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Abstract

Objectives: Skeletal development is a complex process. Little is known about the different
response of limb or spine growth plate chondrocytes (LGP or SGP) to the estrogen level and the
role of estrogen receptor (ER) during postnatal stage.

Methods: LGP and SGP chondrocytes were isolated from 50 one-week mice and treated with
different concentrations of 173-estradiol. Cell viability was measured by cell counting kit-8
(CCK-8). The expression of collagen Il and X were evaluated by real-time PCR and Western
blotting. Then, the response of LGP or SGP chondrocyte after with or without estradiol and
specific ER antagonists to block the effect of ERs were also measured by Western blotting and
immunofluorescence.

Results: Estradiol promoted the chondrogensis of the chondrocytes in vitro and achieved the
maximal expression of type Il collagen at the dose of 10”7 M. Additionally, the regulatory effect of
estradiol on the chondrogenesis can be mainly relied on ERa. The LGP chondrocytes were more
sensitive to the estradiol treatment than SGP in the expression of type Il collagen.

Conclusions: Estrogen at a pharmacological concentration (107 M) could stimulate the maximal
production of type Il collagen in the growth plate chondrocytes in vitro, which exerts its activity
mainly through ERa in the chondrogenesis. Furthermore, the LGP chondrocytes were more
sensitive to the estradiol treatment than SGP in the chondrogenesis.

Key words: limb; spine; growth plate chondrocyte; postnatal stage; estradiol; estrogen receptor.

Introduction

Endochondral bone formation at the epiphyseal
growth plate, as the pivotal role in the skeletal
development, is a complex process consisting of
cartilage formation and replacement of cartilage with
bone tissue [1, 2]. This dynamic process is closely
modulated by a variety of hormones and endocrine
signals. Among these, estrogen plays a significant role

and exerts its action through two nuclear receptors,
namely estrogen receptor a (ERa) and  (ERp), in
skeletal growth for both genders [3].

The effects of estrogen on the skeleton mainly
occur via interactions with its receptors ERa and p.
Some investigations have reported the expression of
ERa and ERp in all zones of the growth plate in
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humans as well as rats [4-6]. However, it has been
indicated that ER( can antagonize ERa activity with a
“yin yang” association between them in some species
and tissues. In our previous study, we demonstrated
the dynamic variations of estrogen receptor a and 3
expression in the growth plate of spine and limb
during development [7]. Interestingly, Vidal et al. [8]
indicated that the actions of ERa on the bone growth
may differ between spine and limb. The studies with
specific ER knockout mice reveal differential roles of
ERa and f resulting in regulation of linear growth
[9-11], however, the conflict still existed and further
evidence is required to determine the respective roles
of the ERs.

In the present study, the viability analysis and
collagen expression levels in the limb or spine growth
plate chondrocytes of female C57BL/6 mice were
investigated, to analyze the effect of estradiol with
different  concentration on  the  biological
characteristics of growth plate chondrocytes through
the meditative effects of ERa or p. This may enable
further understanding of different response
characteristics of axial or appendicular growth plate
chondrocytes to estrogen, as well as the mechanisms
of physiological and pathological changes in the
development of bone growth.

Materials and methods

Reagents

Dulbecco’s modified Eagle’s medium and Ham's
F-12 medium (DMEM/F12; Hyclone), fetal bovine

serum (FBS; Gibco), penicillin-streptomycin
(Invitrogen), 17p-Estradiol (Sigma-Aldrich), ERa
antagonist methyl-piperidino-pyrazole (MPP;

Sigma-Aldrich), ERPB antagonist 4-[2-phenyl-5,7-bis
(tri-fluoro-methyl) pyrazolo [1,5-a] pyrimidin-3-yl]
phenol (PHTPP; Sigma-Aldrich), dimethyl sulfoxide
(DMSO; Invitrogen), Rabbit polyclonal antibody to
Col II (Abcam) and Col X (Abcam), Rabbit polyclonal
antibody to GAPDH (Abcam). Estradiol, MPP, and
PHTPP were dissolved in DMSO according to
manufacture protocol.

