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Endochondral ossification is a complex process involving chondrogenesis and osteogenesis regulated by
many hormones and growth factors. Parathyroid hormone (PTH), one of the key hormones regulating
bone metabolism, promotes osteoblast differentiation and osteogenesis by intermittent administration,
whereas continuous PTH administration inhibits bone formation. However, the effects of PTH on chon-
drocyte proliferation and differentiation are still unclear. In this study, intermittent PTH administration
presented enhanced effects on condylar chondrocyte differentiation and bone formation, as demon-
strated by increased mineral nodule formation and alkaline phosphatase (ALP) activity, up-regulated
runt-related transcription factor 2 (RUNX2), ALP, collagen type X (COL10a1l), collagen type I (COL1al),
osteocalcin (OCN), bone sialoprotein (BSP), bone morphogenetic protein 2 (BMP2) and osterix (OSX)
mRNA and/or protein expression. On the contrary, continuous PTH administration promoted condylar
chondrocyte proliferation and suppressed its differentiation, as demonstrated by up-regulated collagen
type II (COL2a1) mRNA expression, reduced mineral nodule formation and down-regulated expression
of the mRNAs and/or proteins mentioned above. Our data suggest that PTH can regulate condylar chon-
drocyte proliferation and differentiation, depending on the type of PTH administration. These results
provide new insight into the effects of PTH on condylar chondrocytes and new evidence for using local
PTH administration to cure mandibular asymmetry.
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1. Introduction

Condylar cartilage is a special structure in the mandible. It
consists of layers of chondrocytes at the top of the condyle.
Although condylar cartilage persists throughout post-natal life
similar to other articular cartilages, it possesses some unique char-
acteristics. Normal articular cartilage is permanent tissue and
cannot adapt to the changes and stimulations after adolescence
because chondrocytes in normal articular cartilages no longer par-
ticipate in endochondral ossification [1]. However, condylar carti-
lage can grow and remodel to adapt to positional changes or
mechanical stimulations by regenerating chondrogenesis and the
subsequent endochondral ossification [2].

Endochondral ossification is a complex process involving chon-
drocyte proliferation, differentiation and osteogenesis, which is
regulated by many factors such as parathyroid hormone (PTH),
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parathyroid hormone-related peptide (PTHrP), bone morphoge-
netic proteins (BMPs), insulin-like growth factors, Indian hedgehog
and the Wnt family. PTH, an 84 amino acid peptide, is one of the key
factors in controlling bone remodeling. The function of PTH is per-
formed by its cleavage products, which contain at least 31 of the
N-terminal amino acids; PTH 1-34 (teriparatide) is the only bone
anabolic agent approved by the US Food and Drug Administration
(FDA) for osteoporosis treatment [3]. Elevated levels of PTH can
increase bone turnover, by exerting either an anabolic or catabolic
effect on the skeleton depending on the dosage and exposure dura-
tion [4,5]. When PTH is administered intermittently, the anabolic
effect is shown as increased bone mass, density, strength, and
improved bone fracture prognosis. Continuous delivery of PTH, in
contrast, usually causes bone resorption. However, the molecular
mechanism of the above contradictory effects is still not fully
understood.

As an analog of PTH, PTHrP binds on the same receptor with
PTH [6]. Effects of PTHrP on chondrocyte proliferation and differen-
tiation have widely been studied, demonstrating that PTHrP is one
of the important factors regulating the pace of chondrocyte
differentiation and endochondral ossification [7-9]. Chondrocyte
proliferation is promoted when PTHrP is overexpressed, while
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endochondral ossification is enhanced when PTHrP is down-regu-
lated or when the PTH/PTHrP receptor is blocked. However, PTHrP
function in these studies is gained or lost at the genetic level,
which leads to the continuous up- or down-regulation of PTHrP.
It has recently been reported that PTH regulates bone metabolism
by enhancing proliferation and differentiation and by inhibiting
apoptosis of osteoblasts in vivo and in vitro [6,10-12]. In addition,
intermittent PTH administration can stimulate mandibular bone
formation in rats [13]. However, (1) whether PTH administration
affects chondrogenesis during the process of regulating bone
metabolism and (2) what is the effect of PTH on chondrocytes,
especially on condylar chondrocytes, remain to be elucidated.

