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Abstract There is growing evidence that apoptosis
involves the nuclear transcription factor NF-κB in conjunc-
tion with related genes. However, in the context of
mechanical orthodontic forces, force-sensing target genes
assigned to pathways of NF-κB and apoptosis have not
been fully characterised. To contribute to the identification
of putative target genes, we used cDNA arrays specific for
NF-κB and apoptotic pathways and analysed elevated gene
expression in primary human periodontal ligament fibro-
blasts (PDL-F) after a 6 h application of mechanical force.
Among several identified genes (including several cas-
pases), interleukin-1β (IL-1β) and NF-κB displayed sig-
nificantly higher expression on the NF-κB array, whereas
higher expression was obtained for BCL2-antagonist of cell
death (BAD), member 6 of the TNF-receptor superfamily
(FAS) and CASP2 and RIPK1 domain-containing adaptor
with death domain (CRADD) on the apoptosis array. Based
on a defined cut-off level of a more than 1.5-fold higher
expression, this significance in elevated gene expression
was corroborated by reverse transcription/polymerase chain

reaction (RT-PCR). Here, semi-quantitative (sq) PCR
revealed a more pronounced elevation of mRNA gene
expression in PDL-F after 6 h of stretch, when compared
with 12 h. Moreover, the elevation after 6 h as observed by
sq-PCR was convergent with quantitative PCR (q-PCR).
q-PCR yielded levels of 5.8-fold higher relative gene
expression for IL-1β and 1.7-fold for NF-κB, whereas that
computed for BAD indicated a 5.2-fold, for CRADD a 2.1-
fold and for FAS a 2.0-fold higher expression. The data
obtained from the expression analysis thus indicate a
stretch-induced transcriptional elevation of genes assigned
to the NF-κB and apoptotic pathways. This elevation may
render them target candidates for being addressed by
mechanical orthodontic forces.
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Introduction

In orthodontics, mechanical forces are used to induce
orthodontic tooth movement, which is governed by remod-
elling changes in paradental tissues. Studies published so
far have revealed extensive cellular activities in the
periodontal ligament (PDL), involving fibroblasts, endothe-
lial cells, osteoblasts, osteocytes and endosteal cells. In this
context, mechanical stresses have been described as altering
the structural properties of tissues at the cellular, molecular
and genetic levels. Basically, the effects of mechanotherapy
can be divided into rapid tissue reactions at the initial stage
followed by later-occurring slower adaptive changes. In
particular, force-induced tissue strain produces local alter-
ations in vascularity and cellular and extracellular matrix
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(ECM) reorganisation (Waddington and Embery 2001).
These alterations in turn lead to the synthesis and release
of, for example, growth factors and mediators associated
with inflammation (for a review, see Krishnan and
Davidovitch 2006).

On the cellular level, force transmission implies changes
in gene expression with respect to a broad spectrum of
molecules, which in turn facilitate tooth movement (Meikle
2006). Examples of molecules shown to exhibit transcrip-
tional and post-transcriptional changes in vitro and in vivo
include integrins (Bolcato-Bellemin et al. 2000), ECM
molecules (Sato et al. 2002; Redlich et al. 2004), proteases
and TIMPs, which orchestrate ECM turn-over (Redlich et
al. 2004; Ingman et al. 2005). Moreover, molecules
associated with the differentiation of cells of mineralised
tissues (Pavlin et al. 2001; Chiba and Mitani 2004) and
mechanotransduction (Molina et al. 2001) are altered.
Although limited in number, recent studies support evi-
dence that apoptosis also occurs during orthodontic tooth
movement (Rana et al. 2001; Hamaya et al. 2002), and that,
in osteocytes, caspase-8 (CASP8) acts as a key executioner
(Goga et al. 2006). In addition, the molecular regulation of
tooth movement is also governed by the synthesis of
inflammatory molecules. Results obtained in humans and
animals indicate elevated levels not only for IL-1β and
prostaglandin E2 (Lee et al. 2004; Yamaguchi et al. 2006),
but also for tumour necrosis factor-α (TNF-α; Jager et al.
2005) and IL-8 (Tuncer et al. 2005).

Like IL-1β, TNF-α plays an important role in mediating
immune and inflammatory responses. Moreover, it takes a
significant part in the control of proliferation, differentiation
and apoptosis, although it is a weaker inducer of extrinsic
apoptosis compared with the TNF-related apoptosis-induc-
ing ligand (TRAIL) and CD95 ligand (Baud and Karin
2001). Concerning cells of the periodontal tissues, TNF-α
has currently been shown to trigger apoptosis in osteoblasts
and PDL cells (Thammasitboon et al. 2006). Upon binding
of TNF-α to its receptor TNF-R1, receptor clustering
triggers one of two different pathways: a pro- or anti-
apoptotic pathway (Liu et al. 1996). Both pathways coexist
in a specific balance, each being promoted depending on
the physiological conditions. Either the recruitment of the
FAS-ligand-associated death domain (FADD) leads to the
induction of apoptosis or the recruitment of the so-called
TNF-receptor-associated factor (TRAF) proteins results in
the activation of the transcription factor NF-κB (nuclear
factor kappa B), which is commonly known to mediate cell
survival pathways (Hsu et al. 1995; Krappmann et al.
1996). In addition to its important role in controlling
immune function, cell proliferation and differentiation, NF-
κB has so far been mainly described as inducing the
expression of anti-apoptotic genes (Wang et al. 1998). One
mechanism by which NF-κB exerts its function in an anti-

apoptotic fashion is the activation of genes encoding for
inhibitors of apoptosis proteins (c-IAPs). These c-IAPs
interfere with the activation of effector CASPs (Wang et al.
1998). In this context, a potent inducer of NF-κB is the
above-mentioned pro-inflammatory cytokine IL-1β.
Whereas the IL-1β-mediated up-regulation of NF-κB has
been described to reduce TRAIL-induced apoptosis in
transformed keratinocytes, recent studies have reported that
IL-1β is capable of significantly enhancing UV-B-mediated
apoptosis in an NF-κB-dependent manner. This promotion
of pro-apoptotic effects has been substantiated by an IL-1β/
UV-B-driven NF-κB-mediated down-regulation of anti-
apoptotic proteins including c-IAP, FLICE-inhibitory pro-
tein (FLIP) and TRAF proteins (Poppelmann et al. 2005).
Moreover, this decline in the expression of anti-apoptotic
proteins is convergent with a release of TNF-α, which now
serves as an additional pro-apoptotic stimulus because of
the decrease in TRAF proteins (Poppelmann et al. 2005).
Based on these findings, the nuclear transcription factor
may represent a pivotal molecule in apoptosis, since
evidence exists that it works not only in an anti-apoptotic
fashion, but also in a pro-apoptotic manner.

