J Periodont Res 2004, 39, 27-32
Printed in the UK. All rights reserved

The effect of centrifugal
force on mRNA levels of
collagenase, collagen type-l,
tissue inhibitors of
metalloproteinases and
B-actin in cultured human
periodontal ligament
fibroblasts
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Palmon A. The effect of centrifugal force on mRNA levels of collagenase, collagen
type-1, tissue inhibitors of metalloproteinases and f-actin in cultured human
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Munksgaard, 2004

Background: The aim of orthodontic treatment is to relocate teeth abnormally
positioned in the jaws. This is achieved by application of continuous force on the
tooth, which is immediately being sensed by the periodontal ligament (PDL), bone
and the gingiva. Since the bony response is mediated by the PDL, tooth movement
is primarily a PDL phenomenon.

Objectives: Thus, the purpose of the present study was to evaluate the direct effect
of force (excluding the in vivo tissue response) on the molecular level of matrix
metalloproteinase-1 (MMP-1) and collagen type-I (Col-I) in human PDL fibro-
blasts.

Methods: PDL cell culture flasks were centrifuged for 10, 20, 30, 60, 90 and
120 min by horizontal microplate rotor. The effect of force on mRNA levels of
B-actin, MMP-1, Col-1, tissue inhibitors-1 and -2 (TIMPs) genes was analyzed
by RT-PCR.

Results: The results showed that force had no effect on the mRNA levels of -actin
during the first 90 min of application of force, indicating for the first time the use
of B-actin gene as an internal invariant control. It increased the mRNA levels of
MMP-1 while almost no effect on Col-I and TIMPs was observed.

Conclusions: The results indicate that PDL remodeling following application of
orthodontic force could be partly attributed to the direct effect of the force on
MMP-1 gene expression in fibroblasts.
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The periodontal ligament (PDL) pro-
vides anchorage and support to the
functioning tooth. Its extracellular
matrix (ECM) consists predominantly
of collagen type-I (Col-I), whereas
fibroblasts are the most abundant cells
in the PDL (1). The turnover of the
collagen fibers in the PDL is very rapid
(2). This steady-state homeostasis
implicates towards intensive and subtle
transcriptional and translational regu-
lation of the collagens and the mat-
rix metalloproteinases (MMPs) genes.
MMPs, a family of zinc-dependent
enzymes, have the capacity to degrade
almost all components of the ECM (3).
Within this family of enzymes, MMP-1
initiates cleavage of fibrillar collagens
at a single site, a prerequisite process
for further degradation of the cleaved
fragments by other MMPs.

The aim of orthodontic treatment is
to relocate teeth abnormally positioned
in the jaws. This is achieved by appli-
cation of continuous mechanical force
on the tooth, which immediately affects
the PDL, the bone and the gingiva. The
immediate effect of an in vivo ortho-
dontic force is dual: (i) injury to the
PDL and a subsequent wound-healing
process and (ii) exertion of mechanical
force on the cell. Thus, the cells in the
PDL simultaneously respond to two
different events: ECM damage and
mechanical force. The latter is assumed
to be sensed by cell membrane compo-
nents and then transduced intracellu-
lary into biological signals.

The dental attachment apparatus,
which responds to orthodontic forces,
is exposed to pressure-type forces (in
the direction of tooth movement) and
tension-type forces (the opposite side
of the pressure) leading to remodeling
of the PDL, the bone and the gingiva
which enables the transposition of the
tooth (4).

Recently, we showed that following
application of force the in vivo molecu-
lar equilibrium between collagen syn-
thesis and degradation in the gingiva is
disturbed (5). Both pressure and tension
vectors of the force cause a significant
increase in the mRNA levels of MMP-1,
as well as in its interstitial activity.

Separating the dual effect of the
orthodontic force (tissue injury and
cell-force interaction) is impossible in

an in vivo system and therefore only an
in vitro model is capable of simulating
genuine cells—force interactions. Also,
the in vitro model should differentiate
between pressure and tension types of
force. In an earlier study we established
an in vitro pressure model by centrifu-
gation of cell culture (6). The advantage
of the centrifugal pressure model, as
well as the other in vitro tension systems
(7, 8), is that it evaluates the direct effect
of pressure or tension on the cells
excluding the in vivo tissue response to
the force. Consequently, direct correla-
tion is established between pressure/
tension force and phenotypic cellular
response. Since the bony response is
mediated by the PDL, tooth movement
is primarily a PDL phenomenon. Thus,
the purpose of the present study was to
evaluate the molecular MMP-1 and Col-
Iinteractions of human PDL fibroblasts
subjected to an in vitro continuous
pressure type of mechanical force.

