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Subculture affects the
phenotypic expression of
human periodontal ligament
cells and their response to
fibroblast growth factor-2
and bone morphogenetic
protein-7 in vitro

Lossdorfer S, Fiekens D, Salik MI, Gotz W, Jdger A. Subculture affects the
phenotypic expression of human periodontal ligament cells and their response to
fibroblast growth factor-2 and bone morphogenetic protein-7 in vitro. J Periodont
Res 2008, 43: 563-569. © 2008 The Authors. Journal compilation © 2008 Blackwell
Munksgaard

Background and Objective: Although periodontal ligament cells display several
osteoblastic traits, their phenotypic expression is still not well established. It
remains a matter of debate whether they resemble a terminally differentiated cell
type or an intermediate maturation state that potentially can be directed towards a
fibroblastic or an osteoblastic phenotype.

Material and Methods: To explore the characteristics of periodontal ligament cells
in greater detail, fourth-passage, sixth-passage and eighth-passage human perio-
dontal ligament cells were cultured for up to 3 wk. Ki-67, alkaline phosphatase,
osteocalcin, osteoprotegerin and receptor activator of nuclear factor-xB ligand
(RANKL) mRNA expression was quantified by real-time polymerase chain
reaction. Furthermore, the cellular response to fibroblast growth factor-2 and
bone morphogenetic protein-7 was examined in first-passage and fourth-passage
cells. Dermal fibroblasts (1BR.3.G) and osteoblast-like cells (MG63) served as
reference cell lines.

Results: Proliferation decreased over time and was highest in fourth-passage cells.
The expression of differentiation parameters, osteoprotegerin and RANKL
increased with culture time and was higher in fourth-passage cells than in cells of
later passages. The RANKL/osteoprotegerin ratio increased steadily until day 21.
Administration of fibroblast growth factor-2 enhanced cell numbers in both
passages, whereas alkaline phosphatase and osteocalcin production remained
unchanged. By contrast, exposure of periodontal ligament cells to bone
morphogenetic protein-7 resulted in a reduction of cell number in the first and
fourth passages, whereas the production of alkaline phosphatase and osteocalcin
was enhanced. In dermal fibroblasts, differentiation parameters did not respond to
both stimuli. MG63 cells behaved similarly to periodontal ligament cells.
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Conclusion: These results indicate that subculture affects the phenotypic expres-
sion of human periodontal ligament cells with respect to the characteristics that
these cells share with osteoblasts. Furthermore, the periodontal ligament cell
phenotype can be altered by fibroblastic and osteoblastic growth factors.

Human periodontal ligament cells have
been attributed several osteoblastic
traits such as osteoblastic marker gene
expression (1) and enhanced alkaline
phosphatase expression in response to
1,25-dihydroxyvitamin(OH),D;  (2).
Furthermore, changes in proliferation,
apoptosis, differentiation and local
factor production following exposure
to parathyroid hormone have been
described (3-6). Despite these findings,
the exact phenotype of periodontal lig-
ament cells has still not been well
established. It remains a matter of
debate whether these cells resemble a
terminally differentiated cell type of
fibroblastic nature or whether they
represent an intermediate maturation
state that potentially can be directed
towards a fibroblastic, cementoblastic
or osteoblastic phenotype by certain
growth factors. Amongst others, bone
morphogenetic proteins (7-10) and
fibroblast growth factors (11-13) have
been demonstrated to contribute to the
regulation of the differentiation of
mesenchymal cells along osteoblastic
lineages and of mature periodontal tis-
sues, including the periodontal liga-
ment and the cementum. Bone
morphogenetic proteins, and specifi-
cally bone morphogenetic protein-7,
have been associated with mineralized
tissue formation (14) and, within the
periodontium, with the induction of
cementogenesis (15). Fibroblast growth
factors were shown to induce prolifer-
ation of bone marrow stromal cells (16),
gingival fibroblasts (17) and perio-
dontal ligament cells while inhibiting
periodontal ligament cell differentiation
(18,19). Thus, periodontal ligament
cells, as well as bone morphogenetic
proteins and fibroblast growth factors,
were suggested to be involved with the
regulatory events in the course of perio-
dontal repair processes following
inflammatory periodontal disease or
orthodontic tooth movement.
Therefore, it is necessary to obtain a
better understanding of the phenotypic

characteristics of these cells in order to
develop purposeful strategies to influ-
ence their reparative capacities.