For this purpose, the present study explores whether
genes involved in the NF-κB and apoptotic pathways
represent candidate targets of mechanical forces in primary
human PDL fibroblasts (PDL-F). This should contribute to
the identification of force-sensing genes in cells of the PDL
and may have important implications for the progressive
characterisation of cellular effects emanating from the
mechanical forces used in orthodontics.

Materials and methods

Cell culture and stretching

This study was approved by the institutional ethic com-
mittee of the Medical Faculty, University of Heidelberg
(vote no. 148/2003; renewal 30.09.2005). Primary PDL-F
were derived from the ligament tissues of periodontally
healthy, non-carious human premolar teeth that had been
extracted from juvenile donors (age: 12–14 years) for
orthodontic reasons with informed consent. Small tissue
fragments were established as explant cultures by means of
Dulbecco’s modified Eagle’s medium (PAA, Cölbe, Ger-
many) supplemented with 10% fetal calf serum (FCS;
Biochrom, Berlin, Germany), 2 mM L-glutamine (Invitro-
gen, Karlsruhe, Germany) and antibiotics (kanamycin,
50 mg/ml; Roche, Mannheim, Germany). After nearly
reaching confluence, cells were used for stretching experi-
ments between passages 3 and 6. Stretching was carried out
according to the method described by Saito et al. (1991).
Briefly, following trypsination, 3.5×103/cm2 PDL cells
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were seeded on flexible-bottomed dishes (Greiner Bio-One,
Solingen, Germany) covered with coating medium and
grown until near-confluence. As an approach to the
composition of the ECM environment of PDL-F in vivo,
the coating medium consisted of, in addition to 1% bovine
serum albumin (Sigma, Munich, Germany), 20 μg/ml
native collagen type-I (IBM, Leipzig, Germany) and
10 μg/ml fibronectin (Biomol, Hamburg, Germany), both
molecules essentially being found in the ECM of the PDL
(Waddington and Embery 2001). The bottom of each dish
was stretched by induction of a continuous average stretch
of 2.5% (Saito et al. 1991) for periods of 6 h concerning the
cDNA and quantitative polymerase chain reaction (q-PCR)
experiments, and for 6 h and 12 h in the case of semi-
quantitative-PCR (sq-PCR). Irrespective of the modus
operandi, unstretched cells served as controls. Concerning
the forces applied to the PDL-F, the continuous stretch
mimicked forces applied during orthodontic tooth move-
ment by using fixed appliances, whereas the chosen time
periods, i.e. 6 h and 12 h, reflected the initial stages of
therapeutically applied mechanical forces.

RNA extraction and semi-quantitative reverse transcription
followed by PCR

Total RNA was isolated from nearly confluent human PDL
cells from lumox dishes (Greiner 7Frickenhausen, Germany),
after 6 and 12 h periods of strain, by using the PeqGOLD

RNA Pure protocol (PEQLAB Biotechnologie, Erlangen,
Germany), an optimised guanidine isothiocyanate/phenol
method; both the quantity (260 nm) and quality (ratio: 260/
280 nm) of the RNA was determined by using a TECAN
Genios Plus spectrophotometer (Tecan, Crailsheim, Ger-
many). Reverse transcription (RT) of total RNA (2 μg) was
performed by standard protocols with random hexanucleotide
priming and RevertAid M-MuLV reverse transcriptase
(Fermentas, St. Leon-Rot, Germany) in a total volume of
20 μl. After RT, 1 μl sample was used for PCR. Gene-
specific PCRs were performed in a total volume of 30 μl
with the gene-specific primers and under the conditions
listed in Table 1.

After a general denaturation step at 95°C for 15 min with
HotStarTaq DNA Polymerase (Qiagen, Hilden, Germany),
denaturing was carried out at 94°C for 1 min for all
molecules under study. The annealing temperature ranged
from 51°C to 58°C (see Table 1) for 1 min; elongation was
performed at 72°C for 1 min. After amplification, 5 μl from
each reaction was loaded onto a 2% agarose gel containing
ethidium bromide (0.5 μg/ml); the gel was photographed by
using a digital camera system (Casio Europe, Norderstedt,
Germany). Concomitantly, PCR was performed over 33, 36
and 39 cycles with primers for the housekeeping gene
(HKG) calreticulin (Smith and Koch 1989) to allow
comparisons of the cDNAs generated from the various cell
culture passages and culture conditions. The relative
mRNA gene transcription of the genes under study was

Table 1 Primer sequences used for interleukin 1β (IL-1β), nuclear factor kappa B (NF-κB), member 6 of the TNF-receptor superfamily (FAS),
CASP2 and RIPK1 domain-containing adaptor with death domain (CRADD), BCL2-antagonist of cell death (BAD) and the housekeeping genes
(HKGs) β-actin and calreticulin in semi-quantitative (sq-PCR) and quantitative (q-PCR) reverse transcription/polymerase chain reaction (RT-PCR)

Molecules Type of RT-PCR Primer sequences Amplicon size (bp) Annealing temp (°C)

IL-1β q-PCR Biomol, Hamburg (PPH00171A) – 55
sq-PCR Sense: 5′ ATGGCAGAAGTACCTAAGCTCGC 3′ 840 58