Materials and methods

Cell culture

Human PDL fibroblasts were isolated
from healthy PDL of premolar teeth
of individuals undergoing tooth
extraction for orthodontic treatment
in accordance with the method of
Somerman et al. (9), with minor
modifications as we previously pub-
lished (10, 11). All the patients gave
informed consent before providing the
samples. Healthy periodontal tissue
was removed from the center of the
root surface with a surgical scalpel.
The tissue was minced, and then
transferred to plastic Leighton tubes
(Costor, Cambridge, MA, USA). The
explants were cultured in o-MEM
supplemented with 10% fetal calf
serum, 50 U/ml penicillin G and
50 pg/ml  streptomycin  (henceforth
denoted standard medium) with
changing medium every 2 or 3 days.
Cells were cultured at 37°C in a
humidified atmosphere of 95% air and
5% CO,. When the cells growing out
from the explants had reached con-
fluence, they were separated by treat-
ment with 0.05% trypsin—0.53 mm
ethylenediaminetetraacetic acid (EDTA),
collected by centrifugation, and cul-

tured on culture plastic dishes con-
taining the standard medium until
confluency. The cells were then tryp-
sinized at 1 : 3 split ratio. Experiments
were carried out with cells from the
second (p2) or third (p3) passages. In
this study, for each experiment, we
used explants from at least three dif-
ferent volunteers.

Application of centrifugal force
in vitro

Cell culture flasks (n > 3) were centri-
fuged at 167 g for 10, 20, 30, 60, 90 and
120 min by horizontal microplate rotor
as previously described (6). This model
is based on application of a constant
pressure centrifugal force at a magni-
tude of 33.5 g/em? which resembles
clinical orthodontic force (4).

The calculation of force is based on
the equation:

P=(mxrxr.p.m.?xn*)/(4x9.8x900),

where P = kg pressure per cm? of cells,
m =mass of medium (0.005 kg),
r = radius (0.15 m), r.p.m. = revolu-
evolution/min (1000), 4 = area of con-
tact between medium and cells (25 cm?).

Trypan blue cell vitality exclusion
test

Trypan blue cell vitality exclusion test
was performed as we previously des-
cribed (6).

Cell collection and RNA extraction

Monolayer cell cultures were suspend-
ed in TRI-REAGENT (Molecular
Research Center, Cincinnati, USA).
Total RNA was extracted as previously
described (10, 11).

Determination of mRNA levels
of Col-1, MMP-1, TIMP-1 and TIMP-2
by RT-PCR

To measure mRNA levels of B-actin,
Col-I, MMP-1, tissue inhibitors-1 and
-2 (TIMP-1 and TIMP-2),
quantitative RT-PCR analysis was
performed for each gene transcript as
previously described (5, 10, 11). Pri-
mer sequences and the optimal con-
ditions for each set of primers derived

semi-



from calibration curves are presented in
Table 1 and Figs 1(a and b). Actin was
used as an internal invariant control
subsequent to providing data about its
non-dependent expression following
application of force (see Results).
When calculating the effect of force we
normalized the results to actin mRNA
levels and therefore the effect of force is
relative to housekeeping gene actin.

Statistical analysis

For statistical analysis, student’s
unpaired z-test was used for individual
matched-group comparisons. Data are
expressed as means + SE. Values of
p < 0.05 were considered to be statis-
tical significant.

Results

The effect of centrifugal force on
mRNA levels of p-actin

Because no data is available on the
effect of pressure on mRNA levels of
B-actin, in initial experiments, the
mRNA levels of B-actin expressed by
PDL cells in culture were determined
following application of different
durations of centrifugal force and
compared to control (non-centrifuged)
cultures. In the first 90 min of applica-
tion of centrifugal force almost no
change in the B-actin mRNA levels was
found (Fig. 2), thereafter at 120 min a
decrease of 20% below control levels
was detected (Fig. 2). By that time
(120 min), 80% cell vitality was shown
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ribosomal RNA stained by ethidium
bromide on agarose gel paralleled cell
vitality results. The average (n = 57)
experimental to control f-actin mRNA
levels in the first 90 min was calculated
to be 0.99 + 0.13.