Isolation and culture of chondrocytes

50 female C57BL/6 mice (one-week old) were
purchased from Shanghai SLAC Laboratory Animal
Co. Ltd (Shanghai, China). All animal procedures
were approved by the Ethics Committee on Animal
Experimentation of Shanghai Jiaotong University
School of Medicine. Growth plate chondrocytes of
spine and limb were obtained from spinal and knee
growth plate cartilage of female mice, respectively.
The cartilage was dissected and digested with 0.25%
trypsin solution (Gibco, USA) and 0.1% type II
collagenase solution (Sigma-Aldrich, USA) for 15 min

and 6 h, vrespectively. After washing in
phosphate-buffered saline (PBS) and filtration, the cell
suspensions were resuspended in phenol red-free
DMEM/F-12 supplemented with 10% FBS and
antibiotics (100 U/mL penicillin G sodium and 100
pg/mL streptomycin sulfate)

Cell viability assay

To confirm the effect of culture period on the cell
viability in the low concentration FBS (0.5%) without
estradiol, the cell viability was measured using Cell
Counting Kit-8 (CCK-8; Dojindo Molecular
Technologies, Kumamoto, Japan) according to the
manufacturer's instructions. Limb and spine growth
plate chondrocytes (5x10° cells/well) were seeded in
96-well flat-bottomed plates and incubated in 100 pl of
complete culture medium for several time points (day
1 to 5). Each treatment was repeated in six wells. As
soon as the treatments were completed, 10ul solution
from CCK-8 was added to 100ul culture media each
well. These plates were continuously incubated for 2
hours in a humidified CO; incubator at 37°C. Finally,
the absorbance of the sample taken from each well
was measured by microplate reader (Bio-Rad,
Hercules, CA, USA) at 450nm. Cell viability was
expressed as percentage of viable cells relative to
untreated cells, using absorbance at 450nm. To further
investigate the effect of estrogen with different
concentrations on cell growth, cell viability of growth
plate cells was also determined by CCK-8. Various
concentrations of estrogen (0+DMSO, 10, 107, or 10-8
M) were added to the medium and incubated for
various time points. Similar protocols above were
made again to detect the proliferation.

Cell culture and treatments

The cells were initially plated in six-well plates
(Corning, New York,NY, USA) at a density of 6 X 10*
cells/well and incubated at 37 °C in 5% CO»/95%
humidity. For starvation, cells were cultured with
DMEM/F12 containing 0.5% FBS for 12 h after
reaching 70-80% confluency and then made the
further stimulation with estradiol.

To investigate the role of estradiol treatment
with different concentrations in the chondrocytes,
various concentrations of estrogen (0, 10%, 107, or 10-8
M) were added for several time points after
starvation. To further demonstrate the effect of ERs on
the chondrocytes of limb and spine, the
corresponding antagonists were utilized to block
specifically the effect of ERs. The chondrocytes from
limb or spine, with or without optimal concentration
of estradiol treatment, were treated with MPP (1 pM)
and PHTPP (1 pM) to block the ERa and ERp for
maximal period, respectively. Finally, chondrocytes
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were harvested for real-time PCR analysis and
Western blotting.

Real-time PCR analysis

Total RNA was isolated from lysates of growth
plate chondrocytes of spine and limb using the
standard TRIzol method according to the
manufacturer’s instructions (Invitrogen, Shanghai).
The process of RNA reverse transcription was
accomplished using PrimeScript RT reagent Kit
(TaKaRa, Japan). In order to quantify the transcripts
of the corresponding genes, quantitative real-time
PCR was performed using a SYBR Green Premix Ex
Taq (Takara, Japan) on Light Cycler480 (Roche,
Switzerland). Target gene mRNA level was
normalized to that of B-actin in the same sample. The
cycle threshold (Ct) values were collected and
normalized to the housekeeping gene {-actin. The
AACt method was used to calculate the relative
mRNA levels of each target gene. All RT reactions,
including [-actin controls, were run in triplicate. The
primer sequences used were listed as follows: Col II,
Forward 5-GGTGGAGCAGCAAGAGCAA-3’;
Reverse 5'-CGTCGCCGTAGCTGAATGT-3;

Col X, Forward 5-AGAACGGCACGCCTACGAT-3’;
Reverse 5-CTGTGAGCTCCATGATTGCA-3’;

[-actin, Forward 5-CATCCGTAAAGACCTCTATGC
CAAC-3’; Reverse 5'-ATGGAGCCACCGATCCACA-
3.

Western blotting

Protein was extracted from cells by RIPA buffer
plus protease inhibitors. Equal amounts of protein
were separated by 8% SDS-PAGE and transferred to
the NC membrane. After blocking by non-fat-dried
milk, the membrane was incubated with diluted
primary antibodies overnight, followed by incubation
with secondary antibody. Western blotting was
performed using antibodies against Col II, Col X and
GAPDH. Protein expression levels were quantified
with the use of Image ] software (Bethesda, MD,
USA). Quantitative densitometric values of each
protein were normalized to GAPDH.