In this study, primary condylar chondrocytes isolated from new-
born rats were cultured in an osteogenic medium that provided an
endochondral ossification environment [14]. PTH peptide fragment
1-34 (PTH 1-34) was administered intermittently or continuously
to the cultured condylar chondrocytes to test our previous hypoth-
esis [15]. Chondrocyte proliferation-, differentiation- and endo-
chondral ossification-related markers were analyzed to study the
effects of the different methods of PTH administration on condylar
chondrocytes during osteogenic culture.

2. Materials and methods
2.1. Isolation and culture of condylar chondrocytes

All animal protocols were approved by the Animal Care and Use
Committee of the School of Stomatology, Wuhan University. Condy-
lar chondrocytes were isolated from newborn female Sprague-
Dawley (S-D) rats by using the enzymatic digestion method as
previously described [14]. Briefly, condylar cartilage tissue was
carefully dissected under a stereomicroscope from the bone-carti-
lage junction, after the condyles had been harvested from euthana-
tized newborn female S-D rats. Then, these condylar cartilage
tissue samples were digested with 0.2% type Il collagenase (Gibico)
for 4-6 h at 37 °C. The suspension cells were seeded in plastic flasks
or 6-well plates at a density of 5 x 10> cells/cm? in DMEM contain-
ing 10% FBS and 100 pig/mL penicillin/streptomycin and cultured at
37 °C in 5% CO,. The culture medium was changed every two days.
The adherent cells were then verified as chondrocytes by collagen
type Il immunohistochemical staining (data not shown).

2.2. PTH administration

According to the PTH administration methods, condylar chon-
drocytes were divided into three groups: the control group (with-
out PTH administration), the intermittent PTH administration
(I-PTH) group and the continuous PTH administration (C-PTH)
group (Fig. 1A). When the primary cultured condylar chondrocytes
were approximately 80% confluent, the culture medium was chan-
ged to the osteogenic culture medium, which is DMEM containing
10% FBS, 5 mM B-glycerophosphate (Sigma), 50 pig/mL ascorbic acid
(Sigma), 100 nM dexamethasone (Sigma) and 100 pig/mL penicillin/
streptomycin. Thereafter (Day 0), the chondrocytes were stimu-
lated for the first 6 h with (I-PTH group and C-PTH group) or with-
out (Control group) 10nM PTH 1-34 (Sigma). After 6h of
stimulation, the culture medium in the I-PTH group was changed
to osteogenic culture medium without PTH. The PTH administra-
tion cycle was repeated every 48 h as shown in Fig. 1A.

2.3. Mineral nodule detection

Alizarin red S staining was used to detect the mineral nodule
formation in the three groups on day 6 and day 14. Condylar chon-
drocytes cultured in 6-well plates were fixed with 95% alcohol for
30 min after being washed twice with PBS. These cells were then

incubated in 1% alizarin red S staining solution (Sigma) at 37 °C
for 30 min. After removing the staining solution, the excess dye
was rinsed off with distilled water.

2.4. Alkaline phosphatase (ALP) activity assay

After being treated with PTH 1-34 for 6 or 14 days, the condylar
chondrocytes in each group were collected and lysed in M-PER®
Mammalian Protein Extraction Reagent (Thermo Scientific) accord-
ing to the manufacturer’s instructions. The protein concentrations
were then measured with the Pierce® BCA Protein Assay Kit (Thermo
Scientific). ALP activity was analyzed with the same volume (30 puL)
of lysate in each sample by measuring the color changes of
4-p-nitrophenylphosphate (Sigma) in the spectrophotometer at
405 nm. The enzyme activity was normalized based on the protein
concentration of each sample. The specific activity of ALP was calcu-
lated as units/pg protein.

2.5. Western blot analysis

The protein samples from different groups containing 40 pug
total proteins were used for the Western blot analysis. The samples
were separated by 10-15% SDS-PAGE. These proteins were then
transferred to polyvinylidene difluoride (PVDF, Millipore) mem-
branes. After blocking with 5% non-fat milk, the PVDF membranes
were incubated with primary antibodies in a TBS buffer overnight
at 4 °C. These primary antibodies were against runt-related tran-
scription factor 2 (RUNX2), bone sialoprotein (BSP) and BMP2
(Santa Cruz). On the following day, PVDF membranes were incu-
bated with appropriate secondary antibodies for 1 h at room tem-
perature. After the membranes had been soaked in an enhanced
chemiluminescence reagent (Thermo Scientific) for 5 min, the blots
were visualized using X-ray films. All the blots were quantified by
densitometry using Quantity One® software (Bio-Rad), and the
relative protein expression levels were normalized to B-actin.

