACCCGTTGATGTCCACTT

BMP-2 (F) GGGGTCACAGATAAGGCCA AF040249 310
(R) CAGCATCGAGATAGCACTGA

PGC-1lalpha (F) GGACAGAACTGAGGGACCGT NM_013261.3 124
(R) GCAGCAAAAGCATCACAGGT

mtTFA (F) TTAAAGCTCAGAACCCAGATGCA BC126366 280
(R) GCTGAACGAGGTCTTTTTGGTTT

SOD1 (F) ACAGCAGGCTGTACCAGTGC NM_000454.4 107
(R) GCAGTCACATTGCCCAAGTC

SOD2 (F) GCATCTGTTGGTGTCCAAGG NM_000636.2 106
(R) TTCCTTGCAGTGGATCCTGA

CAT (F) ACCACTGGAGCTGGTAACCC NM_001752.3 120
(R) CTCTCGGTCAAAATGAGCCA

GPX1 (F) CAACGATGTTGCCTGGAACT NM_000581.2 102
(R) TCAGGCTCGATGTCAATGGT

MEN1 (F) TTTTGGGCCCTAGAAATGCT NM_033540.2 107
(R) TGCTGGAGTGGTAGGAGCAG

MEFEN2 (F) GCTGGAGGAGTGGGAGTAGC NM_014874.3 100
(R) GAGAGGCAAGTCCCTCCTTG

OPAI (F) CATGGCTCCTGACACAAAGG NM_015560.2 108
(R) CGTTCAGCATCCACAGATCC

DRP1 (F) TGATCCACTTGGTGGCCTTA NM_005690.3 116
(R) GCCGCTTCACCAGTAACTCA

FIS1 (F) ATCGGACTTGCTGTGTCCAA NM_016068.2 142
(R) AGCTGAAGGCCACAGAGGAT

MARCHS (F) TAGGCAAGATGATTCGCTGG NM_017824.4 123
(R) CAGCTGGAATTCGAGGAACA

Beta-actin (F) CCCAAAGTTCACAATGTGGC NM_001101.3 103

(R) GATGGCAAGGGACTTCCTGT
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(PGC-1lalpha), mitochondrial transcription factor A
(mtTFA), superoxide dismutase 1 (SODI1), superoxide
dismutase 1 (SOD2), catalase (CAT), and glutathione
peroxidase 1 (GPX1) were analyzed for mitochondrial
function. Also, mitochondrial fusion-related genes (mito-
fusin 1 (MFNI1), mitofusin 2 (MFN2), optic atrophy 1
(OPA1)) and mitochondrial fission-related genes (dy-
namin-related protein 1 (DRP1), mitochondrial fission
protein 1 (FIS1), mitochondrial E3 ubiquitin ligase
(MARCHSY)) were investigated to confirm the effect on
mitochondrial morphology. All gene expression levels
were normalized by house-keeping gene, beta-actin.

2.4 Statistical analysis

All data are presented as mean + standard deviation. And
One-way Analysis of Variance (ANOVA) test was per-
formed using SPSS (PASW Statistics 18; SPSS Inc. USA)
at a significance level of p < 0.05 (n = 3). When ANOVA
indicated a significant difference among groups, the dif-
ference was evaluated using the least significant different
(LSD). * denotes significant difference from the other

group.

3 Results

The goal of this research is to determine the individual and
synergistic effect of both EGCG and mechanical stimula-
tion in osteogenic differentiation of the hMSCs. In addi-
tion, we investigate the role of EGCG when stem cells are
being differentiated by mechanical stretching. For this four
groups were set: EGCG, Stretched, EGCG+-Stretched
(E+S), and Control group. No other biochemical reagent
was used for differentiation.