Immunofluorescence staining

For immunofluorescence detection, 1x10* limb
or spine growth plate chondrocytes, with or without
107 M E; treatment, were plated onto microscope
slides in the medium and treated with MPP (1 pM) or
PHTPP (1 pM) to block the ERa and ERp,
respectively. The slides were washed three times in
PBS, fixed in 4% paraformaldehyde for 20 minutes,
permeabilized in 0.1% Triton X-100, and exposed to
the indicated primary antibodies overnight at 4 °C.
After exposure to secondary antibodies and

counterstaining with DAPI, cells were visualized
under a fluorescence microscope (Olympus Corp,
Tokyo, Japan).

Statistical analysis

All data were expressed as the means and
standard deviation (SD). Data analysis was performed
using analysis of variance (ANOVA) with the
Student-Newman-Keuls post hoc analysis or
unpaired t test. Differences with P < 0.05 were
considered statistically significant. All statistical tests
were performed using the SPSS 17.0 statistical
package (SPSS, Chicago, IL, USA).

Results

The low concentration FBS influencing the cell
viability of growth plate chondrocytes isolated
from limb and spine

The isolated growth plate chondrocytes of limb
and spine were cultured in DMEM/F12 containing
0.5% FBS for 1 to 5 days after starvation. Cell viability
was measured by CCK-8 assay. As shown in Figure
1A and 1B, cell viability was gradually increased from
day 1 to day 3 both in limb and spine growth plate
chondrocytes. However, it was significantly
decreased from day 4 and day 5. The results indicated
that day 3 was the peak of the cell viability both in
limb and spine growth plate chondrocytes.
Considering cell viability and cell status may
influence the results, chondrocytes that cultured for 3
days were used in the following experiments.

The effect of estradiol with different
concentrations on cell viability of growth plate
chondrocytes from limb and spine

The cell viability of isolated limb and spine
growth plate chondrocytes were measured after
stimulating by estradiol with different concentrations
(0, 105, 107 and 108 M). Of note, the cell viability of
limb and spine growth plate chondrocytes were
enhanced by estradiol treatment with the days of
culture. Moreover, the addition of estradiol may
increase the cell viability of both limb and spine
growth plate chondrocytes and the peak of cell
viability was reached at the concentration of 107 M
(Figure 1C and 1D).

The dynamic expression of Collagen Il and
Collagen X under the circumstance of low
concentration FBS with time

The expression of Col II and Col X were
measured with the prolonging of cultured time. The
results of real-time PCR showed that the relative gene
expression of Col II and Col X were significantly
increased across from day 1 to day 3, in both limb and
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spine growth plate chondrocytes (Figure 2A and 2B).
Results of western blot also presented the same
trends. In the limb growth plate chondrocytes, the
proteins of Col II were remarkably increased in day 2
and day 3, compared with day 1. Moreover, the
protein expression in day 3 reached the highest level.
In the spine growth plate chondrocytes, the protein
expression of Col II was much higher in day 3 than
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Figure 1. The cell viability analysis of growth plate chondrocytes from limb and spine. (A) (B) The expression of CCK-8 in the growth plate chondrocytes from
limb and spine under the condtion of low concentration FBS with the days of culture to detect the optimal culture period. * P<0.05 versus day 1. (C) (D) The
expression of CCK-8 in the growth plate chondrocytes from limb and spine with different concentrations of estradiol during the optimal culture period. * P<0.05
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Figure 2. The dynamic expression of Collagen Il and Collagen X in limb and spine growth plate chondrocytes under the circumstance of low
concentration FBS with the days of culture. (A) (B) Real time PCR analysis of relative gene expression showing Col Il or Col X in limb and spine growth plate
chondrocytes with the days of culture. ¥p<0.05; (C) (D) Western blot analysis showing Col Il or Col X expression in limb and spine growth plate chondrocytes with
the days of culture; (E)(F) Relative protein expression of Col Il or Col X in limb and spine growth plate chondrocytes with the days of culture. *p<0.05.
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Figure 3. The expression of Collagen Il and Collagen X in limb and spine growth plate chondrocytes with different concentrations of estradiol.

(A) (B) (C) Real time PCR analysis showing relative gene expression of Col Il or Col

Xin limb and spine growth plate chondrocytes with different concentrations of

estradiol. *p<0.05; (D) (E) (F) Western blot analysis showing Col Il or Col X expression in limb and spine growth plate chondrocytes with different concentrations
of estradiol. ¥p<0.05; (G)(H)(I) Relative protein expression of Col Il or Col X in limb and spine growth plate chondrocytes with different concentrations of estradiol.