2.6. Real-time PCR analysis

The total RNA in each group was extracted using the TRIzol re-
agent (Invitrogen), and total RNA was extracted following the man-
ufacturer’s recommended protocol. One microgram of RNA was
subjected to reverse transcription using the ReverTra Ace-o-First
strand cDNA Kit (TOYOBO) to synthesize cDNA. The obtained cDNA
was then amplified via real-time PCR using an ABI 7500 Real-time
PCR System (Applied Biosystems) and SYBR® Green Realtime PCR
Master Mix (TOYOBO). The primers used for real-time PCR are listed
in Table 1, in which glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene. Quantification of
the relative expression levels of these target genes was achieved
by normalizing to GAPDH using the AACt method.

2.7. Statistical analysis

All the above experiments were repeated at least three times
independently. All the data was presented as mean * SD. Statistical
significance among the groups was assessed with one-way ANOVA
using SPSS software 16.0. The level of significance was P < 0.05.

3. Results

3.1. Effects of different PTH administration methods on mineral nodule
formation in condylar chondrocytes during osteogenic culture

To investigate the effects of intermittent or continuous PTH
administration on mineral nodule formation in condylar chondro-
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Fig. 1. Diagram of the PTH administration methods (A) and effects of the different PTH administration methods on mineral nodule formation (B) and ALP activity (C and D) in
condylar chondrocyte cultured in osteogenic medium on day 6 and day 14. *P < 0.05 when PTH administration groups were compared to the control group, *P < 0.05 when the I-

PTH group was compared to the C-PTH group.

Table 1
Primers used for real-time PCR.

Gene Sense primers (5'-3') Anti-sense primers (5'-3")
GAPDH AGACAGCCGCATCTTCTTGT TGATGGCAACAATGTCCACT
RUNX2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT
ALP GACATGCAGTATGAGTTGAAT TCAATCCTGCCTCCTTCCACTA
COL2a1 GCGAGAGAGGACGGACTG CGAGAACCTTGAGCACCTTC
COL10a1 TCCTGTCAAGCTCATCCTAAT CGGAGTGCACTTTAGAAAGC
COL1a1 ATCACCAGACGCAGAAGTCA CCATAGGACATCTGGGAAGC
OCN ATCACCAGACGCAGAAGTCA GAGCTCACACACCTCCCTGT
BMP2 ATCACGAAGAAGCCATCGAG TGTTCCCGAAAAATCTGGAG
0OSX CACTGGCTCCTGGTTCTCTC GGACTGGAGCCATAGTGAGC

cytes during osteogenic culture, alizarin red S staining was per-
formed on day 6 and day 14. The mineral nodules were stained red
as shown in Fig. 1B. More mineral nodules were formed in the
[-PTH group than in the C-PTH and control groups. On the other
hand, fewer mineral nodules were found in the C-PTH group than
in the control group (Fig. 1B). These results confirmed our previous
hypothesis that different PTH administration methods might dem-
onstrate opposing PTH functions during condylar endochondral
ossification [15].

3.2. Effects of different PTH administration methods on ALP activity
and endochondral ossification-related protein expression in condylar
chondrocytes

Because different PTH administration methods had different
abilities to induce mineral nodule formation in condylar chondro-
cytes during osteogenic culture, we investigated whether different
PTH administration also altered ALP activity and endochondral ossi-
fication-related protein expression among the three groups. On day
6, ALP activity in the I-PTH and control groups was significantly

higher than that of the C-PTH group, while no significant difference
was observed between the I-PTH and control groups (Fig. 1C). ALP
activity in the [-PTH group was the highest among the three groups
on day 14 (Fig. 1D).

Expression profiles of the chondrocyte differentiation- and bone
formation-related proteins, RUNX2, BSP and BMP2, are illustrated
in Fig. 2. The expression level of RUNX2 was remarkably higher
in the I-PTH group than that in the C-PTH and control groups. In
addition, the RUNX2 expression level in the C-PTH group was sig-
nificantly lower than that in the control group. The expression lev-
els of BSP and BMP2 in the I-PTH group were highest among the
three groups. Furthermore, BSP expression level in the C-PTH
group was lower, while BMP2 expression level was higher than
in the control group.