Antisense: 5′ ACACAAATTGCATGGTGAAGTCAGTT 3′
NF-κB q-PCR/sq-PCR Sense: 5′ CCGTTATGTATGTGAAGG 3′ 338 53

Antisense: 5′ AGAGTCCAGGATTATAGC 3′
FAS q-PCR Biomol, Hamburg (PPH00141A) – 55

sq-PCR Sense: 5′ TCTTTCACTTCGGAGGATTG 3′ 279 55
Antisense: 5′ CACGCAGTCTGGTTCATC 3′

CRADD q-PCR Biomol, Hamburg (PPH00334A) – 55
sq-PCR Sense: 5′ TGTGGGCTGAATCCTGAC 3′ 209 51

Antisense: 5′ AACTGAACAATTACAACAATGC 3′
BAD q-PCR Sense: 5′ CGAGTGAGCAGGAAGACTCCA 3′ 348 63.3

Antisense: 5′ AGGAGTCCACAAACTCGTCACT 3′
sq-PCR Sense: 5′CGAGTGAGCAGGAAGACTCCA 3′ 217 50

Antisense: 5′ AGGAGTCCACAAACTCGTCACT 3′
HKGs
β-Actin q-PCR Sense: 5′ TTTTTCCAGCAAGTATCCAACC 3′ 189 55.5

Antisense: 5′ GGAGTTTTCCAAAGATTTATTGAA 3′
Calreticulin sq-PCR Sense: 5′ CTGACCCTGATGCTAAGAA 3′ 407 51

Antisense: 5′ CTCTTTGCGTTTCTTGTCT 3′

Table 1 Primer sequences used for interleukin 1β (IL-1β), nuclear
factor kappa B (NF-κB), member 6 of the TNF-receptor superfamily
(FAS), CASP2 and RIPK1 domain-containing adaptor with death
domain (CRADD), BCL2-antagonist of cell death (BAD) and the

housekeeping genes (HKGs) β-actin and calreticulin in semi-quantitative
(sq-PCR) and quantitative (q-PCR) reverse transcription/polymerase
chain reaction (RT-PCR)
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determined by the ratio of the gene of interest to
calreticulin. To generate these data, digital gel images from
PCR products and relative densities were determined by
using the evaluation software, ImageJ 1.37 h (Wayne
Rasband, National Institutes of Health, USA). Each RT-
PCR experiment was run three times, based on the primary
cell cultures of human PDL cells.

Evaluation was performed by adjusting the density values
to the values of the used HKG (calreticulin). The final values
were generated by using the mean (±SEM) of three
independent experiments. The P-values were calculated by
the means t-test (MedCalc 9.0.1.1, Mariakerke, Belgium),
with values of P<0.01 being denoted as statistically
significant (always compared with the control group).

cDNA array chip hybridisation experiments

We used an apoptosis and NFκ-B pathway GEArray Q
Series kit (SuperArray, Bethesda, Md.) according to the
manufacturer’s instructions. This cDNA expression array
contained each of 96 human cDNA fragments from genes
associated with the apoptosis or NFκ-B pathway. Briefly,
1–5 μg total RNA prepared by using an RNA extraction kit
(RNeasy Mini Kit, Qiagen, Hilden, Germany) was used as a
template for cDNA synthesis in a thermal cycler. The
annealing mix was prepared with 1 μl GEAprimer Mix,
0.5–5 μg total RNA and RNase-free water to give a final
volume of 10 μl. The samples were placed in a thermal
cycler at 70°C for 3 min and then cooled down to 37°C for
10 min before addition of the master mix. An RT cocktail
was prepared for four samples including GEA buffer (BL,
16 μl), RNase-free water (16 μl), RNase inhibitor (RI, 4 μl)
and reverse transcriptase (RE, 4 μl), the nomenclature of
the various solutions being as given in the kit. For each
array, 10 μl of the RT cocktail were transferred to the 10 μl
annealing mixture and incubation was resumed for 25 min
at 37°C. Afterwards, the mixture was heated at 85°C for
5 min to hydrolyse the RNA and to inactivate the reverse
transcriptase, followed by chilling on ice. Then, the LPR
cocktail was prepared for two arrays each (apoptosis and
NFκ-B) by the addition of GEA buffer (BL, 36 μl), GEA
buffer (AF, 18 μl), biotin-16-dUTP (4 μl, Roche Diagnos-
tics, Mannheim, Germany) and DNA polymerase (LE, 2 μl)
to give a final volume of 60 μl. For each array, 30 μl of the
LPR cocktail was added to each RT reaction and processed
in a thermal cycler under following conditions: 85°C,
5 min; 30 cycles of 85°C for 1 min, 50°C for 1 min, 72°C
for 1 min and then finally 72°C for 5 min. RT was stopped
by denaturing the sample at 94°C for 2 min and
subsequently chilling on ice.

Denatured labelled cDNA probes were added to the
arrays and hybridised overnight at 60°C preceding pre-
hybridisation with GEAhyb hybridisation solution and heat-

denatured sheared salmon sperm DNA. Arrays were then
washed and images were obtained via chemiluminescence
by using alkaline-phosphatase-conjugated streptavidin and
CDP-Star chemiluminescent substrate (Tropix, Bedford,
Mass.). After X-ray exposure, the raw image was analysed
by using GEArray Analyser software, normalising data to
background and the HKG, β-actin (ACTB). For both cDNA
arrays, the results from two independent experiments have
been exemplified for one array each (Fig. 1).

