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Abstract Periodontal ligament (PDL) cells exhibit several
osteoblastic traits and are parathyroid hormone (PTH)-
responsive providing evidence for a role of these cells in
dental hard-tissue repair. To examine the hypothesis that
PDL cells respond to PTH stimulation with changes in
proliferation and apoptotic signaling through independent
but convergent signaling pathways, PDL cells were
cultured from human bicuspids obtained from six patients.
PDL cells at different states of maturation were challenged
with PTH(1–34) intermittently for 0, 1, or 24 h/cycle or
exposed continuously. Specific inhibitors to protein kinases
A and C (PKA, PKC) and the mitogen-activated protein
kinase cascade (MAPK) were employed. At harvest, the
cell number, BrdU incorporation, and DNA fragmentation
were determined by means of cell counting and immu-
noassays. Intermittent PTH(1–34) caused a significant
increase in cell number in confluent cells as opposed to a
reduction in pre-confluent cells. In confluent cells, the effect
resulted from a significant increase in proliferation, whereas
DNA fragmentation was reduced when PTH(1–34) was
administered for 1 h/cycle but increased after PTH(1–34) for
24 h/cycle. Inhibition of PKC inhibited PTH(1–34)-induced
proliferation but enhanced apoptosis. Inhibition of PKA
enhanced proliferation and DNA fragmentation. Similar
results were obtained in less mature cells, although, in the
presence of the PKA inhibitor, the PTH(1–34)-induced

changes were more pronounced than in confluent cells. In
the presence of the MAPK inhibitor, all of the parameters
examined were reduced significantly in both maturation
states. Thus, PTH(1–34) mediates proliferative and apoptotic
signaling in human PDL cells in a maturation-state-dependent
manner via PKC-dependent and PKA-dependent pathways.
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Introduction

Tooth root resorption is a common side effect of ortho-
dontic tooth movement. Although reparative cementum
formation occurs occasionally, the underlying mechanisms
at the cellular level remain to be elucidated. There is
evidence that periodontal ligament (PDL) cells might be
involved in the regulation of dental hard-tissue repair since
they have been shown to exhibit several osteoblastic traits
(Chou et al. 2002) indicating that they have the potential to
differentiate into osteoblasts or cementoblasts (Basdra and
Komposch 1997). Previously, PDL cells have been
reported to respond to stimulation with parathyroid
hormone (PTH) in an osteoblast-like manner with respect
to differentiation and local factor production (Nohutcu et
al. 1995; Ouyang et al. 2000; Lossdörfer et al. 2005). In
several in vitro and in vivo model systems, intermittent low
doses of PTH have been demonstrated to lead to an
increase of skeletal mass as a result of accelerated bone
formation (Yang et al. 1997; Iida-Klein et al. 2002) as
opposed to a loss of bone through the stimulation of
resorption in response to continuous administration (Lee
and Lorenzo 1999). At the cellular level, increased
numbers of osteoblasts have been observed following
intermittent PTH(1–34) administration; this has been
attributed, in part, to the stimulation of the proliferation
of osteoblast precursor cells and to the prolonged survival
of mature osteoblasts caused by the anti-apoptotic effect of
an intermittent PTH(1–34) treatment regimen. The latter
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possibility is thought to be the predominant mechanism as
supported by an increasing mass of literature pointing at
prolonged cell survival via the inhibition of apoptosis in
newly differentiated osteoprogenitor cells, as suggested by
Jilka et al. (1999). The reported effects of PTH on
apoptosis appear to be dependent upon the cell culture
model (Zerega et al. 1999; Turner et al. 2000) and the
differentiation state of the cells (Chen et al. 2002). PTH has
been found to be anti-apoptotic in pre-confluent mesen-
chymal cells as opposed to its pro-apoptotic effects in more
differentiated post-confluent cells (Chen et al. 2002). The
interaction of PTH with its receptor activates several
downstream signaling pathways in osteoblasts; this may, in
part, account for the dual functionality of PTH. The
predominant pathway seems to be the Gs-coupled activa-
tion of adenylate cyclase, resulting in increased cAMP and
the activation of protein kinase A (PKA; Partridge et al.
1981). PTH also initiates Gq-coupled signaling, leading to
activation of phospholipase C and the hydrolysis of
phosphatidylinositol bisphosphate to inositol triphosphate
and diacylglycerol, which in turn results in enhanced
protein kinase C (PKC) activity (Babich et al. 1991;
Civitelli et al. 1998). Whereas increases in proliferation in
response to PTH at low concentrations have been linked to
the PTH-dependent activation of PKC culminating in
enhanced extracellular signal-regulated kinase signaling
(Cole 1999; Swarthout et al. 2001), the growth arrest of
UMR 106-01 cells as a consequence of continuous PTH
administration has been attributed to the activation of the
PKA pathway (Onishi and Hruska 1997). Other groups
have found PKA activation to inhibit mitogen-activated
protein kinase (MAPK) and proliferation, whereas the
stimulation of ERK1/2 and proliferation by PTH has been
demonstrated to be PKC-dependent in osteoblasts and
kidney cells (Cole 1999; Swarthout et al. 2001).