Many in vitro studies employed
fourth-passage to eighth-passage cells
in their experimental set up (20,21).
In other experiments, cells at different
stages of confluence were used as a
model for cellular maturation (3-6).
However, it is not clear whether eighth-
passage periodontal ligament cells
actually display a more mature phe-
notype than fourth-passage cells and
whether the results of such an experi-
mental set up can be compared with
those acquired from experiments with
different states of confluence. Previ-
ously, we reported increased alkaline
phosphatase specific activity and
osteocalcin production in confluent
periodontal ligament cells compared
with the levels found in preconfluent
cultures, indicating a more mature
phenotype of confluent cells (4). It is
unclear whether these distinct differ-
ences also hold true for different cell
passages.

Therefore, the rationale for the
present investigation was to character-
ize in greater detail the phenotypic
periodontal ligament cell maturation in
long-term culture. Special attention
was directed to the role of cell passage.
Understanding the effects of cell pas-
sage on maturation of the periodontal
ligament cell phenotype might enable
us to compare the expression of various
parameters for proliferation, differen-
tiation and the regulation of hard tissue
remodeling by periodontal ligament
cells with data obtained from osteo-
blasts that has already been published
in the literature.

Based on the osteoblastic charac-
teristics of periodontal ligament cells
described above, we hypothesized that
periodontal ligament cells would dis-
play decreased mitogenic activity with
culture age but enhanced expression of
osteoblastic differentiation parameters
as an indicator of cellular maturation.

Along these lines, we assumed that
periodontal ligament cells
express an increased ratio of receptor
activator of nuclear factor kB ligand
(RANKL) over osteoprotegerin with
an increasing length of culture period,
supporting the idea that periodontal
ligament cells take on an osteoblastic
rather than a fibroblastic phenotype
with culture age. We further speculated
that these changes would vary with cell
passage.

Furthermore, it was hypothesized
that fibroblast growth factor-2 and
bone morphogenetic protein-7 would
alter the phenotypic expression of
periodontal ligament cells, with a
stronger effect of both factors in less
mature cells. We assumed that
fibroblast growth factor-2 would induce
enhanced proliferation of periodontal
ligament cells with only marginal effects
on differentiation, whereas bone mor-
phogenetic protein-7 would inhibit
proliferation but promote differentia-
tion of periodontal ligament cells
towards a more osteoblastic phenotype.

would

Material and methods

Cell culture

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, who showed no clinical signs
of periodontitis. The teeth had been
extracted for orthodontic reasons, after
informed parental consent had been
obtained and following an approved
protocol of the ethics committee of the
University of Bonn. Cells were cul-
tured in Dulbecco’s modified Eagle’s
minimal essential medium containing
10% fetal bovine serum and 0.5%
antibiotics, at 37°C in an atmosphere
of 100% humidity and 5% CO,.
Fourth-passage, sixth-passage and
eighth-passage cells were plated in 24-
well plates (n = 6) at a seeding density



of 10,000 cells/well and then cultured
for 3, 6,9, 12, 15, 18 and 21 d.
Commercially available human der-
mal fibroblasts (1BR.3.G; European
collection of cell cultures Taufkirchen,
Germany) and human MG63 osteo-
blast-like cells (European collection of
cell cultures) were cultured according
to the manufacturer’s instructions and
served as reference cell lines to char-
acterize the periodontal ligament cell
response to fibroblast growth factor-2
and bone morphogenetic protein-7.