Real-time q-PCR

RNA extraction and first-strand cDNA synthesis were
carried out as described above. cDNA concentrations were
determined by fluorometry with a fluorescent dye (Pico-
Green, Molecular Probes) and adjusted to 0.5 ng/μl. PCR
analysis was performed with the iCycler Real-Time PCR
Detection System (BioRad Laboratories, Philadelphia, Pa.,
USA) according to the manufacturer’s instructions. The
standard temperature profile included initial denaturation
for 3 min at 95°C, followed by 40 cycles of denaturation at
94°C for 40 s, annealing at 55°C to 57°C (primer-
dependent) for 30 s and extension at 72°C for 40 s. The
sequences of the primers (designed with Beacon Designer
5.0 Software; BioRad Laboratories) and the probes used are
listed in Table 1. q-PCR amplification was conducted with
a reaction mixture containing 25 μl SYBR green PCR
mastermix (iQ SYBR Green Supermix; BioRad Laborato-
ries), 1 μl template cDNA (5 ng) and an appropriate
amount of paired primers in a final volume of 50 μl. The
results of the q-PCR were analysed as relative expression
levels of stretched PDL cells (6 h) in relation to unstretched
cells. The relative expression levels of each mRNA were
analysed by using a modification of the ΔΔCT equation,
which allows counting for differences in efficiencies (E=
101/slope) between the PCRs (Livak and Schmittgen 2001).
The data were calculated by using the software Gene
Expression Macro provided with the iCycler. Data were
obtained from three individual experiments and normalised
to the CT of the HKG, β-actin. The relative expression
levels were subjected to the means t-test; P-values less than
0.01 were considered statistically significant.

Results

Elevation of gene expression of NF-κB-related
and apoptosis-related genes in PDL-F identified by cDNA
array hybridisation

To contribute to the identification of apoptotic force-
sensing genes in primary human PDL-F, we compared the
signal intensity of cDNA arrays derived from unstretched
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control PDL-F (Fig. 1a,c) with PDL-F stretched for 6 h
(Fig. 1b,d). Since there is growing evidence of an
ambivalent role of NF-κB in apoptosis, i.e. mediating anti-
and pro-apoptotic signals (Poppelmann et al. 2005), arrays
comprising of genes assigned to the NF-κB and apoptosis
pathways were employed. By using these arrays, a
significant increase (cut-off level 1.5-fold) in gene expres-
sion was found for a total of 36 genes, from which 16 rank
among the NF-κB and 20 among the apoptosis cDNA
array. An overview of these genes, including the numerical
value of manifold expression, obtained from the mean of
two independent experiments, is given in Table 2 (left: NF-
κB-related genes, right: apoptosis-related genes). With
respect to NF-κB, an intriguing finding was that the gene
expression of this transcription factor was significantly up-
regulated in stretched PDL-F. This was exemplified by the

representative cDNA microarray blot illustrated in Fig. 1a,b
(control versus stretched cells, respectively; coordinate D7).

Figure 2 indicates this up-regulation in more detail by
depicting a histogram of the most interesting genes that are
significantly increased by stretch. This histogram is based
on the means of two individual experiments and reveals a
5.6-fold stretch-dependent NF-κB expression (Fig. 2: blue
columns, NF-κB pathway). As reviewed by Pahl (1999),
the nuclear transcription factor NF-κB promotes the ex-
pression of 150 target genes. On the other hand, the
inducers of NF-κB are similar in number and include the
pro-inflammatory cytokines TNF-α and IL-1β. Coincident
with this description of IL-1β as a potent NF-κB inducer is
the finding that, for IL-1β, a stretch-dependent transcrip-
tional elevation can be noted in the PDL-F. This is
documented by the cDNA arrays in a comparison of

Fig. 1 Representative cDNA
micro-array blots illustrating
gene expression from stretched
(6h stretch) and unstretched
(control) PDL cells. Data were
normalised against the house-
keeping gene (HKG) β-actin
(ACTB) and internal background
subtraction was applied (GEA-
Suite software, Superarray).
a, b NFκ-B pathway cDNA
array from total RNA of
6 h stretched and unstretched
PDL cells. Examples for modu-
lated NFκ-B-related genes
of interest are indicated by their
coordinates on the chip.
c, d Apoptosis pathway cDNA
array from total RNA of
6 h stretched and unstretched
PDL cells. The respective posi-
tions of modulated apoptosis-
related genes are indicated by
their coordinates on the chip
(red circle position H4 of
caspase 7 on the chip). Although
not significantly elevated
(cut-off level above 1.5 was
denoted as significant higher
gene expression level compared
with the control), caspase 7
revealed 1.4-fold increased gene
expression. Genes marked in
bold have been validated by
additional methods including
semiquantitative PCR (see
Fig. 3) and quantitative PCR
(see Fig. 4). Data were obtained
from two independent
experiments
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position D4 derived from control (Fig. 1a) and the stretched
cells (Fig. 1b) and the elevation level of 3.9-fold expression
(Fig. 2: blue columns, NF-κB pathway). Among the
plasma-membrane-bound molecules that mediate the acti-
vation of NF-κB, the Toll-like receptors occupy an
executive position (Kim et al. 2006; Didierlaurent et al.
2006). Concerning these receptors, comparison of the
unstretched versus stretched PDL cells indicates a tremen-
dously increased expression of genes encoding for Toll-like
receptors 3, 4, 5, 7 and 8 on the NF-κB cDNA array
(Table 2, left). This also applies to the myeloid differenti-
ation primary response gene 88 (MYD88) coding for an

adapter protein involved in the Toll-like receptor and IL-1
receptor signalling pathway in the innate immune response,
thus leading to NF-κB activation (see Table 2, left).
Consistent with these findings is the up-regulation of
several mitogen-activated protein kinases (MAPKs) and
MAPKs-associated kinases (MAPxKx), including
MAP3K14. Interestingly, this kinase associated with
MAPK3 has been described as being involved in NF-κB
induction via cytokines (therefore also termed NF-κB-
inducing kinase; Malinin et al. 1997; Yang et al. 2005).
Whereas the levels of elevated gene expression range from
1.6-fold up to 4.1-fold for other MAPKs, MAP3K14