*p<0.05.

The effect of estradiol with different
concentrations on the expression of Collagen
Il and Collagen X

Both limb and spine growth plate chondrocytes
were stimulated by estradiol with different
concentrations (0+DMSO, 106, 107 and 10-8M) under
the condition of low concentration FBS after cell
starvation. The expressions of Col II and Col X were
further measured with different doses of estrogen.
The results of PCR showed that relative gene
expression of Col II reached the peak at the dose of
107M of estrogen both in limb and spine growth plate
cells (Figure 3A). The results were also confirmed by
western blot (Figure 3D and 3G). Moreover, the gene
expression of Col X was also highest in the dose of
107M in limb growth plate cells but not obvious in
spine growth plate cells (Figure 3B). The protein
expression of Col X presented insignificant difference
according to the different levels of estradiol. The
results indicated that estradiol may have more
significant effect on the expression of Col Il and the
optimal concentration of estrogen may be 107M.
Furthermore, the optimal dose of estradiol was
confirmed by PCR and western blot.

The different response of limb and spine
growth plate chondrocytes to estradiol
treatment

To investigate the different response of growth
plate chondrocytes from limb and spine to estradiol
treatment, we utilized the optimal concentration of
estradiol as the stimulation. After 3 day-stimulation of
estradiol at the dose of 107 M, the gene and protein
expressions of Col II were significantly increased in
both limb and spine growth plate chondrocytes.
Besides, the increase of Col II in the limb growth plate
chondrocytes was more notable than that in spine
growth plate chondrocytes (Figure 3C, 3F and 3I).
This founding revealed that the appendicular growth
plate chondrocytes were easier to increasing the
production of type II collagen compared with axial
chondrocytes after the optimal estradiol treatment.

The different effects of ERa and ER inhibitors
on the chondrogenesis

In the limb growth plate chondrocytes, the
addition of estrogen resulted in the increase of gene
and protein expression of Col II. However, the
addition of MPP, an inhibitor of ERa, induced the
remarked decline of Col II expression both in gene
and protein level. However, the further addition of
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estradiol may relatively increase the expression of Col
II, but still lower than the group that stimulated with
estradiol only. In the spine growth plate
chondrocytes, the results were similar with limb
chondrocytes (Figure 4A, 4C and 4E). The effect of
ERa inhibitors was further identified by
immunofluorescence staining. In both limb and spine
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growth plate chondrocytes, the expression of Col II
was significantly increased after the addition of
estrogen. However, the addition of MPP inversely
decreased the expression of Col II. The condition was
still obvious even after the further addition of
estradiol (Figure 5).
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Figure 4. The expression of Collagen Il and Collagen X in limb and spine growth plate chondrocytes with ERa or ER inhibitors. (A) (B) Real time
PCR analysis showing the relative gene expression of Col Il in limb and spine growth plate chondrocytes with ERa or ER inhibitors. *P<0.05; (C) (D) Western blot
analysis showing Col Il expression in limb and spine growth plate chondrocytes with ERa or ER inhibitors; (E) (F) Relative protein expression of Col Il in limb and

spine growth plate chondrocytes with ERa or ER inhibitors. *P<0.05.
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Figure 5. Immunofluorescence staining in the growth plate chondrocytes from limb and spine with ERa inhibitor. The expression of Col Il in limb
and spine growth plate chondrocytes after the addition of Ex with/without MPP. E;: estradiol; MPP: estrogen receptor a (ERQ) inhibitor.
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Figure 6. Immunofluorescence staining in the growth plate chondrocytes from limb and spine with ERB inhibitor. The expression of Col Il in limb
and spine growth plate chondrocytes after the addition of Ex with/without PHTPP. Ea: estradiol; PHTPP: estrogen receptor B (ERP) inhibitor.

The effect of PHTPP, as an inhibitor of ERP, was
also tested in this study. In contrast to the results of
MPP, the effect of PHTPP was insignificant on the
gene and protein expression of Col II in both limb and
spine growth plate chondrocytes (Figure 4B, 4D and
4F). The results of immunofluorescence staining also
suggested that PHTPP may not play an important role
in the expression of Col II since the addition of PHTPP
not influence the level Col II before and after the
further addition of estradiol (Figure 6).