RNA isolation and reverse
transcription

At harvest, total RNA was isolated
using the RNeasy mini kit (Qiagen
GmbH, Hilden, Germany). After-
wards, 1 pg of RNA was reverse tran-
scribed with 200 ng of the respective
glyceraldehyde-3-phosphate dehydro-
genase, Ki-67, alkaline phosphatase
specific activity, osteocalcin, osteopro-
tegerin or RANKL antisense primer in
a 15 uL volume using the Amersham-
Pharmacia-Biotech RT kit (Amersham
Biosciences, Piscataway, NJ, USA).
The primers used to amplify human
cDNA were purchased from Invitro-
gen (Karlsruhe, Germany).

Real-time polymerase chain reaction

Optimal oligonucleotide primers were
purchased from Qiagen. Real-time
polymerase chain reaction (PCR) was
performed on a light-cycler (Roche,
Mannheim, Germany) using the soft-
ware LIGHT CYCLER SOFTWARE 3.5.3.
PCR amplification reactions were car-
ried out in a total volume of 20 pL in
PCR master mix containing 10 pL of
SYBR® Green (Qiagen GmbH, Hilden,
Germany), 2 pL of 10x QuantiTect
primer assay (Qiagen GmbH, Hilden,
Germany) and 2 pL of the reverse
transcription product filled up to 20 pL
with RNase-free H,O. The amplifica-
tions were performed in duplicate for
each sample and the optimal anneal-
ing temperature for all primers was
55°C for 40 cycles. To normalize the
content of cDNA samples, the com-
parative threshold (Ct) cycle method,
consisting of the normalization of the
number of target gene copies vs. the
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number of copies of the endoge-
nous reference gene glyceraldehyde-3-
phosphate dehydrogenase, was used.
The Ct is defined as the fractional cycle
number at which the fluorescence gen-
erated by cleavage of the probe passes a
fixed threshold baseline when amplifi-
cation of the PCR product is first
detected. For comparative analysis of
gene expression, data were obtained by
using the ACt method derived from a
mathematical elaboration described
previously. Through this method, a
single sample, represented
experiments by cells without any treat-
ment, was designed as a calibrator and
used for comparison of gene expression
level of any unknown samples.

in our

Fibroblast growth factor-2 and bone
morphogenetic protein-7
administration

To examine the response of periodon-
tal ligament cells to agents that stimu-
late either a fibroblastic or an
osteoblastic phenotype, first-passage
and fourth-passage periodontal liga-
ment cells were exposed to -either
50 ng/mL of fibroblast growth factor-2
or 50 ng/mL of bone morphogenetic
protein-7 (R&D Systems, Wiesbaden,
Germany) for 5 d continuously. Both
factors were added to serum-contain-
ing medium. For each experimental
group, vehicle-treated cultures served
as controls. Upon cell harvest, cell
number, alkaline phosphatase-specific
activity and osteocalcin expression
were determined.

Fibroblast growth factor-2 and bone
morphogenetic protein-7 effect on
cell number and differentiation
parameters

Cells were released from the culture
surface by trypsinization. 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, Hilden, Germany). Cells
harvested in this manner exhibited
> 95% viability based on Trypan blue
exclusion.

Alkaline phosphatase-specific activ-
ity was measured in the lysates of iso-
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lated cells, as described previously (22).
The level of osteocalcin in the condi-
tioned media was assayed using a
commercially available enzyme-linked
immunoassay kit (Immundiagnostik
AG, Bensheim, Germany).

Statistical analysis

For any given experiment, each data
point represents the mean + standard
error of the mean of six independent
cultures. Variance and statistical sig-
nificance of the data were analyzed
using Bonferroni’s modification of the
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 experi-
ments are presented.