Table 2 Numerical values of stretch-induced elevated gene expression in periodontal ligament (PDL) fibroblasts as summarised from cDNA chip
experiments with an apoptosis and NF-κB pathway cDNA chip. All genes displayed an increase in gene expression, when comparing PDL cells
after 6-h stretch versus unstretched control cells. The cut-off level for a significant increase in gene expression was predefined as an increase of at
least 1.5-fold. Data were obtained from means of two independent experiments and adjusted to chip-internal controls (housekeeping genes,
background subtraction). Genes marked in bold italics indicate genes under study

Elevated expression of genes related to NF-κB Elevated expression of genes related to apoptosis

Gene Full name of gene Value Gene Full name of gene Value

FADD Fas (TNFRSF6)-associated via death domain 1.97 BAD BCL2-antagonist of cell death 2.20
IL1B Interleukin 1, beta 3.99 BAK1 BCL2-antagonist/killer 1 3.14
IRF1 Interferon regulatory factor 1 2.51 BCL10 B-cell CLL/lymphoma 10 3.63
MAP2K4 Mitogen-activated protein kinase kinase 4 4.12 BNIP3 BCL2/adenovirus E1B 19kDa

interacting protein 3
2.67

MAP3K1 Mitogen-activated protein kinase kinase kinase 1 2.63 CASP1 Caspase 1, apoptosis-related
cysteine protease

3.71

MAP3K14 Mitogen-activated protein kinase kinase kinase 14 12.12 CASP2 Caspase 2, apoptosis-related
cysteine protease

4.25

MAP3K2 Mitogen-activated protein kinase kinase kinase 2 3.26 CASP5 Caspase 5, apoptosis-related
cysteine protease

7.05

MAPK3 Mitogen-activated protein kinase 3 3.01 CASP8 Caspase 8, apoptosis-related
cysteine protease

2.81

MAPK8 Mitogen-activated protein kinase 8 1.60 CASP8AP2 CASP8 associated protein 2 3.69
MYD88 Myeloid differentiation primary response gene

(88)
13.71 CHEK1 CHK1 checkpoint homolog 1.89

NFKB1 Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1

5.61 CRADD CASP2 and RIPK1 domain containing
adaptor with death domain

8.79

TLR3 Toll-like receptor 3 8.65 GADD45A Growth arrest and
DNA-damage-inducible, alpha

2.62

TLR4 Toll-like receptor 4 12.52 LTBR Lymphotoxin beta receptor (TNFR
superfamily, member 3)

3.08

TLR5 Toll-like receptor 5 2.32 TNFRSF10A Tumor necrosis factor receptor
superfamily, member 10a

4.61

TLR7 Toll-like receptor 7 6.76 TNFRSF10B Tumor necrosis factor receptor
superfamily, member 10b

1.78

TLR8 Toll-like receptor 8 15.59 TNFRSF1A Tumor necrosis factor receptor
superfamily, member 1A

1.87

CD40 CD40 antigen (TNF-receptor
superfamily member 5)

2.09

FAS Fas (TNF-receptor superfamily, member 6) 3.31
TNFRSF8 Tumor necrosis factor receptor

superfamily, member 8
1.75

TNFSF14 Tumor necrosis factor (ligand)
superfamily, member 14

1.58

Table 2 Numerical values of stretch-induced elevated gene expres-
sion in periodontal ligament (PDL) fibroblasts as summarised from
cDNA chip experiments with an apoptosis and NF-κB pathway cDNA
chip. All genes displayed an increase in gene expression, when
comparing PDL cells after 6 h stretch versus unstretched control cells.

The cut-off level for a significant increase in gene expression was
predefined as an increase of at least 1.5-fold. Data were obtained from
means of two independent experiments and adjusted to chip-internal
controls (housekeeping genes, background subtraction). Genes marked
in bold italics indicate genes under study
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displays a 12.1-fold increase upon stretch in PDL-F
(Table 2, left, Fig. 1a,b; control versus stretched cells,
coordinate A6). Genes exhibiting elevated expression on
the apoptosis cDNA array can be attributed to the extrinsic
and intrinsic apoptotic pathways, respectively. With respect
to intrinsic apoptosis, this holds for the BCL2-antagonists
BAK1 and BAD (Table 2, right), the latter also being
exemplified in Fig. 1 (compare coordinate D1, Fig. 1c,d,
control versus stretched cells, respectively). The 2.2-fold
higher expression of BAD in PDL-F after a 6 h mechanical
stretch is also depicted in Fig. 2 (orange columns, apoptosis
pathway). Concerning extrinsic apoptosis, the CD95 gene
encoding for the FAS receptor displays a 3.3-fold stretch-
dependent increase (Table 2, right), which is visible not
only on the cDNA array (Fig. 1c,d; coordinate B10), but
also on the illustration in Fig. 2 (orange columns, apoptosis
pathway). Once activated, FAS-induced apoptosis proceeds
by the formation of the death-inducing signalling complex,
abbreviated DISC (Eramo et al. 2004). One of the pivotal
DISC-forming adapter molecules, FADD, shows an ap-
proximately 2-fold transcriptional increase (Table 2, left,
Fig. 1a,b, coordinate D2). Moreover, molecules comprising
the TNF-receptor superfamily (TNFRSF), which can also
lead to DISC formation (Ramaswamy et al. 2004) exhibit
up-regulated expression levels. This up-regulation is also
denoted for TNFRSF 10A, 10B and 1A (Table 2, right).
Executioner molecules by which ex- and intrinsic apoptosis

pathways are governed include several CASPs. As shown
in Fig. 1a,b, CASPs found to be modulated by stretch
(control versus PDL cells after a 6-h stretch, respectively)
include CASP1 (G3), CASP2 (C4), CASP5 (F4) and
CASP8 (A5). Whereas CASP8 (elevation level 2.81,
Table 2) is counted among the initiator CASPs (Los et al.
1999) and binds to FADD to complete DISC formation,
CASP2 (elevation level 4.2, Table 2) exerts an analogous
function in the TNF-R1 signalling complex by binding to
its adapter CRADD (Guo et al. 2002). Convergent with a
stretch-induced elevation of the aforementioned pro-apo-
ptotic genes, we have also noted such a transcriptional
elevation for CRADD (8.79-fold, Table 2), as exemplified
by the cDNA array (Fig. 1c,d; coordinate H5) and sub-
stantiated by the graphics provided in Fig. 2 (orange
columns, apoptosis pathway). cDNAs encoding for mole-
cules that counteract apoptosis remain largely undetectable
and are thus not considered here. Such genes include not
only the BAD antagonist BCL-2 and some of its depend-
ants, but also members of the TRAF and BIRC/c-IAP
proteins, the latter being inhibiting effector CASPs (data
not shown).