Discussion

It is well known that estrogen and its receptors
play the significant roles in bone growth, but the effect
of estrogen receptors (ERa and ERP) on mediating
bone growth is still unclear[12]. Several investigations
have shown that estrogen receptors existed in the
growth plate cartilage of both male and female mice
[13]. Our previous study also indicated that both ERa
and ERP were dynamically expressed during
chondrocyte differentiation via histological analysis
[7]. In the present study, we used the primary
chondrocytes of growth plate to investigate the ability
of estrogen and its receptors to regulate the cell
proliferation  and chondrogenesis  between
appendicular and axial growth plate chondrocytes
during growth. To our best knowledge, this study is
the first to shed light on the effects of estrogen with
different concentrations on the cell viability and
matrix expression in axial and appendicular growth
plate chondrocytes.

Some studies indicated that serum may result in

confounding effects on estrogen or allow estrogen to
work in concert with other factors in the
supplemented media [14, 15]. Thus, we have used the
in vitro phenol red-free cell culture with low dose
serum to isolate the effect of estrogen on growth plate
chondrocytes at postnatal stages in the present study.
The cell viability of primary chondrocytes was
validated in culture medium with low-concentration
FBS in the CCKS8 analysis and was shown to maintain
the sufficient viability in a relevant chondrogenic
progression at 3-day over a 5-day duration.
Furthermore, we found that the type II collagen
generated by limb and spine growth plate
chondrocytes without estrogen treatment showed
significantly increased expression in a
time-dependent manner with time. Similarly, the type
X collagen also presented slightly increased. Thus, the
cells were added with estrogen after achieving
70-80% of cell confluency and then examined whether
the changes in the collagen were enhanced by
estrogen treatment during 3-day period, a time when
the primary chondrocytes were less influenced by cell
viability and expressed a large amount of type II and
type X collagen during the proliferative stage.

As we known, type II collagen, the predominant
extracellular matrix in the proliferating stage, can be
utilized as an effective indicator to investigate the
chondrogenesis development [16-19]. Meanwhile, the
expression of type X collagen is the typical features of
chondrocyte hypertrophy [20-24]. These observed
indicators were commensurate with previously
reported results, and were adopted to measure the
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chondrogenesis process [25-29]. The results of present
study has demonstrated that estrogen can promote
cell proliferation and increase extracellular matrix
expression of axial and appendicular growth plate
chondrocytes  during postnatal development,
especially type II collagen expression. Although our
study showed that estrogen treatment had different
influences on type II and Type X collagen expression
in the growth plate, we speculated that estrogen
might upregulate type X collagen expression for a
long period. Experiments with the condylar cartilage
of the rat mandible showed that estrogen has the
ability to lead to a decrease in extracellular matrix in
organ culture [30], while estrogen downregulation
could produce an acceleration of type II collagen
degradation in articular cartilage in ovariectomized
rats [31]. Estrogen could stimulate the maturation of
growth plate chondrocytes and promote the
production of type X collagen [15]. Nevertheless, the
effect of estrogen on type II and type X collagens
expression remains controversial.

The different levels of estrogen we selected
based on the previous research [15, 32, 33].
Physiologic concentrations of estrogen without serum
appeared to have no effect on chondrocyte
proliferation, or viability. Claassen et al. [34] also
reported that incubation with physiological dose of
estradiol alone did not significantly influence collagen
I synthesis in their study of cow chondrocytes. In the
current study, estrogen with concentrations
increasing from 0 to 10¢® M has induced a
dose-dependent change with parabolic curve in the
levels of type II collagen. Interestingly, estrogen at a
pharmacological concentration (107 M) is able to
promote the maximal changes of type II collagen.

The data concerning the inhibitor of estrogen
receptors in the present study showed that estrogen
treatment had distinct effects on type II collagen gene
expression in endochondral ossification via ERa, but
not ERP. Previous studies have reported that ERa
mediated important effects of estrogen in the skeleton
of male mice during growth and maturation [35].
Additionally, ERp might counteract the stimulatory
action of ERa on bone formation in mice [36].
However, the inhibitory phenomenon was not
detected after adding the inhibitor of ERp in this
study, which suggest that ERB may be not important
for bone growth during postnatal stage before
puberty. Ikeda et al. [37] suggested that ERa is a
critical regulator of chondrocyte proliferation and
maturation during skeletal development, mediating
longitudinal bone growth in vivo. Besides, Bord et al.
[38] also suggested that ERa is evident in cortical bone
and ERp is the dominant form in cancellous bone in
neonatal period. ERP is capable of inhibiting