The rationale for the present investigation has been to
examine further the potential role of human PDL cells in
the regulation of periodontal repair processes and to clarify
whether human PDL cells respond to PTH(1–34) with
changes in cell number as a result of altered proliferation
and/or modified apoptotic signaling. The elucidation of the
response of PDL cells to PTH stimulation, with special
attention being directed to the intracellular signal trans-
duction pathways involved, might improve our under-
standing of the mechanisms underlying periodontal repair
and provide a potentially interesting target to influence, for
example, reparative cementum formation following tooth
root resorption induced by orthodontic tooth movement.
We have hypothesized that PTH(1–34) exerts its effect on
proliferation and apoptosis through independent but
interconnected pathways involving PKC, PKA, and
MAPK/ERK. We have also tested whether the maturation
state of the cells and the mode of PTH(1–34) administra-
tion (pulsatile versus continuous) have an impact on the
cellular response.

Materials and methods

Cell culture and PTH administration

Human periodontal ligament cells were scraped from the
middle third of the roots of premolars of six different
human donors, aged between 12 and 14 years, none of
whom showed clinical signs of periodontitis. The teeth had
been extracted for orthodontic reasons, with informed
parental consent and following an approved protocol of the
ethics committee of the University of Bonn. Prior to
experimental use, the cells were characterized and demon-
strated to express the osteoblastic markers alkaline phos-
phatase and osteocalcin at both the transcriptional and
protein level. The cells from the six donors were not pooled.
Fourth passage cells were plated in 96-well and 24-well plates
(n=6), respectively, such that, at harvest, they either had
reached a pre-confluent (~70%) or confluent state. Cells were
cultured as described previously (Lossdörfer et al. 2006).

Previous experiments in our laboratory had shown no
significant dose-dependence of the PTH effect on PDL
cells (Lossdörfer et al. 2006). Thus, to assess whether PTH
acted differently at different stages of maturation, pre-
confluent and confluent cells were cultured in the presence
of 10−12M PTH(1–34) (Sigma Aldrich, Germany) for 0, 1,
and 24 h within a 48-h incubation cycle. For the remaining
time, experimental media were replaced by tissue culture
media without PTH(1–34). These cycles were carried out
three times resulting in a total experimental period of
6 days. This intermittent treatment regimen was used to
mimic the potentially anabolic effects of PTH. Addition-
ally, cells were subjected to continuous PTH(1–34) chal-
lenge in order to investigate whether the mode of PTH
administration affected the cellular response. In these
cultures, the experimental media were replaced every
2 days to ensure that bioactive PTH(1–34) was continu-
ously present in the culture system. Vehicle-treated cultures
for each treatment group served as controls.

Inhibitor experiments

To examine whether changes in proliferative and apoptotic
signaling in response to PTH(1–34) involved PKA, PKC,
or MAPK, one of the following (Calbiochem, Germany)
was added to the media for the entire experimental period:
the PKC inhibitor RO-32-0432 (1 μM), the PKA inhibitor
H8 (10 μM), or the inhibitor U0126 (20 μM), which
inhibits the immediate upstream activators of MAPK, viz.,
mitogen-activated protein kinase kinase 1 and 2 (MEK1
and MEK2). The inhibitor concentrations used had been
confirmed as being effective in PDL cells in preliminary
experiments (data not shown). Vehicle-treated (ethanol for
PTH(1–34); DMSO for RO-32-0432 and U0126; H2O for
H8) cultures for each treatment group and cells cultured in
the presence of the respective inhibitors but without PTH
(1–34) served as controls.
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Cell number

At harvest, cells were released from the culture surface by
trypsinization for 10 min at 37°C. This reaction was
terminated by the addition of DMEM containing 10% FBS.
Thereafter, the cell suspension was centrifuged, and the cell
pellet was resuspended in 0.9% NaCl. Finally, the cell
number was determined by the use of a cell counter
(Moelab, Hilgen, Germany). Cells harvested in this manner
exhibited >95% viability based on Trypan-blue exclusion.