Confirmation of stretch-dependent transcriptional elevation
for selective genes assigned to either the NF-κB
or apoptotic pathways by semi-quantitative
and quantitative RT-PCR

As summarised in Table 2, 16 NF-κB-related and 20
apoptosis-related genes displaying an elevated expression
to mechanical stretch were identified in the present cDNA
array analysis. These force-sensing genes could be allocat-
ed to well-characterised biological functions. These func-
tions, concerning the NF-κB array, included (1) adapter
molecules of death receptors (e.g. FADD), (2) cytokines
and regulatory factors (e.g. Il-1β), (3) MAP-kinases/
MAPKs and MAPK-associated kinases (e.g. MAP3K14),
(4) Toll-like receptors and adapter proteins (e.g. MYD88)
and (5) transcription factors (e.g. NF-κB). With respect to
the apoptosis array, the identified genes were assigned to
functions such as (1) executioners of apoptosis (CASP2),
(2) the TNF-receptor superfamily (e.g. CD95/FAS), (3)
intrinsic mitochondrial apoptosis (BAD) and (4) adaptor
molecules to death domains of death receptors (e.g.
CRADD).

To confirm the significantly elevated gene expression
indicated in the cDNA data, we selected five genes, two
from the NF-κB (IL-1β and NFKB1/NF-κB) and three
from the apoptosis array (FAS, CRADD and BAD), as
having various levels of differential expression for real-time
sq-PCR and q-PCR analysis. As shown in Fig. 3, sq-RT-
PCR revealed a stretch-dependent induction or significant
elevation in relative mRNA expression in PDL-F. Hereby,
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Fig. 2 cDNA micro-array analysis of 6 h stretched and unstretched
control PDL cells. The expression levels of apoptosis-related genes
IL1β, NFκ-B, FAS, CRADD and BAD after 6 h stretch of PDL cells
were plotted as relative gene expression levels compared with
unstretched control cells and illustrated as the x-fold higher expres-
sion. The data were adjusted to the chip internal housekeeping gene
(HKG) β-actin (ACTB); the background was subtracted with the
supplied software (GEASuite, Superarray). A cut-off level above 1.5
was designated as being a significantly higher gene expression level
compared with the control (asterisk significance). Data were obtained
from the mean of two independent experiments and adjusted to chip-
internal controls (HKG, background subtraction)
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Fig. 3 mRNA expression profiles of apoptosis-related genes in stretched compared with unstretched human PDL cells detected by semi-
quantitative RT-PCR. All analysed genes displayed a marked increase or even an induction in relative mRNA gene expression after a 6 h stretch
compared with control cells. a IL1β (interleukin 1 beta); inset right: TNF-α (tumour necrosis factor-α). b NFκ-B (nuclear factor kappa B). c FAS
(TNF-receptor superfamily, member 6). d CRADD (CASP2 and RIPK1 domain containing adaptor with death domain). e BAD (BCL2-
antagonist of cell death). The intensity values of the relevant bands (insets left) were generated with quantification software (Image J 5.0) and
plotted as the mean values (±SEM) from three individual experiments (n=3). Data were adjusted to the HKG, calreticulin (data not shown). P-

Fig. 3 mRNA expression profiles of apoptosis-related genes in
stretched compared with unstretched human PDL cells detected by
semi-quantitative RT-PCR. All analysed genes displayed a marked
increase or even an induction in relative mRNA gene expression after
a 6 h stretch compared with control cells. a IL1β (interleukin 1 beta);
inset right: TNF-α (tumour necrosis factor-α). b NFκ-B (nuclear
factor kappa B). c FAS (TNF-receptor superfamily, member 6). d

CRADD (CASP2 and RIPK1 domain containing adaptor with death
domain). e BAD (BCL2-antagonist of cell death). The intensity values
of the relevant bands (insets left) were generated with quantification
software (Image J 5.0) and plotted as the mean values (±SEM) from
three individual experiments (n=3). Data were adjusted to the HKG,
calreticulin (data not shown). P-values less than 0.01 were considered
statistically significant compared with control: *P<0.01
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the relative gene expression detected by sq-PCR after 6 h
stretch (indicated by the red columns) paralleled the
elevated gene expression observed for the selected genes
in the respective cDNA arrays. Whereas induced expression
could be seen for IL-1β (Fig. 3a) and BAD (Fig. 3e),
significantly elevated expression was detected for NFKB1/
NF-κB (Fig. 3b), FAS (Fig. 3c) and CRADD (Fig. 3d). To
consider a putative time-associated modulation, we ana-
lysed the relative expression of the five selected force-
sensing target genes at a second time-point, namely at 12
h stretch (yellow bars in Fig. 3). Generally, except for
NFKB1 (Fig. 3b), the other selected genes (IL-1β, FAS,
CRADD, BAD; Fig. 3a,c–e, respectively) showed lower
relative gene expression levels at 12 h of stretch than at 6 h.
However, in all cases, the relative expression at 12
h significantly exceeded that of the corresponding controls.
These findings suggested a modulation of relative gene
expression in response to mechanical forces and time.