ERa-activated transcription from estrogen response
elements at low levels of estrogen. In contrast, at high
levels of a ligand, ERP does not inhibit ERa action and
it induces its own transcription [39]. Therefore, ERp at
different concentrations of estrogen may result in
different effects. Chagin et al. [9] observed a
differential effect between ERa and P on the growth
plate, postulating that ERp is possibly more important
in regulating female epiphyseal fusion. In the ERP
knockout mice, it has been reported that adult females
exhibit changes in cortical bone, whereas prepubertal
and male mice are uninfluenced [40]. Windahl et al.
[36] suggested that ERB was involved in both the
regulation and maintenance of cancellous bone in
female mice, whereas Sims et al. [41] postulated that
ERa was required for normal cortical bone growth in
males, although in females ERP could compensate for
the loss of ERa. As discussed above, the reported
ability of ER{ for bone growth adds complexity to the
interpretation of these experiments and the “yin
yang” relationship between them should be studied
and confirmed further.

Based on our data, the appendicular growth
plate chondrocytes were more prone to increasing the
production of type II collagen compared with axial
chondrocytes following the estrogen treatment. Li et
al. [7] found spatial expression differences of ERa and
B protein were detected during all observed
developing stages in both spine and limb growth
plate. Moreover, Vidal et al. [8] reported the
decreased length of appendicular skeleton with
approximately normal axial skeleton in the female
mice with inactivated ERa, which also indicate that
the effect of ERa on the regulation of the growth plate
of limb and spine seems to be region-specific. Along
with the indirect effects of estrogen on skeletal growth
via modulation of the growth hormone/insulin-like
growth factor 1 (GH/IGF-I) axis, other effects may be
direct [1, 42]. This should be considered as a
significant part of skeletal development, because
further mechanism may facilitate the understanding
of region-specific development. This study may
provide in vitro evidence that appendicular-growth
plate chondrocytes may be more sensitive to estrogen
treatment directly than the axial chondrocytes in the
early life.

Regulation of bone growth by estrogen is
complicated. Estrogen at a pharmacological
concentration (107 M) could stimulate the maximal
production of type II collagen in the growth plate
chondrocytes in vitro, which exerts its activity mainly
through ERa in chondrogenesis. Furthermore, the
limb growth plate chondrocytes were more sensitive
to the estradiol treatment than those of spine in the
chondrogenesis. The action mechanisms on the

http://www.ijbs.com
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different response of limb and spine growth plate
chondrocytes to estrogen and its receptors should be
further studied.

Abbreviations

ER: estrogen receptor; LGP: limb growth plate;
SGP: spine growth plate; FBS: fetal bovine serum;
DMEM/F12: Dulbecco’s modified Eagle’s medium
and Ham’s F-12 medium; MPP: methyl-piperidino-
pyrazole; PHTPP: 4-[2-phenyl-5,7-bis
(tri-fluoro-methyl) pyrazolo [1,5-a] pyrimidin-3-yl]
phenol; DMSO: dimethyl sulfoxide; Col: Collagen;
PBS: phosphate-buffered saline; CCK-8: Cell Counting
Kit-8.

Acknowledgements

This study was supported by the National
Natural Science Foundation of China (81270027,
81271941, 30901508). Also thanks for Dr. Bo Yu for
giving technical advice and support.

Competing Interests

None of the authors has any conflicts of interest
to declare.

References

1. Borjesson AE, Lagerquist MK, Windahl SH, Ohlsson C. The role of estrogen
receptor alpha in the regulation of bone and growth plate cartilage. Cellular
and molecular life sciences : CMLS. 2013;70(21):4023-37.

2. WuM, Li YP, Zhu G, et al. Chondrocyte-specific knockout of Cbfbeta reveals
the indispensable function of Cbfbeta in chondrocyte maturation, growth plate
development and trabecular bone formation in mice. International journal of
biological sciences. 2014;10(8):861-72.

3. ELL, Xu WH, Feng L, et al. Estrogen enhances the bone regeneration potential
of periodontal ligament stem cells derived from osteoporotic rats and seeded
on nano-hydroxyapatite/collagen/poly(L-lactide). International journal of
molecular medicine. 2016;37(6):1475-86.

4. Nilsson O, Chrysis D, Pajulo O, et al. Localization of estrogen receptors-alpha
and -beta and androgen receptor in the human growth plate at different
pubertal stages. The Journal of endocrinology. 2003;177(2):319-26.

5. KusecV, Virdi AS, Prince R, Triffitt JT. Localization of estrogen receptor-alpha
in human and rabbit skeletal tissues. The Journal of clinical endocrinology and
metabolism. 1998;83(7):2421-8.