The effect of centrifugal force on
mRNA levels of MMP-1, Col-l, TIMP-1
and TIMP-2

To monitor the kinetic effect of force
on PDL cells, cell culture flasks were
subjected to centrifugal force for 10,
20, 30, 60 and 90 min and mRNA
levels were determined. After 30 min the
mRNA levels of MMP-1 (compared to
control and normalized to f-actin)
increased significantly (p < 0.05) to a
peak level of 2.6-fold. Thereafter, at
60 min, the mRNA levels decreased but
still remained higher than the control
levels and at 90 min mRNA levels
decreased almost to control levels
(Fig. 3).

The mRNA levels of Col-1, TIMP-1
and TIMP-2, showed the same pattern
as MMP-1, but in a lesser degree: in
the first 60 min of application of force
there was an increase to peak levels,
thereafter at 90 min there was a
decrease to almost control levels. The
peak levels for Col-I and TIMP-1
were found to be about 1.25, and 1.6
for TIMP-2.

Discussion

Actins constitute a family of highly
conserved proteins found in all eukary-

are the muscle actins involved in muscle
contraction and B-actins are known as
the cytoplasmic type found in many
non-muscle cells (12). The B-actin fila-
ments are involved in cell motility, cell
morphology and various cytoskeletal
functions such as transduction of
extracellular stimuli into cellular
responses (13). Although B-actins are
commonly used as invariant internal
control in many mRNA expression
studies, we could not find a conclusive
report showing that mechanical stress
does not affect mRNA levels of fibro-
blasts cytoplasmatic B-actin.

The results of the present study
show no changes in mRNA levels of
B-actin during the first 90 min of
application of pressure on PDL fibro-
blasts. This finding was also accom-
panied with similar amounts of intact
18S ribosomal RNA and cell vital-
ity levels, emphasizing that p-actin
mRNA levels followed cell vitality and
were not altered by the force. It veri-
fies, for the first time, the use of B-actin
gene as invariant control in fibroblasts
reponse to mechanical loading.

A recent study (14), in which tensile
mechanical loading was applied on
tendon cells, showed no changes in the
amount of cytoskeletal actin stress
fibers at the protein level. However, a
significant spatial organization of these
fibers was inflicted by the force.

ECM remodeling is a highly regula-
ted complex process, which control the
homeostasis and repair of connective
tissues such as the PDL following
application of mechanical orthodontic

by the vitality exclusion test. The 18S  otic cells. Whitin this family, a-actins  force. The initial effect of the
Table 1. Sequences of primer sets
Annealing Mg Length

Primers Sequences (°C) (mm) (bp) Reference

MMP-1 5-TGGGAGCAAACACATCTGA-3’ (sense) 48 2.5 560 Aust et al. (24)
5-ATCACTTCTCCCCGAATCGT-3’ (anti-sense)

Collagen type-lal 5-CTGGCAAAGAAGGCGGCAAA-3 (sense) 62 1.0 502 Spotila et al. (25)
5-CTCACCACGATCACCACTCT-3 (anti-sense)

TIMP-1 5-ATCCTGTTGTTGCTGTGGCTGATAG-3’ (sense) 60 1.0 639 Alvares et al. (18)
5-TGCTGGGTGGTAACTCTTTATTTCA-3’ (anti-sense)

TIMP-2 5-GGAAGTGGACTCTGGAAACGACATT-3 (sense) 62 2.0 495 Nomura et al. (26)
5-CTCGATGTCGAGAAACTCCTGCTTG-3’ (anti-sense)

Actin 5-GAGACCTTCAACACCCCAGCC-3’ (sense) 62 1.0 311 Palmon et al. (27)

5-GGCCATCTCTTGCTCGAAGTC-3" (anti-sense)
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Fig. 1. Calibration curves for MMP-1, Col-I, TIMP-1, TIMP-2, and B-actin. Total RNA (1 pg) was reverse transcribed using oligo (dt);s
primer. cDNA was amplified by PCR using the relevant primers. (b) input total RNA amplified with the PCR cycles determined by (a).
Optimal conditions used for each amplification primer are marked with *.
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Fig. 2. 18 S RNA, actin PCR-amplified mRNA levels and cell vitality of control and force-
affected cells. Upper panel show ethidium bromide stained agarose gel of 18S RNA and actin
PCR-amplified bands. Lower graphs show relative optical density (OD) to control of 18S
RNA and actin PCR-amplified bands at each time point and cell vitality data.