3.1 Effects of EGCG and/or mechanical stretch
on osteogenic and myogenic differentiation

The expressions of typical markers, RUNX2 and myo-
cardin indicating early stage of osteogenesis and myogen-
esis, respectively under 3% strain were investigated as
shown in Fig. 2. The group EGCG showed significantly
high expression of RUNX2 than control group. However,
the expression of myocardin was lower in group EGCG
than that in control group. When strain was applied alone
both of RUNX2 and myocardin were significantly
expressed compared with those in control group. And much
higher expression of RUNX2 was observed when EGCG
and 3% stretching were simultaneously applied (group
E+S). However, the expression of myocardin in group
E+S was comparable with that in group Stretched.
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Fig. 2 Expressions of RUNX2 and myocardin indicating the direc-
tion of stem cell differentiation induced by EGCG and mechanical
stretching: A RUNX2 showing osteogenic differentiation, B My-
ocardin showing myogenic differentiation

3.2 Expression of intracellular genes: VEGF, TGF-
betal, BMP-2

As shown in Fig. 3 synergistic effect on expressions of
VEGF, TGF-betal and BMP-2 was observed when EGCG
and stretching were simultaneously applied. Those three
expressions were upregulated due to 3% stretching signif-
icantly. Even the expression of TGF-betal in group E+S
was lower than that in group Stretched it was still signifi-
cantly high than in control group. Moreover, the synergistic
effect was observed when EGCG was added to 3%
stretching in expression of VEGF and BMP-2.

3.3 Functional and morphological changes
of mitochondria

PGC-lalpha and mtTFA expression were significantly
increased due to EGCG or mechanical stretch (Fig. 4).
Also, simultaneous employment of EGCG and stretching
showed synergistic effect in expression of PGC-1alpha and
mtTFA as shown in group E+S. Other markers, which are
related to anti-oxidant enzyme, were also investigated.
They were SOD1, SOD2, GPX1, and CAT. All those were
significantly expressed when EGCG or stretching was
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Fig. 3 Effects of mechanical stretch and EGCG on intracellular
signaling: A VEGF, B TGF-betal, C BMP-2

applied. Also, expressions of SOD1, SOD2 and CAT were
significantly increased when the EGCG and stretching were
applied simultaneously. However, the expression of GPX1
was comparable between the groups of Stretched and E+4S
as shown in Fig. 5.

Mitochondrial morphology changes were investigated
by measuring mitochondrial morphology-related gene
expression (Fig. 6, 7). Mitochondrial fusion-related genes,
MEFN1 and MFN2, were significantly increased even by
stretching only. EGCG did not contribute to the expression
of MFN1 or MFN2 (Fig. 6). The expression of OPAI
tended to be increased due to EGCG and/or stretching even
there was no significant difference. Mitochondrial fission-
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Fig. 4 Effects of mechanical stretch and EGCG on mitochondrial
biogenesis: A PGC-1alpha, B GPX1

related genes were dominantly affected by mechanical
stretching, 3% in this study, rather than by EGCG (Fig. 7).
However, FIS1 and MARCHS5 were significantly expressed
by even EGCG alone. And their expression was more
observable when EGCG and stretching were simultane-
ously applied.

4 Discussion

This is the first study to investigate the roles of EGCG in
osteogenic differentiation with or without mechanical
stimulation followed by measuring various markers in
detail. Previous studies [9, 10, 23] showed that mechanical
stretching can modulate stem cell differentiation even
without any biochemical reagents. Specifically, mechanical
stretching is known to induce osteogenic or myogenic
differentiation of adult stem cells depending on its strain
magnitude. Relatively large strain (~ 10%) is known to be
preferable to myogenic differentiation while small strain
(~3%) is to osteogenic differentiation.

Based on other previous studies, we evaluated the
expressions of typical markers indicating early stage in
differentiation as shown in Fig. 2, first. Interestingly,
expression of RUNX2 was significantly increased when
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Fig. 5 Effects of mechanical stretch and EGCG on mitochondrial antioxidants: A SOD1, B SOD2, C CAT, D GPX1

EGCG and 3% stretching were simultaneously applied
(group E4S), which showed the synergistical effect of
EGCG and stretching. However, EGCG did not contribute
to myogenic differentiation when it was applied alone.
These results enable us to confirm that EGCG plays a
positive role in osteogenic differentiation rather than in
myogenic differentiation when stem cells were to be dif-
ferentiated by mechanical stretching. Parker et al. [24] also
reported that RUNX?2 inhibits expression of myocardin and
eventually suppress myogenic differentiation. It has not
been clarified whether EGCG affects the expression of
myocardin. Our results showed EGCG with mechanical
stretching significantly increased the expression of
RUNX2, while it significantly decreased the expression of
myocardin. Therefore, we can infer that the simultaneous
employment of EGCG and mechanical stretching could
suppress myocardin expression. However, further investi-
gation is needed to confirm this scenario.