6. Song XX, Yu Y], Li XF, Liu ZD, Yu BW, Guo Z. Estrogen receptor expression in
lumbar intervertebral disc of the elderly: gender- and degeneration
degree-related variations. Joint, bone, spine : revue du rhumatisme.
2014;81(3):250-3.

7. Li XF, Wang S]J, Jiang LS, Dai LY. Gender- and region-specific variations of
estrogen receptor alpha and beta expression in the growth plate of spine and
limb during development and adulthood. Histochemistry and cell biology.
2012;137(1):79-95.

8. Vidal O, Lindberg M, Savendahl L, et al. Disproportional body growth in
female estrogen receptor-alpha-inactivated mice. Biochemical and biophysical
research communications. 1999,265(2):569-71.

9.  Chagin AS, Lindberg MK, Andersson N, et al. Estrogen receptor-beta inhibits
skeletal growth and has the capacity to mediate growth plate fusion in female
mice. Journal of bone and mineral research : the official journal of the
American Society for Bone and Mineral Research. 2004;19(1):72-7.

10. Lindberg MK, Alatalo SL, Halleen JM, Mohan S, Gustafsson JA, Ohlsson C.
Estrogen receptor specificity in the regulation of the skeleton in female mice.
The Journal of endocrinology. 2001;171(2):229-36.

11. Chagin AS, Savendahl L. Oestrogen receptors and linear bone growth. Acta
paediatrica. 2007;96(9):1275-9.

12. Shrestha S, Sun Y, Lufkin T, et al. Tetratricopeptide repeat domain 9A
negatively regulates estrogen receptor alpha activity. International journal of
biological sciences. 2015;11(4):434-47.

13. Zhou ], Zhang YY, Li QY, Cai ZH. Evolutionary History of Cathepsin L
(L-like) Family Genes in Vertebrates. International journal of biological
sciences. 2015;11(9):1016-25.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nasatzky E, Schwartz Z, Boyan BD, Soskolne WA, Ornoy A. Sex-dependent
effects of 17-beta-estradiol on chondrocyte differentiation in culture. Journal of
cellular physiology. 1993;154(2):359-67.

Rodd C, Jourdain N, Alini M. Action of estradiol on epiphyseal growth plate
chondrocytes. Calcified tissue international. 2004;75(3):214-24.

Sun Z, Luo B, Liu ZH, et al. Adipose-derived stromal cells protect
intervertebral disc cells in compression: implications for stem cell regenerative
disc therapy. International journal of biological sciences. 2015;11(2):133-43.
Wei ZF, Lv Q, Xia Y, et al. Norisoboldine, an Anti-Arthritis Alkaloid Isolated
from Radix Linderae, Attenuates Osteoclast Differentiation and Inflammatory
Bone Erosion in an Aryl Hydrocarbon Receptor-Dependent Manner.
International journal of biological sciences. 2015;11(9):1113-26.

Ma G, Wang Y, Li Y, et al. MiR-206, a key modulator of skeletal muscle
development and disease. International journal of biological sciences.
2015;11(3):345-52.

Wu M, Yang G, Chen Y, et al. CEP2 attenuates myoblast differentiation but
does not affect proliferation. International journal of biological sciences.
2015;11(1):99-108.

Riordan NH, Madrigal M, Reneau J, et al. Scalable efficient expansion of
mesenchymal stem cells in xeno free media using commercially available
reagents. Journal of translational medicine. 2015;13:232.

Zscharnack M, Krause C, Aust G, et al. Preclinical good laboratory
practice-compliant safety study to evaluate biodistribution and tumorigenicity
of a cartilage advanced therapy medicinal product (ATMP). Journal of
translational medicine. 2015;13:160.

Chen JL, Duan L, Zhu W, Xiong J, Wang D. Extracellular matrix production in
vitro in cartilage tissue engineering. Journal of translational medicine.
2014;12:88.

Kehoe O, Cartwright A, Askari A, El Haj AJ, Middleton J. Intra-articular
injection of mesenchymal stem cells leads to reduced inflammation and
cartilage damage in murine antigen-induced arthritis. Journal of translational
medicine. 2014;12:157.

Fu Y, Guan J, Guo S, et al. Human urine-derived stem cells in combination
with polycaprolactone/gelatin nanofibrous membranes enhance wound
healing by promoting angiogenesis. Journal of translational medicine.
2014;12:274.