orthodontic pressure on PDL is tissue
damage, which will later affect the
adjacent alveolar bone (4). Temporal
concerted cells"ECM interactions, as
well as the response of cells to extra-
cellular signals are essential in tissue
remodeling. Consequently, regulated
response of ECM proteins (collagens)
on the one hand and MMPs and their
inhibitors, TIMPs, on the other hand is
required for this process to occur

properly (15). The present study fo-
cused on the molecular response of
human PDL fibroblasts to centrifugal
pressure, which simulates the com-
monly used orthodontic force. The
conspicuous finding of this study is the
time-dependent  up-regulation  of
mRNA levels of MMP1 in the first 30—
60 min of application of force. This
effect was time limited and was fol-
lowed by a decrease of MMP-1 mRNA

almost to control levels after 90 min of
force application. This time-limited
phenomenon, which was also found in
vivo (5), highlights the importance of
not only MMP-1 up regulation in re-
sponse to force but also the control-
limiting mechanism of MMP-1 gene
necessary for maintaining proper tissue
integrity. Interestingly, the time course
of MMP-1 induction and normaliza-
tion in the in vitro model was by far
more rapid than in the in vivo model,
which corresponds to the high turnover
rate of PDL cell culture model used in
this study (2). In the present study we
focused on the immediate response,
bearing in mind that it is a part of a
broader phenomenon. We are cur-
rently investigating longer force
induction periods.

To prove the principle that centri-
fugal pressure in an in vitro model
induces changes in the pathway/s of
extracellular trigger to mRNA tran-
scription we used the semi-quantitative
RT-PCR assay that we previously
established (6). The results found are
within the scope of this method. Other
methods, such as real-time PCR or
zymography, may be needed in the
future to further quantitatively char-
acterize this phenomenon. However,
such an accurate determination is not
needed for utilizing this model to elu-
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Fig. 3. Semi-quantitative RT-PCR assay of MMP-1, Col-I, TIMP-1 and TIMP-2 following
application of force. Upper panels show representative set of PCR bands after gel electro-
phoresis. Lower graphs show the ratio between OD of force to OD of control at each time
point after normalization to B-actin (for details see text). Each time point represents the

mean + SE.

cidate the cellular underlying mecha-
nisms induced by centrifugal pressure.

The increase in MMP-1 mRNA,
concomitant with no changes in
mRNA levels of TIMPs indicate that
elevated levels of MMP-1 protein
might be synthesized leading to
increased PDL remodeling. A similar
process occurred in the in vivo model
(5), in which orthodontic pressure
caused significant induction of gingival
mRNA levels of MMP-1 followed by
increased protein activity.

Since an inevitable consequence of
orthodontic intervention is that of
tissue injury and subsequent inflam-
matory response, one may assume
that PDL degradation is the result of
the inflammatory response, during
which collagenase is highly expressed
by polymorphonuclear cells, macro-
phages and by fibroblasts that invade
the injured area (16). The major
finding of the present study that force
triggers MMP-1 gene expression
indicates that PDL remodeling, fol-
lowing application of force, is the
cumulative result of both the force
affecting the cells and of the inflam-
matory process.

The responsiveness of MMP-1 gene
to force, as shown in the present work,
supports previously described changes
in the expression of MMP-1 genes
under the influences of various cellular
and extracellular factors such as alter-
ation in actin cytoskeleton (17), growth
factors (18), chemical agents (19) and
physical stress (20). It also corresponds
to a recent in vitro tension model in
which both PDL and gingival human
fibroblasts over expresssd mMRNA
encoding for MMP-1 (21).

The precise regulation of MMP
gene expression in relation to collagen
gene expression is critical for tissue
repair and homeostasis. Non-coordi-
nated changes in the expression of
each of the two genes may lead to
pathologic events such as keloids
formation due to over expression of
Col-I (22) or to certain ulcerative skin
lesions due to over expression of
MMP-1 (23). Therefore, at the
molecular level, the amount and tim-
ing of expression of each of these
genes is essential for proper tissue
repair. However, the relatively short
duration of centrifugation in this
study (due to cell death), as com-
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pared to the in vivo model (5), does
not provide sufficient data for evalu-
ating the force interdependent chan-
ges between MMP-1 and Col-I
mRNAs.

This issue, as well as tracking poss-
ible pathways involved in the mec-
hano-signal transduction processes, is
the objective of our current investiga-
tions.
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