Results

Fourth-passage cells expressed signifi-
cantly more Ki67 mRNA on day 3
than higher cell passages. These basal
levels decreased in a time-dependent
manner (Fig. 1). With respect to dif-
ferentiation parameters, both alkaline
phosphatase and osteocalcin mRNA
expression increased with increasing
culture period, with the highest
expression levels observed after 18 and
21d in fourth-passage cells
(Fig. 2A,B). Osteoprotegerin mRNA
expression increased significantly over
time and was higher in eighth-passage
cells than in sixth-passage and fourth-
passage cells (Fig. 3A). This time-
dependent elevation of mRNA in cul-
ture was also observed for RANKL,
but the highest expression levels were
observed in fourth-passage cells
(Fig. 3B). The RANKL/osteoproteg-
erin ratio increased with culture peri-
od, and fourth-passage periodontal
ligament cells displayed the highest
ratio.

When first-passage and fourth-pas-
sage periodontal ligament cells were
cultured for 5d in the absence of
fibroblast growth factor-2 or bone
morphogenetic protein-7, cell number
and alkaline phosphatase specific
activity were higher in first-passage
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Fig. 1. Cell passage-dependent decrease of
the proliferative activity of human perio-
dontal ligament cells during 3 wk of culture,
as determined by quantification of Ki-67
mRNA expression by means of real-time
polymerase chain reaction. Fourth-passage,
sixth-passage and eighth-passage cells were
cultured for up to 3 wk. Ki-67 mRNA
expression was determined every 3 d and
normalized to the endogenous reference
gene glyceraldehyde-3 phosphate dehydro-
genase (GAPDH). Data were acquired from
one of two separate experiments, both
yielding comparable results. Each value is
the mean + standard error of the mean for
six independent cultures. *p < 0.05, a par-
ticular group vs. the same group after 3 d in
culture; p < 0.05, a particular group vs. the
same group of the preceding culture period;
op < 0.05, a particular group vs. fourth-
passage cells after the same culture period;
and $p < 0.05, a particular group vs. sixth-
passage cells after the same culture period.

cells. By contrast, osteocalcin protein
synthesis was highest in fourth-passage
cells. The presence of fibroblast growth
factor-2 in the culture medium slightly
enhanced cell numbers in both pas-
sages, but this was just a trend and not
statistically significant (Fig. 4A). As
for the differentiation parameters,
fibroblast growth factor-2 did not sig-
nificantly alter alkaline phosphatase
specific activity and osteocalcin pro-
duction (Fig. 4B,C). By contrast, the
exposure of periodontal ligament cells
to bone morphogenetic protein-7
resulted in a reduction of cell number,
both in first-passage and fourth-pas-
sage cells (Fig. 4A). Alkaline phos-
phatase specific activity was enhanced
by bone morphogenetic protein-7 in
both first and fourth passages
(Fig. 4B). Similar results were obtained
for osteocalcin production in response
to bone morphogenetic protein-7, with

>
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Fig. 2. Impact of culture period and cell
passage on the expression of differentiation
parameters by human periodontal ligament
cells, as determined by alkaline phosphatase
(A) and osteocalcin (B) mRNA expression.
Fourth-passage, sixth-passage and eighth-
passage cells were cultured for up to 3 wk.
Alkaline phosphatase and osteocalcin
mRNA expression was determined every
3 d and normalized to the endogenous ref-
erence gene glyceraldehyde-3 phosphate
dehydrogenase (GAPDH). Data were
acquired from one of two separate experi-
ments, both yielding comparable results.
Each value is the mean + standard error of
the mean for six independent cultures.
*p < 0.05, a particular group vs. the same
group after 3 d in culture; p < 0.05, a par-
ticular group vs. the same group in the
preceding culture period; ep < 0.05, a par-
ticular group vs. fourth-passage cells after
the same culture period; $p < 0.05, a par-
ticular group vs. sixth-passage cells after the
same culture period. ALP, alkaline phos-
phatase; Ocal, osteocalcin.

a greater effect observed on fourth-
passage cells (Fig. 4C).