Chang SF, Hsieh RZ, Huang KC, et al. Upregulation of Bone Morphogenetic
Protein-2  Synthesis and Consequent Collagen II Expression in
Leptin-stimulated Human Chondrocytes. PloS one. 2015;10(12):e0144252.

Gao J, Roan E, Williams JL. Regional variations in growth plate chondrocyte
deformation as predicted by three-dimensional multi-scale simulations. PloS
one. 2015;10(4):e0124862.

Kung LH, Rajpar MH, Preziosi R, Briggs MD, Boot-Handford RP. Increased
classical endoplasmic reticulum stress is sufficient to reduce chondrocyte
proliferation rate in the growth plate and decrease bone growth. PloS one.
2015;10(2):e0117016.

Ma C, Zhang Y, Li YQ, Chen C, Cai W, Zeng YL. The Role of PPARgamma in
Advanced Glycation End Products-Induced Inflammatory Response in
Human Chondrocytes. PloS one. 2015;10(5):e0125776.

Zhong ZA, Sun W, Chen H, Zhang H, Lane NE, Yao W. Inactivation of the
Progesterone Receptor in Mx1+ Cells Potentiates Osteogenesis in Calvaria but
Not in Long Bone. PloS one. 2015;10(10):e0139490.

Ng MC, Harper RP, Le CT, Wong BS. Effects of estrogen on the condylar
cartilage of the rat mandible in organ culture. Journal of oral and maxillofacial
surgery : official journal of the American Association of Oral and Maxillofacial
Surgeons. 1999;57(7):818-23.

Oestergaard S, Sondergaard BC, Hoegh-Andersen P, et al. Effects of
ovariectomy and estrogen therapy on type II collagen degradation and
structural integrity of articular cartilage in rats: implications of the time of
initiation. Arthritis and rheumatism. 2006;54(8):2441-51.

Wang S], Li XF, Jiang LS, Dai LY. Estrogen stimulates leptin receptor
expression in ATDC5 cells via the estrogen receptor and extracellular
signal-regulated  kinase pathways. The Journal of endocrinology.
2012;213(2):163-72.

Takano H, Aizawa T, Irie T, Itoi E, Kokubun S, Roach HI. Normal bone growth
requires optimal estrogen levels: negative effects of both high and low dose
estrogen on the number of growth plate chondrocytes. The Tohoku journal of
experimental medicine. 2008;214(3):269-80.

Claassen H, Schluter M, Schunke M, Kurz B. Influence of 17beta-estradiol and
insulin on type II collagen and protein synthesis of articular chondrocytes.
Bone. 2006;39(2):310-7.

Vidal O, Lindberg MK, Hollberg K, et al. Estrogen receptor specificity in the
regulation of skeletal growth and maturation in male mice. Proceedings of the
National Academy of Sciences of the United States of America.
2000;97(10):5474-9.

Windahl SH, Hollberg K, Vidal O, Gustafsson JA, Ohlsson C, Andersson G.
Female estrogen receptor beta-/- mice are partially protected against
age-related trabecular bone loss. Journal of bone and mineral research : the
official journal of the American Society for Bone and Mineral Research.
2001;16(8):1388-98.

Ikeda K, Tsukui T, Imazawa Y, Horie-Inoue K, Inoue S. Conditional
expression of constitutively active estrogen receptor alpha in chondrocytes
impairs longitudinal bone growth in mice. Biochemical and biophysical
research communications. 2012;425(4):912-7.

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

109

38.

39.

40.

41.

42,

Bord S, Horner A, Beavan S, Compston J. Estrogen receptors alpha and beta
are differentially expressed in developing human bone. The Journal of clinical
endocrinology and metabolism. 2001;86(5):2309-14.

Hall JM, McDonnell DP. The estrogen receptor beta-isoform (ERbeta) of the
human estrogen receptor modulates ERalpha transcriptional activity and is a
key regulator of the cellular response to estrogens and antiestrogens.
Endocrinology. 1999;140(12):5566-78.

Windahl SH, Vidal O, Andersson G, Gustafsson JA, Ohlsson C. Increased
cortical bone mineral content but unchanged trabecular bone mineral density
in female ERbeta(-/-) mice. The Journal of clinical investigation.
1999;104(7):895-901.

Sims NA, Dupont S, Krust A, et al. Deletion of estrogen receptors reveals a
regulatory role for estrogen receptors-beta in bone remodeling in females but
not in males. Bone. 2002;30(1):18-25.

Juul A. The effects of oestrogens on linear bone growth. Human reproduction
update. 2001;7(3):303-13.

http://www.ijbs.com