Proliferation assay

Cell proliferation was determined by measuring 5-bromo-
2-deoxyuridine (BrdU) incorporation into the DNA of
proliferating cells. The incorporation of BrdU into DNA
over a time-period of 4 h was detected by enzyme-linked
immunosorbent assay (ELISA; Roche, Germany). Absor-
bance was read with an ELISA reader at 450 nm and
690 nm as reference wavelengths.

DNA fragmentation assay

Since the biochemical hallmark of apoptosis is the
fragmentation of the genomic DNA (an irreversible event
committing the cell to die and occurring before changes in
plasma membrane permeability), DNA fragmentation in
cell lysates was determined by using a commercially
available kit (Roche, Germany). This assay was based on a
quantitative sandwich-enzyme-immunoassay principle
with mouse monoclonal antibodies directed against DNA
and histones, respectively, allowing the specific determi-
nation of mononucleosomes and oligonucleosomes in the
cytoplasmic fraction of cell lysates. The amount of
nucleosomes retained in the immunocomplex was deter-
mined photometrically with 2,2’-azino-di-(3-ethyl-
benzthiazoline sulfonate as substrate at 405 nm and
490 nm as reference wavelengths.

Fig. 1 Effect of PTH(1–34) treatment on regulation of cell number
(a), proliferation as determined by measuring BrdU-incorporation
(b), and DNA fragmentation as determined by mononucleosomes
and oligonucleosomes in the cytoplasmic fraction of cell lysates in
pre-confluent and confluent PDL cells (c). Cells were either treated
intermittently with 10−12 M PTH(1–34) for 0, 1, or 24 h during three
cycles of 48 h each or were challenged continuously (cont). Vehicle-
treated cultures for each experimental group served as controls
(vehicle). Since control groups did not differ significantly from each
other, only one control per maturation state is presented. At harvest,

cells were counted with a cell counter. Adsorption at the onset of
PTH(1–34) administration (T0) was subtracted from all data
obtained for b, c, and the mean value for the vehicle control at
each maturation stage was set to 100% and served as a reference.
Data were acquired from one of two separate experiments, both
yielding comparable results. Each value is the mean+SEM for six
independent cultures. *P<0.05, experimental group vs. vehicle-
treated control at a particular maturation state; ●P<0.05, experi-
mental group vs. same treatment for 1 h/cycle at a particular
maturation state
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Calculation of results and statistical analysis

From all data obtained, the adsorption at the onset of PTH
(1–34) administration (T0) was subtracted, and the mean
value for the vehicle control at each maturation stage was
set to 100% and served as a reference. For any given
experiment, each data point represented the mean ±SEM of
six independent cultures. Variance and statistical signifi-
cance of data were analyzed by using Bonferroni’s
modification of Student’s t-test. P-values of <0.05 were
considered to be significant. Each set of experiments was
repeated twice and analyzed separately, and both sets of
experiments yielded comparable results. Only one set of
results from the two sets of experiments are presented.

Results

Vehicle-treated cultures for each experimental group at a
particular maturation state did not differ from each other
or from untreated controls significantly and, therefore, in
all of the figures only one vehicle-treated control for
each maturation state is presented. At the beginning of
PTH(1–34) exposure, in pre-confluent PDL cells, the
cell number was 0.04±0.005×105 cells/well, whereas
confluent contained 0.14±0.015×105 cells/well.

Fig. 2 Effect of PKC inhibitor on the regulation of cell number (a),
proliferation as determined by measuring BrdU-incorporation (b),
and DNA fragmentation as determined by mononucleosomes and
oligonucleosomes in the cytoplasmic fraction of cell lysates in pre-
confluent and confluent PDL cells (c). Cells were either cultured with
control media or treated intermittently with 10−12 M PTH(1–34) for 0,
1, or 24 h during three cycles of 48 h each or challenged continuously
(cont). Experimental media were supplemented with the PKC inhibitor
RO-32-0432 (1 μM) for the entire experimental period. Vehicle-treated
cultures served as controls (Control) as did cultures treated with the
inhibitor alone (2nd, 4th bars of Control). Adsorption at the onset of