In the dermal fibroblast reference
cell line, similar observations were
made for the fibroblast growth factor-2
and bone morphogenetic protein-7
effect on cell number. The cell number
was enhanced in response to fibroblast
growth factor-7, whereas bone mor-
phogenetic protein-7 induced a reduc-
tion in cell number. Basal levels of
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Fig. 3. Cell passage-dependent local factors
that regulate hard tissue remodeling during
3 wk of culture of human periodontal liga-
ment cells. mRNA expression of osteopro-
tegerin (A) and receptor activator of nuclear
factor kB ligand (B) was determined by
means of real-time polymerase chain reaction
every 3 d in fourth-passage, sixth-passage
and eighth-passage cells and normalized to
the endogenous reference gene glyceralde-
hyde-3 phosphate dehydrogenase (GAP-
DH). (C) Development of the RANKL/
osteoprotegerin ratio over the culture period.
Data were acquired from one of two separate
experiments, both yielding comparable res-
ults. Each value is the mean + standard
error of the mean for six independent cul-
tures. *p < 0.05, a particular group vs. the
same group after 3 d in culture; p < 0.05, a
particular group vs. the same group in the
preceding culture period; ep < 0.05, a par-
ticular group vs. fourth-passage cells after the
same culture period; $p < 0.05, a particular
group vs. sixth-passage cells after the same
culture period. OPG, osteoprotegerin;
RANKL, receptor activator of nuclear factor
kB ligand.
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Fig. 4. Effect of fibroblast growth factor-2
and bone morphogenetic protein-7 admin-
istration for 5 d on the proliferation (A),
alkaline phosphatase specific activity (B)
and osteocalcin production (C) of first-pas-
sage and fourth-passage human periodontal
ligament cells. First-passage and fourth-
passage cells were cultured in the presence
of either 50 ng/mL of fibroblast growth
factor-2 or 50 ng/mL of bone morpho-
genetic protein-7 for 5 d. Data were acquired
from one of two separate experiments, both
yielding comparable results. Each value is
the mean =+ standard error of the mean for
six independent cultures. *p < 0.05, experi-
mental group vs. vehicle-treated control
within the same passage; p < 0.05, experi-
mental group vs. fibroblast growth factor-2-
treated group within the same cell passage.
BMP-7, bone morphogenetic protein-7;
FGF-2, fibroblast growth factor-2.

alkaline phosphatase specific activity
and osteocalcin production were very
low in dermal fibroblasts and unaltered
by both stimuli (data not shown). In
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MG63 osteoblast-like cells, fibroblast
growth factor-2 enhanced cell number
and alkaline phosphatase specific
activity. Bone morphogenetic protein-7
had an inhibitory effect on these
parameters. Osteocalcin  production
was slightly reduced by fibroblast
growth factor-2 but significantly
enhanced following the administration
of bone morphogenetic protein-7 (data
not shown).

Discussion

The present study examined cell-
passage-dependent phenotypic char-
acteristics of human periodontal
ligament cells during a 3-wk culture
period and compared their response to
fibroblast growth factor-2 and bone
morphogenetic protein-7 with the res-
ponses of a dermal reference cell line
and an osteoblast reference cell line.

Periodontal ligament cells displayed
a culture time-dependent decrease of
proliferative activity that was paral-
leled by an increase in alkaline phos-
phatase specific activity and
osteocalcin production, indicating a
shift from an initial increase in number
of cells towards initialization of differ-
entiation towards a mature osteoblast
phenotype. These findings parallel data
obtained from bone marrow stromal
cells (23) and differentiating osteo-
blasts (24,25).