Because of the more pronounced differences in relative
gene expression recorded for most of the genes at 6 h, q-
PCR experiments were carried out at this time-point. The
use of a modification of the ΔΔCT equation revealed that
the relative expression levels of stretched PDL cells (6 h) in
relation to unstretched cells were basically higher for each
mRNA under study (Fig. 4). In detail, the values of
manifold expression were 5.8 for IL-1β (Fig. 4, blue
column), 1.7 for NFKB1 (pink column), 2.0 for FAS (green
column), 2.1 for CRADD (magenta column) and 5.2 for
BAD (yellow column). This stretch-induced elevation of
relative expression ascertained by q-PCR for all genes
agreed with the transcriptional elevation obtained from the
cDNA arrays and with the sq-PCR. With regard to the PCR
modi performed in this study, IL-1β and BAD, which
showed induction by stretch in sq-PCR, displayed a more
than 5-fold increase in relative gene expression as disclosed
by q-PCR.

Discussion

Orthodontic tooth movement is governed by remodelling
changes in the cells of the paradental tissues. On the
molecular level, these complex changes address, amongst
others, the turn-over of proteoglycans, which, in conjunc-
tion with collagen type-I, belongs to the main ECM
constituents of the PDL and alveolar bone (Waddington
and Embery 2001). Further changes include a topographic
redistribution and modulation in the activation of compo-
nents of focal matrix adhesion structures, such as integrins,
paxillin and focal adhesion kinase, the last-mentioned being
involved in mechanotransduction (Molina et al. 2001).

Recent studies of experimental tooth movement employ-
ing animals or cultures of human cells strongly suggest
force-driven cell death via apoptosis or an activation of
apoptotic pathways (Rana et al. 2001; Hamaya et al. 2002).
In human MG-63 osteoblast-like cells, this activation of
apoptotic pathways has been substantiated by an activation
of CASP3 by means of the CASP8-signalling cascade
(Goga et al. 2006). As shown in Table 2, the initiator
CASP8 may also represent a candidate target gene of
mechanical force in the present study, since we have
observed a 2.8-fold elevation in its expression in the human
PDL-F, subjected to an average mechanical strain of 2.5%.
Further substrates of CASP8, in addition to CASP3, include
CASP10, which is situated upstream from CASP3, and also
CASP7 and CASP6, which are situated downstream from
CASP3. As highlighted in Fig. 1c,d (by coordinate A5),
CASP7 displays an expression level of 1.4, which is
marginally below the cut off level of 1.5, indicating a
significant increase in gene expression. Although margin-
ally lower, the level of 1.4 indicates a slightly increased
expression for CASP7, which ranks among the effector
CASPs (Los et al. 1999). This slight increase in expression
suggests that CASP7 may also represent a possible

Fig. 4 Differences in relative gene expression level for IL1β (5.8),
NFκ-B (1.7), FAS (2.0), CRADD (2.1) and BAD (5.2) between 6 h
stretched and unstretched control PDL cells analysed by quantitative
RT-PCR. Expression values were normalised to the expression level of

β-actin (ACTB) and denoted as mRNA expression relative to control
samples. Means (±SEM; n=3) were obtained from three individual
experiments. P-values less than 0.01 were considered statistically
significant: *P<0.01
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substrate for CASP8 in mechanically stretched PDL-F. In
the whole of apoptosis originating from the FAS receptor,
CASP8 activation precedes the inclusion of its pro-form
into the DISC by binding to the adaptor molecule FADD
(Wang et al. 1998, 2000). Interestingly, the expression of
the genes for the adaptor molecule FADD and the death
receptor FAS is significantly addressed by stretch. The
transcriptional increase observed for both genes (FADD,
1.97; FAS, 3.31; see Table 2) clearly indicates that they can
be allocated to the force-sensing genes. Concerning PDL-F,
we can assume that FAS and FADD here potentially allow
for the formation of a DISC in response to mechanical
forces. Further receptors, capable of inducing apoptosis
upon ligand occupancy, belong to the TNF-receptor
superfamily and include the TRAIL (TNF-related apoptosis
inducing ligand) receptors TRAIL-R1 and -R2 (Merino et
al. 2006). Like FAS, the genes encoding for the TRAIL-
specific death receptors DR4/TRAIL-R1 and DR5/TRAIL-
R2 (see Table 2: TNFRSF10A/DR4, 4.61; TNFRSF10B/
DR5, 1.78) also exhibit a stretch-dependent increase in
expression. This leads to the assumption that, in PDL cells,
death receptors other than FAS may also be involved in a
putative force-driven apoptosis. Similar to the FAS-bound
DISC, apoptosis evolving from the TNF-receptor requires
adaptor molecules, including TRADD (Horssen et al. 2006)
and RAIDD. RAIDD, which is also known as CRADD
(Guo et al. 2002), facilitates apoptosis via the CASP2-
associated signalling cascade. Considering this CASP2-
associated pathway, the genes contributing to its initiation,
i.e. TNFR-1 (synonym TNFRSF1A; 1.87), CRADD (8.79)
and CASP2 (4.25), appear to be up-regulated with regard to
their expression in stretch-exposed PDL-F (for all elevation
levels, see Table 2). This further strengthens the hypothesis
that an onset of apoptosis in response to mechanical forces
may not arise exclusively from FAS. Like CASP8, CASP2
is considered an initiator CASP. In this context, it appears
noteworthy that the BH3-only protein (also termed BID)
provides a substrate for both CASPs, and CASP2 in
particular (Bonzon et al. 2006). BID belongs to the BCL-
2 family and its cleavage is known to engage the
mitochondrial apoptotic pathway (Li et al. 1998; Luo et
al. 1998) through direct activation of BAX and possibly
BAK (Kuwana et al. 2005). The latter-mentioned mole-
cules, in conjunction with lipids, are assumed to cooperate
in the formation of supramolecular openings in the outer
mitochondrial membrane (Kuwana et al. 2002). In the PDL-
F subjected to mechanical stretch, the genes of both
molecules display elevated expression, although the eleva-
tion observed for BAX (1.32) is slightly below the level of
significance. BAD, a further member of the BCL-2 familiy,
is, like BAK, a BCL-2 antagonist, thereby being a pro-
apoptotic molecule. With respect to the mitochondrial
apoptotic pathway, which also involves BAD (Jiang et al.