PTH(1–34) administration (T0) was subtracted from all data obtained,
and the mean value for the vehicle control at each maturation stage was
set to 100% and served as a reference. Data were acquired from one of
two separate experiments, both yielding comparable results. Each value
is the mean+SEM for six independent cultures. *P<0.05, experimental
group vs. control at the same maturation state; #P<0.05, experimental
group vs. PTH(1–34) treated group at the same time point and
maturation state; ●P<0.05, experimental group vs. same treatment for
1 h/cycle at a particular maturation state; $P<0.05, experimental group
vs. same treatment for 24 h/cycle at a particular maturation state
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Effect of PTH(1–34) on cell number, proliferation,
and apoptosis

In pre-confluent cultures, intermittent PTH(1–34) reduced
the cell number significantly, and this effect was further
pronounced when PTH(1–34) was administered continu-
ously. In confluent cultures, intermittent PTH(1–34) for
1 h/cycle and 24 h/cycle induced a significant increase of
the cell number. A similar trend was observed when PTH
(1–34) was administered continuously, although the effect
was less pronounced and not significant (Fig. 1a).

At all maturation states examined, intermittent PTH(1–34)
for 24 h/cycle caused a significant increase in proliferative

activity with the greatest effect in pre-confluent cultures.
PTH(1–34) for 1 h/cycle and continuous exposure had no
effect on proliferation except for confluent cultures in
which continuous PTH(1–34) also enhanced proliferation
(Fig. 1b). With regard to apoptosis, both intermittent PTH
(1–34) for 24 h/cycle and continuous exposure enhanced
DNA fragmentation significantly at all maturation stages
examined. The effect was greater following intermittent
PTH(1–34) as compared with continuous administration.
In confluent cells, PTH(1–34) for 1 h/cycle resulted in a
significant reduction in DNA fragmentation (Fig. 1c).

Fig. 3 Effect of PKA inhibitor on the regulation of cell number (a),
proliferation as determined by measuring BrdU-incorporation (b),
and DNA fragmentation as determined by mononucleosomes and
oligonucleosomes in the cytoplasmic fraction of cell lysates in pre-
confluent and confluent PDL cells (c). Cells were either cultured with
control media or treated intermittently with 10−12 M PTH(1–34) for 0,
1, or 24 h during three cycles of 48 h each or challenged continuously
(cont). Experimental media were supplemented with the PKA inhibitor
H8 (10 μM) for the entire experimental period. Vehicle-treated
cultures served as controls (Control) as did cultures treated with the
inhibitor alone (2nd, 4th bars of Control). Adsorption at the onset of

PTH(1–34) administration (T0) was subtracted from all data
obtained, and the mean value for the vehicle-treated control at
each maturation stage was set to 100% and served as a reference.
Data were acquired from one of two separate experiments, both
yielding comparable results. Each value is the mean+SEM for six
independent cultures. *P<0.05, experimental group vs. control at
a particular maturation state; #P<0.05, experimental group vs.
PTH(1–34) treated group at the same time point and maturation
state; ●P<0.05, experimental group vs. same treatment for 1h/
cycle at a particular maturation state; $P<0.05, experimental group
vs. same treatment for 24 h/cycle at a particular maturation state
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Effect of PKC inhibition

Inhibition of PKC significantly reduced the cell number in
pre-confluent cultures. When pre-confluent cultures were
challenged with PTH(1–34), the induced reduction in cell
number was even more pronounced in the presence of the
PKC inhibitor, regardless of the mode of PTH(1–34)
administration. In more mature cells, inhibition of PKC
itself had no effect on cell number. Mature cultures
challenged with PTH(1–34) in the presence of the PKC
inhibitor exhibited an inhibition of the induced increase in
cell number (Fig. 2a).

The PKC inhibitor alone had no effect on proliferation in
pre-confluent cells, neither did it affect the increase in
proliferative activity in response to intermittent PTH(1–34).

However, when PTH(1–34) was administered continuously,
proliferation was reduced significantly in the presence of the
inhibitor. In confluent cells, BrdU-incorporation was reduced
significantly in the presence of the PKC inhibitor, but the
inhibitor was only weakly effective in reducing the increase in
proliferation following intermittent PTH(1–34) administra-
tion. When cells were exposed to PTH(1–34) continuously,
RO-32-0432 inhibited the induced increase in proliferation
(Fig. 2b). With regard to DNA fragmentation, intermittent
PTH(1–34) exposure of the cells in the presence of the PKC
inhibitor led to a significant enhancement of DNA fragmen-
tation as compared with PTH(1–34) alone, both in pre-
confluent and in confluent cells. The effect of continuous
PTH(1–34) exposure was not altered by inhibition of PKC
(Fig. 2c).