3.3. Effects of different PTH administration methods on chondrocyte
proliferation-, differentiation- and bone formation-related gene mRNA
expression in condylar chondrocytes

To analyze the effects of the different PTH administration meth-
ods on condylar chondrocyte proliferation and differentiation, the
mRNA expression levels of the chondrocyte proliferation marker
collagen type II (COL2a1) and the differentiation marker collagen
type X (COL10a1) were detected by real-time PCR. The findings
indicated that COL2al mRNA expression in the I-PTH and control
groups was significantly down-regulated compared to that in the
C-PTH group on day 2 and day 6, whereas COL10a1l mRNA expres-
sion in the C-PTH group was obviously down-regulated compared
to the I-PTH and control groups (Fig. 3A and B). As typical bone for-
mation and chondrocyte terminal differentiation regulators, mRNA
levels of RUNX2 and ALP were significantly up-regulated in the
[-PTH group compared to the other two groups on both day 2 and
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day 6. Meanwhile, mRNA levels of RUNX2 and ALP in the C-PTH
group were the lowest among the three groups (Fig. 3C and D).
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Fig. 4. Effects of different PTH administration methods on the mRNA levels of chondrocyte late stage differentiation- and ossification-related markers on day 2 and day 6.
*P<0.05 when PTH administration groups were compared to the control group, #*P < 0.05 when the I-PTH group was compared to the C-PTH group.

tion and ossification, other chondrocyte differentiation and ossifica-
tion markers, including BMP2, COL1a, OCN and OSX mRNA expres-
sion were measured. The mRNA levels of these genes in the [-PTH
group were significantly up-regulated compared to the C-PTH and
control groups after 6 days of PTH administration. On the contrary,
the expression levels of these mRNA in C-PTH were down-regulated
compared to the I-PTH and control groups (Fig. 4).

4. Discussion

Condylar cartilage plays an important role in the development
and remodeling processes of the mandible, in which endochondral
ossification is the main way that bone tissue is formed during the
post-natal period. The effects of different PTH administration meth-
ods on osteogenic cells have widely been studied, and many reports
on the roles of PTHrP or PTH/PTHrP receptor on chondrocyte prolif-
eration and differentiation have been published [6-9]. However,
there have been few reports on the effects of intermittent or contin-
uous PTH administration on chondrocytes. Previous studies have
suggested that using 10nM PTH 1-34 in the first 6-h period
(intermittent administration) or throughout the period of each
48 h (continuous administration) should be the ideal methods for
studying the influence of PTH on osteoblastic differentiation and
bone formation [10,16]. Furthermore, the chondrocyte is another
important cell type in endochondral ossification besides the osteo-
blast. Therefore, for the first time in this study, we treated the
primary cultured condylar chondrocytes with intermittent or con-

tinuous PTH 1-34 administration to analyze the effects of PTH on
condylar chondrocyte proliferation, differentiation and endochon-
dral ossification in vitro.

Mineral nodule formation is one of the signs of bone formation in
the cell culture system in vitro. In our study, mineral nodules were
detected in the three groups, which proved that osteogenic culture
medium could provide an environment for ossification in condylar
chondrocytes cultured in vitro. The results of mineral nodule forma-
tion indicated that PTH affected the ossification of condylar chon-
drocytes in osteogenic conditions, depending on the manner of
administration. Previous studies have reported that overexpression
of PTHrP or the PTH/PTHrP receptor in chondrocytes enhances their
proliferation and delays differentiation [6-9,17]. These effects of
PTHrP or PTH/PTHrP receptor overexpression on chondrocytes are
similar to the characteristics of the C-PTH group in our study. There-
fore, it can be inferred that the lowest frequency mineral nodule
formation in the C-PTH group is due to a higher proportion of chon-
drocytes staying in the proliferation stage than the differentiation
stage.