2006), this gene has also been found to be significantly
elevated (3.2-fold, see Table 2) in its expression during
stretch application.

As previously mentioned, activation of the TNF-receptor
triggers distinct signalling pathways that may lead to
apoptosis (Baud and Karin 2001) and NF-κB activation
(Hsu et al. 1995; Krappmann et al. 1996). Although not
directly established, the drastic increase of NF-κB expres-
sion (5.61, see Table 2, Fig. 2) noted in stretched PDL-F,
provides a basis for the possible activation of this nuclear
transcription factor. As reviewed by Pahl (1999), potent
inducers of NF-κB include the pro-inflammatory cytokines
TNF-α and IL-1β, the latter being found as a stretch target
in PDL cells as revealed by its 3.99-fold elevation of
expression (see Table 2, Fig. 2). The observation of IL-1β
being a force-sensing gene in the present study is
corroborated by a recent report that has identified IL-1β
as a gene related to mechanical stress in PDL cells by
employing oligonucleotide-based cDNA arrays (de Araujo
et al. 2006). Our own observations obtained from immor-
talised human gingival keratinocytes have identified the
nuclear translocation of NF-κB upon IL-1β stimulation
(Steinberg et al. 2006). Therefore, the stretch-induced
elevation of IL-β mRNA expression may, even in PDL-F,
participate in nuclear NF-κB translocation and subsequent
activation. As shown in the inset (right) in Fig. 3a, sq-RT-
PCR demonstrates an induced relative expression for TNF-
α at both stretching periods under study. This TNF-α
induction in stretched PDL-F reveals, on the one hand, that
TNF-α may also be a candidate for NF-κB activation and,
on the other hand, that TNF-α expression may contribute to
the completion of the above-described TNF-receptor/TNF-
receptor-mediated apoptosis pathway, because of its poten-
tial availability as a TNF-receptor ligand. The possibility of
an induction of apoptosis in PDL cells via the TNF
pathway, as suggested by the findings of our work, is
emphasised by another in vitro study carried out on
osteoblasts and PDL cells and showing that apoptosis is
triggered by exogenously given TNF-α (Thammasitboon et
al. 2006). Inspection of the stretch-responding cDNAs
summarised in Table 2 reveals a drastic increase in the
expression of genes encoding for several Toll-like recep-
tors. These receptors, like the pro-inflammatory cytokines,
are additional inducers of NF-κB and are localised at the
plasma membrane of the cells (Kim et al. 2006; Didierlaurent
et al. 2006). Interestingly, toxin exposure of macrophages
has demonstrated that the activation of Toll-like receptors
also induces the gene expression of pro-inflammatory
cytokines, including IL-6, Il-1β and TNF-α (Pestka and
Zhou 2006), the latter two genes also being addressed by
mechanical stretch in our PDL-F. Therefore, in the case of
an involvement of Toll-like receptors, PDL-cells may
respond to mechanical forces in a dual manner. This duality
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may be reflected by either the elevation or induction of
expression of genes of the pro-inflammatory cytokines,
such as IL-1β and TNF-α, as has also been observed in our
study, or the activation of NF-κB. Concerning apoptosis,
there is growing evidence that NF-κB operates in an
ambivalent fashion by mediating both anti-apoptotic and
pro-apoptotic effects. In vitro studies performed on human
carcinoma cells have demonstrated that IL-1β-mediated
enhancement of UV-B-radiation-induced apoptosis pre-
cedes NF-κB activation (Poppelmann et al. 2005); the
NF-κB activation in turn causes the repression of anti-
apoptotic genes, e.g. members of the TRAF family or c-IAP
proteins, respectively. Conversely, a release of TNF-α and
activation of the TNF-receptor has been noted. From the
down-regulation of anti-apoptotic molecules and the
TNF-α release together with TNF-receptor activation,
Poppelmann et al. (2005) conclude that NF-κB does not
exclusively act in an anti-apoptotic fashion but may also
mediate pro-apoptotic effects. Regarding pro-apoptotic
effects, NF-κB activation has also been found to up-
regulate TRAIL-R2/DR5 upon ligand exposure in epitheli-
al-derived cell lines (Shetty et al. 2005). In addition to these
findings, a previously published report of cell lines derived
from hepatoma and kidney defines the pro-apoptotic role of
NF-κB in mediating FAS/CD95-dependent apoptosis by its
transcriptional activation (Kuhnel et al. 2000). With respect
to the above-described findings, the implication of an
ambiguity of NF-κB in the context of apoptosis should
also be taken into consideration for the stretched PDL cells.
This consideration is based on the transcriptional increase
noted not only for the TNF-α and the TNF-receptor gene,
but also for TRAIL receptor 2/DR5 in stretch-exposed
PDL-F. Although not analysed in mechanistic terms,
stretched PDL-F display a transcriptional elevation for
NF-κB and FAS, thereby raising the possibility of an
interconnection. On the other hand, for genes antagonising
apoptosis, a vice versa situation has been observed, since
members of the TRAF and BIRC/c-IAP proteins have not
been detected on the cDNA array.

Taken together, this study identifies novel force-sensing
genes in stretched PDL-F assigning to the NF-κB and
apoptosis pathways, by employing gene-specific cDNA
arrays. Many of the genes displaying elevated expression
have the ability to induce NF-κB and can be characterised
as key players in the initiation and mediation of apoptosis.
Therefore, at the initial stage of orthodontic tooth move-
ment, continuous mechanical forces may address not only
genes for NF-κB activation and the nuclear transcription
factor itself in PDL-F, but also genes for apoptosis arising
from the plasma-membrane-bound death receptors and
from mitochondria. Transcriptional increase of NF-κB
and FAS observed in PDL cells may in addition contribute
to the growing evidence of NF-κB occupying an ambig-

uous role in the apoptotic context, by being either anti- or
pro-apoptotic.
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