Fig. 4 Effect of MAPK/ERK inhibitor on the regulation of cell
number (a), proliferation as determined by measuring BrdU-
incorporation (b), and DNA fragmentation as determined by
mononucleosomes and oligonucleosomes in the cytoplasmic frac-
tion of cell lysates in pre-confluent and confluent PDL cells (c).
Cells were either cultured with control media or treated intermit-
tently with 10−12 M PTH(1–34) for 0, 1, or 24 h during three cycles
of 48 h each or challenged continuously (cont). Experimental media
were supplemented with the MAPK/ERK inhibitor U0126 (20 μM)
for the entire experimental period. Vehicle-treated cultures served as
controls (Control) as did cultures treated with the inhibitor alone
(2nd, 4th bar of Control). Adsorption at the onset of PTH(1–34)

administration (T0) was subtracted from all data obtained, and the
mean value for the vehicle-treated control at each maturation stage
was set to 100% and served as a reference. Data were acquired from
one of two separate experiments, both yielding comparable results.
Each value is the mean+SEM for six independent cultures. *P<0.05,
experimental group vs. control at a particular maturation state;
#P<0.05, experimental group vs. PTH(1–34) treated group at the
same time point and maturation state; ●P<0.05, experimental group
vs. same treatment for 1 h/cycle at a particular maturation state;
$P<0.05, experimental group vs. same treatment for 24 h/cycle at a
particular maturation state
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Effect of PKA inhibition

Inhibition of PKA for the entire culture period had no effect
on cell number in pre-confluent cells. When the cultures
were challenged with intermittent PTH(1–34) in the
presence of the PKA inhibitor, cell numbers increased
significantly as compared with intermittent PTH(1–34)
treatment alone. In cultures that were continuously exposed
to PTH(1–34), inhibition of PKA resulted in a further
reduction of the cell number as compared with PTH(1–34)
alone. Similar observations were made in confluent
cultures, although the changes in cell number in response
to PTH(1–34) for 1 h/cycle in the presence of the PKA
inhibitor displayed a trend rather than statistical signifi-
cance (Fig. 3a). Inhibition of PKA resulted in an increase of
proliferative activity at all maturation states examined and
further enhanced the increase in proliferation in response to
PTH(1–34), regardless of the mode of its administration.
The effect was most obvious when the cultures were
exposed to PTH(1–34) for 24 h/cycle (Fig. 3b). When the
PKA inhibitor was present throughout the experimental
period, DNA fragmentation was reduced in pre-confluent
and confluent cells (Fig. 3c). Both intermittent PTH(1–34)
for 1 h/cycle or continuous exposure in the presence of the
PKA inhibitor resulted in an increase of DNA fragmenta-
tion as compared with PTH(1–34) alone. In contrast, PTH
(1–34) for 24 h/cycle with simultaneous inhibition of PKA
reduced DNA fragmentation (Fig. 3c).

Effect of MAPK inhibition

Inhibition of MAPK/ERK1/2 resulted in a significant
reduction in cell number, proliferative activity, and DNA
fragmentation at all maturation states examined. When
cells were challenged with PTH(1–34) in the presence of
the ERK1/2 inhibitor, the PTH(1–34)-induced increase in
cell number, proliferation, and apoptosis in pre-confluent
cells was reduced to levels observed in cultures treated with

the inhibitor alone. In confluent cells, the PTH(1–34) effect
was also reduced but not to control levels (Fig. 4a–c).

The results are summarized in Fig. 5, which illustrates
the effect of PTH(1–34) on human periodontal ligament
cells in vitro with respect to cell number, proliferation, and
apoptosis (Fig. 5a) and to the intracellular signal transduc-
tion pathways involved in mediating the cellular response
(Fig. 5b).

Discussion

In this study, pre-confluent and confluent human PDL cells
were employed in order to determine the cellular response
to PTH(1–34) and the pathways involved. As one specific
aim, we sought to elucidate the impact of the maturation
state of the cells on the cellular response. Previously, we
demonstrated that the degree of confluence of PDL cells
was correlated with the expression of differentiation
markers as evidenced by lower levels of alkaline phospha-
tase specific activity and osteocalcin expression in pre-
confluent cells as opposed to higher levels in confluent
cells (Lossdörfer et al. 2006). Thus, we consider it justified
to regard pre-confluent cells as being less mature and
confluent cells as being more mature. The term “pre-
confluent” will therefore be used synonymously with “less
mature”, and “confluent” as equivalent to “more mature”,
throughout the following discussion of the results.