During the process of chondrocyte differentiation and ossifica-
tion, many factors are synthesized by the hypertrophic chondro-
cyte. ALP is one of the most important factors synthesized by the
hypertrophic chondrocyte at the late stage of differentiation and
the following ossification process. Under the effect of ALP, endo-
chondral ossification starts from mineralized cartilage matrix [2].
In ALP knockout mice, chondrocytes in growth cartilage fail to
undergo terminal hypertrophy because the effect of promoting
mineralization is blocked [18]. In our study, ALP activity and ALP
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mRNA expression in the I-PTH and C-PTH groups were opposite.
This means that different PTH administration method differently
regulates condylar chondrocyte differentiation.

Chondrocyte proliferation and differentiation are also regulated
by BMPs. It is reported that BMP2 can stimulate bone formation by
enhancing both chondrocyte proliferation and endochondral ossifi-
cation [19,20]. BMP2 knockout mice exhibit severe disorganization
of chondrocytes in the growth plate and severe bone defects [21].
In our study, both BMP2 mRNA and protein expression levels in the
C-PTH group were higher than the control group, which could be
explained by the continuous PTH administration promoting condy-
lar chondrocyte proliferation. This explanation is supported by the
data on mRNA expression of the chondrocyte-specific markers
COL2a1l and COL10al in our study. COL2al is highly expressed in
proliferating chondrocytes, while COL10a1 is especially expressed
in differentiated chondrocytes [22]. In our study, COL2al mRNA
expression was up-regulated in the C-PTH group, and COL10al
expression was higher in the I-PTH than the C-PTH group. More-
over, previous reports have noted that continuous PTH enhances
chondrocyte proliferation while suppressing the late stage matura-
tion [23,24]. We can propose that intermittent PTH administration
stimulates condylar chondrocyte differentiation, while continuous
PTH administration enhances condylar chondrocyte proliferation
and inhibits its differentiation.

RUNX2 is involved in endochondral ossification as a well-known
osteo-/chondrogenic differentiation and bone formation regulator
[18]. It has been reported that chondrocyte maturation is delayed
and bone formation is inhibited when the RUNX2 gene is
knocked-out or blocked by RNAi technology, implying that RUNX2
is essential for endochondral ossification [8,25]. However, the im-
pact of PTH or PTHrP on RUNX2 expression in chondrocytes is not
well illustrated. It is reported that PTHrP suppresses RUNX2 mRNA
expression in chick sternal chondrocytes in a continuous PTHrP
treatment model [9]. Nonetheless, in our study, RUNX2 expression
in condylar chondrocytes was up-regulated in the I-PTH group,
both at the transcription level and the translation level, while
down-regulated in the C-PTH group. These results suggest that
PTH regulates condylar chondrocyte differentiation and bone for-
mation, but depending on the pattern of administration.

In this study, BSP, COL1a, OCN and OSX, which are expressed in
chondrocytes at the late stage of differentiation and the duration of
endochondral ossification, were studied to further verify the effects
of PTH on chondrocyte differentiation and endochondral ossifica-
tion. Previous studies have reported that PTH treatment can stimu-
late these genes expression to enhance bone formation in
osteogenic cell lines [10,11,26]. In our study, the results of these
markers at the mRNA and/or protein synthesis levels further proved
our inferences, which is different PTH administration with different
effects on condylar chondrocyte differentiation and endochondral
ossification.

Another potential explanation for the discrepancies observed
between our study and other previous studies could be ascribed
to the different culture conditions. Cell culture conditions can
influence the effects of PTH as shown in Yang et al.’s report, in
which they found that the same PTH administration method could
lead to different results in two different culture media [16]. The
previous studies investigating the effects of PTH or PTHrP on chon-
drocytes were rarely performed in an osteogenic culture medium,
which could provide an environment to induce endochondral ossi-
fication demonstrated by both the previous study and our results
[14]. In our study, condylar chondrocytes were cultured in osteo-
genic medium when treated by PTH. Apparently, distinctive results
were observed between the two different PTH administration
groups, thus demonstrating our hypothesis [15].

In conclusion, the present study elaborates the effects of
intermittent or continuous PTH administration on condylar

chondrocyte proliferation and differentiation in an osteogenic
condition in vitro. Intermittent PTH administration promoted
condylar chondrocyte differentiation and endochondral ossifica-
tion, whereas continuous PTH administration enhanced condylar
chondrocyte proliferation and suppressed simultaneously condylar
chondrocyte differentiation. This study provides an insight into the
effects of PTH administration on chondrocytes and supports the
local administration of PTH 1-34 for the treatment of mandibular
asymmetry.
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