Proliferation and expression of
osteoblast-specific genes were stronger
in fourth-passage cells than in higher
cell passages. Apparently, cells of
lower passages exhibit a higher osteo-
genic potential than those of higher
passages. This conclusion is supported
by the detection of significantly larger
quantities of alkaline phosphatase and
other molecules associated with tissue
mineralization in freshly isolated
periodontal ligament tissue compared
with periodontal ligament cells in cul-
ture (26,27) and the accumulation of
more total DNA in primary cultures of
rat osteoblasts than in subcultured cells
(28). These findings imply phenotypic
alterations of cultured cells and an
important role of cell passage in the
phenotypic expression of the cells. This
consideration has to be kept in mind
when interpreting data obtained from
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experiments with periodontal ligament
cells of different cell passages. These
cells do not necessarily represent
the same stage of phenotypic matura-
tion and therefore might respond
differently to mechanical or hormonal
stimuli.

Besides alkaline phosphatase and
osteocalcin, periodontal ligament cells
expressed osteoprotegerin and
RANKL mRNA. Both factors were
demonstrated to be present in perio-
dontal tissues (29) and were found to
be expressed by osteoblasts as key
molecules in the regulation of osteo-
clast differentiation and activity
(30,31). Time course assays of
RANKL and osteoprotegerin gene
expression in osteoblast cell lines
showed reduced RANKL mRNA,
whereas osteoprotegerin mRNA was
increased in undifferentiated cell con-
ditions after 3 wk in culture (32,33). By
contrast, Huang et al. (23) reported an
increase of the RANKL/osteoproteg-
erin ratio with culture time in human
marrow stromal cells, suggesting that
the osteoclast induction potential of
osteoblasts increases with maturation.
From these conflicting data it becomes
obvious that species source and cell
origin are critical. The basal expression
of RANKL was very low in our
experiments but its enhancement over
time dominated the concurrent
increase in osteoprotegerin expression,
resulting in an increase of the
RANKL/osteoprotegerin ratio with
time. These findings further substanti-
ate the osteoblastic nature of perio-
dontal ligament cells and their
potential role in the regulation of
periodontal remodeling processes.

When the effect of growth factors on
periodontal ligament cells was exam-
ined, fibroblast growth factor-2
enhanced the proliferative activity,
whereas the differentiation parameters
remained unchanged in both cell pas-
sages examined. Similar observations
were made for exogenous fibroblast
growth factor-5 administration (26).
The inhibitory effect of fibroblast
growth factor-2 on periodontal liga-
ment cell maturation in vitro might
appear contradictory to the in vivo
phenomenon that topical application
of exogenous fibroblast growth factor-2
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enhanced periodontal regeneration in
experimental bony defects (19). Given
the promitogenic effect of fibroblast
growth factor-2 opposing its inhibitory
actions on differentiation, these data
suggest a role for fibroblast growth
factor-2 in maintaining a pool of
periodontal ligament cells in a multi-
potent, naive state that might later on
be committed to osteoblastic differen-
tiation by other factors in the local
microenvironment. This interpretation
correlates with a high density of
immature cells after the application of
fibroblast growth factor-2 to bone
defects in beagle dogs (19).

Bone morphogenetic protein-7 sup-
pressed proliferation but induced
periodontal ligament cells to assume a
more differentiated phenotype in our
experiments. This effect was more
pronounced in fourth-passage cells.
These data are in line with those
reported by Lallier and coworkers for
bone morphogenetic protein-7 (26) and
other bone morphogenetic proteins
(34-36). The involvement of bone
morphogenetic protein-7 with the
stimulation of periodontal regenera-
tion in animal models (37) supports the
physiological relevance of the in vitro
findings.

In conclusion, the results of previous
in vitro studies on periodontal ligament
cells cultured under different condi-
tions and at different cell maturation
stages often make comparisons and
interpretations relevant to real tissue
difficult. The present study provides
data that help characterize the perio-
dontal ligament cell phenotype in
greater detail and points out the critical
role of cell passage in this respect. The
data provide a theoretical basis that is
crucial in the development of promis-
ing strategies to aid periodontal repair
processes.
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