In addition, more osteogenic-related markers were
evaluated to confirm the roles of EGCG in osteogenic
differentiation. They were BMP-2, VEGF, and TGF-betal.
The importance of BMP-2 in osteogenic differentiation is
widely recognized. VEGF, which can be modulated by
BMP-2, also plays importance roles in osteogenic differ-
entiation [25]. Moreover, it is known to be essential in
angiogenesis [26]. TGF-betal 1is also important in

@ Springer

osteogenesis along with BMP-2 [27]. Specifically, Zelzer
et al. [28] reported that the intracellular expression of
VEGF upregulates RUNX2 expression then osteoblasto-
genesis is promoted. Yamamoto et al. [29] stipulated that
intracellular expression of BMP-2 in C2C12 myoblast
suppresses myogenic differentiation while it promotes
osteoblast differentiation. Our results in Fig. 3 showed
higher expression of BMP-2 and VEGF. Therefore, these
expressions are expected to induce RUNX2 expression
followed by accelerated osteogenic differentiation, espe-
cially when EGCG and stretching were applied simulta-
neously as in group Stretched (E+S).

Meanwhile, many recent reports on mitochondria in
relation to osteogenesis have been released. Obviously
mitochondria, one of the major energy sources in a cell,
produce ATP. Apart from its well-known functions, mito-
chondria are known to be closely related to proliferation
and cell fate, also [30]. In addition, recent studies revealed
that they also play important roles in keeping function of
differentiation and/or directing differentiation [24, 31, 32].
Shin et al. [23] and Wilkerson et al. [33] found and
reported increasing in mitochondria biogenesis as osteo-
genic differentiation process goes on. Chen et al. [34]
found increase of mitochondria biogenesis and anti-oxidant
enzyme when hMSCs were under osteogenic process. Our
investigation also showed that biogenesis and anti-oxidant
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capacity of mitochondria were increased especially when
EGCG and mechanical stretching were simultaneously
applied.

Apart from physiological changes in mitochondria dur-
ing differentiation, we also investigated morphologically
related markers as morphology and physiological function
are known to be closely related each other [35]. Moreover,
recent studies have shown the morphological changes and
their importance during various differentiation directions
by measuring fusion- or fission-related markers [23] or by
observing morphological changes through image analyses
[36]. The selected fusion-related markers in this study were
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Fig. 7 Effects of mechanical stretch and EGCG on mitochondrial
fission-related gene expression: A DRP1, B FIS1, C MARCH5

MEN1, MFN2, and OPA1 while fission-related ones were
DRP1, FIS1, and MARCHS. Shin et al. [23] reported
changes in expression of fusion- and fission-related mark-
ers when differentiation direction of adult stem cells was
modulated depending on strain magnitude. They found
increased expression of fission- and fusion-related markers
under 3% strain without any biochemical reagents. This
study also showed the same trends. Most markers,
regardless of being fission- or fusion-related, were signifi-
cantly expressed in group Stretched than in control group
but OPAI. This trend was more observable when EGCG
and stretching were simultaneously applied. This implies
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that the mitochondrial morphological activities were more
observable when EGCG treatment was accompanied with
stretching rather than when EGCG was applied alone.

From the study, here we could confirm the role of
EGCG in osteogenic differentiation more in detail by
measuring various markers related. We first came into the
conclusion that EGCG induces osteogenic gene expression
synergetically with mechanical stretch. Specifically, EGCG
with mechanical stretching upregulated BMP-2 and VEGF
followed by high expression of RUNX2. Also, EGCG was
found to be closely related to mitochondria physiology. It
increased mitochondria antioxidant function and biogene-
sis. It was also confirmed that fission and fusion activity of
mitochondria was increased.

Although it was confirmed that EGCG has synergistic
role in osteogenic differentiation induced by mechanical
stretch, this in vitro study still has left much for safe
clinical applications. Through long-term and animal
experiments the evaluation and validation of EGCG roles
in osteogenic differentiation can be clarified, especially in
bone tissue regeneration. Also, other unexpected side
effects should be examined through further investigation.
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