Role of intermittent PTH(1–34) in mediating changes
in cell number, proliferation, and apoptosis

Our in vitro data show that PTH(1–34) modulates the cell
number of human PDL cells as a result of altered
proliferative and apoptotic signaling in a maturation-
stage-dependent manner. Previous studies have demon-
strated that low-dose PTH exposure results in increased
proliferation of osteoprogenitor cells (Nakajima et al.
2002). This is in agreement with our observations of

Fig. 5 Representation of the
effect of intermittent exposure
of human PDL cells to PTH(1–
34) in vitro with respect to cell
number, proliferation, and ap-
optosis (a) with special consid-
eration of the intracellular signal
transduction pathways (b) in-
volved (blue circles with +
stimulation of a particular pa-
rameter in pre-confluent PDL
cells, blue circles with − inhi-
bition of a particular parameter
in pre-confluent PDL cells, red
circles with + stimulation of a
particular parameter in confluent
PDL cells, red circles with −
inhibition of a particular pa-
rameter in confluent PDL cells)
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enhanced cell numbers as a result of enhanced proliferation
together with reduced apoptosis following intermittent
PTH(1–34) for 1 h/cycle and enhanced DNA fragmenta-
tion after PTH(1–34) for 24 h/cycle in confluent PDL cell
cultures. Thus, PTH(1–34) might shift the balance between
proliferation and apoptosis resulting in a dominance of
mitosis over apoptosis, in turn leading to increased cell
numbers in more mature cells. In less mature cells, similar
changes in proliferation and apoptosis have been observed
in response to PTH(1–34), although they are less
pronounced in magnitude, resulting in a net decrease in
cell number. In these pre-confluent cultures, PTH(1–34)
might alter the ratio of proliferation over apoptosis in favor
of DNA fragmentation. The simultaneous increase in
proliferation and apoptosis at both maturation stages is not
surprising, since proliferation has been found to be
inevitably associated with apoptosis through the actions
of tumor suppressor genes, such as p53, which controls key
stages of the cell cycle to ensure that cells in which DNA
becomes significantly flawed are eliminated through cell
death (Evan and Littlewood 1998; Sheikh and Fornance
2000). Based on the data obtained in this study, the reason
less mature PDL cells are apparently more susceptible to
death signals than more mature cultures remains a matter of
speculation. Since the ratio of the amount of anti-apoptotic
to pro-apoptotic members of the Bcl-2 family expressed by
cells has been found to determine their ability to resist
death signals (Scorrano et al. 2003), one might hypothesize
that less mature PDL cells express a smaller amount of anti-
apoptotic survival genes. The PTH(1–34)-induced de-
crease in cell number in pre-confluent cells is accompanied
by increased alkaline phosphatase specific activity and
osteocalcin production (Lossdörfer et al. 2005, 2006), and
therefore, the inhibition of proliferation has to be
interpreted in the light of a simultaneous enhancement of
differentiation.

Role of PKC, PKA, and MAPK/ERK in mediating
PTH(1–34)-induced changes in proliferation

The present data also provide insight into the mechanisms
involved in regulating the cell number of PDL cells. The
PKC inhibitor RO-32-0432 decreases the cell number of
pre-confluent cells and has no effect on this parameter in
more mature cells. When PDL cells are challenged with
intermittent PTH(1–34) in the presence of the PKC
inhibitor, the cell number is further reduced in pre-
confluent cells and in confluent cells as compared with
treatment with the inhibitor alone. Thus, the PTH(1–34)-
induced increase in cell number is inhibited. Similar
observations have been made when BrdU incorporation is
measured: the mitogenic activity of PTH(1–34) is reduced
when PKC is inhibited. These results indicate that inter-
mittent PTH(1–34) affects proliferative signaling of PDL
cells through a PKC-dependent pathway, as PKC activity is
necessary for pro-proliferative signaling. This finding is
corroborated by several reports from other groups. Sömjen
et al. (1987) have shown that the mitogenic activity of PTH

can be mimicked by a variety of PKC activators. The same
authors have subsequently demonstrated that fragments
lacking the adenyl-cyclase-activating domain but retaining
the PKC-activating domain can still stimulate the prolif-
eration of rat osteoblastic cells (Sömjen et al. 1990).
Further support comes from data presented by Sabatini et
al. (1996) who have found that stimulation of PKC by
phorbol 12-myristate-13-acetate results in enhanced pro-
liferation of mouse calvaria cells. Additionally, the stim-
ulation of ERK1/2 and proliferation by PTH has been
demonstrated to be PKC-dependent in osteoblasts and
kidney cells (Cole 1999; Swarthout et al. 2001). Interest-
ingly, the PTH effect on proliferation seems to vary with
the cell type studied, since PTH stimulates the proliferation
of bone cells (MacDonald et al. 1996; Scutt et al. 1994),
chondrocytes (Koike et al. 1990), and hypercalcemic
carcinoma cells (Benitez-Verguizas and Esbrit 1994),
whereas it inhibits the proliferation of keratinocytes (Kaiser
et al. 1992) and lymphocytes (Adachi et al. 1990). Since
the PDL cells employed in this study exhibit several
osteoblastic traits, they respond to intermittent PTH(1–34)
in an osteoblast-like manner with an increased prolifera-
tion; this increase is dependent on PKC signaling.

In contrast to the effect of inhibiting PKC, inhibition of
PKA with H8 results in an increase in cell number at both
maturation states examined. This observation is paralleled
by an enhancement of proliferation following the inhibition
of PKA. When cells are exposed to intermittent PTH(1–34)
in the presence of H8, we have observed an even more
pronounced increase in proliferation as compared with
intermittent PTH(1–34) alone. These findings suggest that
intermittent PTH(1–34) also activates the adenyl cyclase/
PKA pathway in human PDL cells, resulting in an anti-
mitogenic response and inhibition of proliferation. Our
conclusion is supported by studies of various specific
agonists of the PKA pathway indicating the role of the
PKA pathway in inhibiting cell proliferation (Sabatini et al.
1996) by the inhibition of ERK1/2 (Siddhanti et al. 1995;
Verheijen and Defize 1995). ERK1/2 is one of the
components involved in the complex kinase cascade
ultimately triggering the proliferative response, as has
been shown, for example, in fibroblasts (Pages et al. 1993;
Troppmair et al. 1994). ERK1/2 is activated by PKC in
fibroblasts (Troppmair et al. 1994), whereas PKA interferes
with the ERK1/2 pathway in fibroblasts, adipocytes, and
smooth muscle cells (Burgering and Bos 1995). Conse-
quently, although we have not measured ERK1/2 activity
directly, the pro-proliferative role that we have demonstrat-
ed for PKC in response to PTH(1–34) stimulation probably
also involves the activation of ERK1/2 in PDL cells, as
opposed to the anti-proliferative effect of the PTH(1–34)-
induced PKA signaling that might occur through the
inhibition of ERK1/2. When we inhibited ERK1/2 with the
specific inhibitor UO126, proliferation was reduced
significantly. UO126 also inhibited the PTH(1–34)-in-
duced increase in proliferation in pre-confluent cells and
markedly reduced the increase in more mature cells,
although BrdU incorporation was still above the levels
observed for control cultures treated with the inhibitor
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alone. This might be explained by the concentration that we
used for the inhibitor, which was comparatively low. The
ERK1/2 inhibitor UO126 has been reported to require a
concentration of at least 100 μM to interfere with
proliferation. This certainly does not hold true for the
cells that we have employed in our experiments but might
explain why inhibition of ERK1/2 does not completely
abolish either proliferation or the increase in proliferation
following PTH(1–34) challenge in our PDL cell cultures.

Role of PKC, PKA, and MAPK/ERK in mediating
PTH(1–34)-induced changes in DNA fragmentation

In our hands, intermittent and continuous PTH(1–34)
treatment results in enhanced apoptosis of human PDL
cells at both maturation states examined. This contradicts
other reports that intermittent PTH is anti-apoptotic (Jilka
et al. 1999), whereas continuous PTH is pro-apoptotic
(Bellido et al. 2003). Chen and coworkers (2002) have
found that PTH exerts anti-apoptotic effects in pre-
confluent cells as opposed to pro-apoptotic signaling in
response to PTH in more differentiated post-confluent
cells. As can be discussed for every other parameter
examined in this study, part of our experimental results can
be explained by the differences between our PDL cells and
the osteoblasts employed in various other studies. Indeed,
the cell lines and species employed and the different
experimental conditions most likely play a significant role
in the disparities of our experimental findings relative to
previously published material. Additionally, the reported
effects of PTH on apoptosis have been shown to be
dependent on the cell culture system. PTH is reported to be
anti-apoptotic in osteoblasts (Jilka et al. 1999) and chick
embryo hypertrophic chondrocytes (Zerega et al. 1999),
whereas it promotes apoptosis in 293 cells, a transformed
primary embryonal kidney cell line (Turner et al. 2000).
The similar response in apoptotic signaling in pre-conflu-
ent and confluent cells in our experiements might be
explained by the degree of confluence that our pre-
confluent cells have been allowed to reach (~70%). Had the
cells been maintained in a less confluent stage, one might
have observed a different response to PTH(1–34) with
respect to apoptosis. In our experiments, inhibition of PKC
did not affect DNA fragmentation in pre-confluent cells but
reduced it significantly in more mature cells suggesting that
PKC is involved in apoptotic signaling in confluent PDL
cells. Additionally, inhibition of PKC further added to the
pro-apoptotic effect of intermittent PTH(1–34) indicating
that the pro-apoptotic effect of PTH(1–34) occurs not
through PKC but by means of some other pathway. This
finding is supported by the results of Turner et al. (2000)
who have reported PKC inhibition to be only weakly
effective in inhibiting PTH-induced cell death in 293 cells,
suggesting a small contribution of PKC activation to
apoptotic signaling, as has also been observed in other
systems (Lucas and Sanchez-Margalet 1995). In human

PDL cells, the PKA pathway seems to be involved in
apoptotic signaling as evidenced by the significant reduc-
tion of DNA fragmentation when the PKA inhibitor is
employed. However, inhibition of PKA failed to abrogate
the PTH(1–34)-induced enhancement of DNA fragmenta-
tion, except in the 24 h/cycle group, but further augmented
the effect seen for PTH(1–34) alone, indicating that the
pro-apoptotic effect of intermittent PTH(1–34) for 24 h/
cycle is mediated through PKA, whereas apoptotic
signaling in response to PTH(1–34) for 1 h/cycle and
continuous PTH(1–34) administration are not. Other
studies have identified cAMP as part of the PKA pathway
suppressing apoptosis in rat periosteal cells (Machwate et
al. 1998) and human osteoblasts (Habener et al. 1984); this
is in agreement with our observation of the impact of the
PKA pathway in apoptosis following intermittent PTH(1–34)
for 24 h/cycle.

Inhibition of the ERK1/2 pathway significantly reduced
DNA fragmentation at both maturation states examined but
did not completely abolish it and also proved effective in
inhibiting the PTH(1–34)-induced increase in DNA frag-
mentation in pre-confluent cells. In more mature cultures,
PTH(1–34)-induced apoptosis was also reduced but not to
control levels, which, as discussed above, might be
explained by the concentration of the inhibitor that we
employed. These findings indicate that ERK1/2 is involved
in the signaling cascade of the PTH(1–34) effect on PDL
cell apoptosis.

Significance of the mode of PTH(1–34) administration

We have not observed any converse effects of continuous
PTH(1–34) treatment as compared with intermittent expo-
sure with respect to the pathways involved in the response
of the cells. Ma and coworkers (2001) have observed
continuous PTH effects as early as after 1 h in a rat model,
with a peak after 6 h. Our measurements have been
obtained after a culture period of up to 10 days. Although
PTH receptor levels and responsiveness of the receptor to
stimulation appear to increase during osteoblastic pheno-
typic maturation in vitro (McCauley et al. 1996; Bos et al.
1996; Kondo et al. 1997), sustained PTH stimulation for a
culture period of 10 days might lead to a down-regulation
of the number or sensitivity of PTH receptors in PDL cells
as part of a feedback mechanism. This might at least in part
explain our results. An explanation for the dual effects of
continuous versus pulsatile PTH treatment regimens
observed in vivo arises from the unresolved question of
the way that the dynamic response of the PTH1 receptor
(PTH1R) is related to PTH action on bone and to the
differential effects of continuous versus pulsatile PTH
dosing. Qin et al. (2004) propose that negative feedback
loops in the PTH1R-mediated signaling networks lead to
long-term desensitization of signal when dosing is contin-
uous, whereas pulsatile doses achieve more signaling over
time because the system resensitizes between doses.
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Concluding remarks

The data presented in this study provide evidence that PTH
(1–34) modifies proliferative and apoptotic signaling in
human PDL cells via PKC-dependent and PKA-dependent
pathways. In addition to the changes in local factor
production in response to PTH(1–34), which we reported
earlier, the present findings add further support to the
assumption that PDL cells are regulatorily involved in
dental hard-tissue repair and represent a potentially
interesting target in order to influence reparative processes,
such as reparative cementum formation following tooth
root resorption induced by orthodontic tooth movement.
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