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Mechano-transduction in periodontal ligament
cells identifies activated states of MAP-kinases
p42/44 and p38-stress kinase as a mechanism for
MMP-13 expression
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Pascal Tomakidi1

Abstract

Background: Mechano-transduction in periodontal ligament (PDL) cells is crucial for physiological and orthodontic

tooth movement-associated periodontal remodelling. On the mechanistic level, molecules involved in this

mechano-transduction process in PDL cells are not yet completely elucidated.

Results: In the present study we show by western blot (WB) analysis and/or indirect immunofluorescence (IIF) that

mechanical strain modulates the amount of the matrix metalloproteinase MMP-13, and induces non-coherent

modulation in the amount and activity of signal transducing molecules, such as FAK, MAP-kinases p42/44, and p38

stress kinase, suggesting their mechanistic role in mechano-transduction. Increase in the amount of FAK occurs

concomitant with increased levels of the focal contact integrin subunits b3 and b1, as indicated by WB or

optionally by IIF. By employing specific inhibitors, we further identified p42/44 and p38 in their activated, i.e.

phosphorylated state responsible for the expression of MMP-13. This finding may point to the obedience in the

expression of this MMP as extracellular matrix (ECM) remodelling executioner from the activation state of

mechano-transducing molecules. mRNA analysis by pathway-specific RT-profiler arrays revealed up- and/or down-

regulation of genes assigning to MAP-kinase signalling and cell cycle, ECM and integrins and growth factors.

Up-regulated genes include for example focal contact integrin subunit a3, MMP-12, MAP-kinases and associated

kinases, and the transcription factor c-fos, the latter as constituent of the AP1-complex addressing the MMP-13

promotor. Among others, genes down-regulated are those of COL-1 and COL-14, suggesting that strain-dependent

mechano-transduction may transiently perturbate ECM homeostasis.

Conclusions: Strain-dependent mechano-/signal-transduction in PDL cells involves abundance and activity of FAK,

MAP-kinases p42/44, and p38 stress kinase in conjunction with the amount of MMP-13, and integrin subunits b1

and b3. Identifying the activated state of p42/44 and p38 as critical for MMP-13 expression may indicate the

mechanistic contribution of mechano-transducing molecules on executioners of ECM homeostasis.

Background
In addition to physiologic mechanical forces during swal-

lowing, speaking or mastication the periodontal ligament

(PDL) and its cells as part of the periodontium, i.e. the

tooth holding apparatus is exposed to therapeutically

applied forces, which aim at orthodontic tooth movement

[1]. The PDL is a specialised soft connective tissue with

viscoelastic properties, mainly comprised of fibroblasts

and extracellular matrix (ECM) [2], among which the col-

lagen type-I Sharpey fibers facilitate anchorage of the

tooth in the alveolar bone [3].

The mechanical forces which interfere with the period-

ontium first address the PDL’s ECM, thereby involving

the PDL-fibroblasts (PDLF), since the cells are connected

to the ECM by integrins [4]. Integrins as heterodimers

consist of promiscuous a/b-chain-combinations, e.g. avb1
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or avb3, facilitating cell-matrix-interactions via the forma-

tion of focal contacts, which are located at focal adhesion

sites [5]. Integrins as transmembrane molecules intercon-

nect the PDLF’s extracellular microenvironment with their

cytoplasmatic proteins and are therefore mechano-sensors

or mechano-perceptors, pivotal for conversion of mechan-

ical into biochemical signals [6]. This is achieved by trans-

posing the external signal to mechano-transducing

molecules, co-localised together with integrins in the focal

adhesion complex [7]. One of the key molecules in

mechano-transduction is the focal adhesion kinase FAK/

p125FAK which becomes activated through phosphoryla-

tion at 6 - 8 tyrosin residues upon engagement of focal

contact integrins by ECM ligands [8]. In previous studies

on PDLF our own findings revealed that FAK/p125FAK

appears to be mechano-sensitive, since its activity was

modulated in response to strain [9]. Further molecules

which are key players in signal transduction and localised

down-stream from FAK are the MAP-kinases ERK1 and 2,

also known as p42/44, and the p38 stress kinase [10,11].

Recently published results add to the growing body of evi-

dence that these kinases are not only cornerstones in sig-

nal transduction, i.e. the mediation of signals from the

plasma membrane to the nucleus upon specific growth

factor-ligand complex formation, but also equal in promi-

nence concerning mechano-transduction. This is exempli-

fied in a study on myocytes which demonstrated that ERK

is rapidly activated upon strain and that p38 stress kinase

appears to be the cross-talk partner of ERK in the biologi-

cal context of myocyte phenotype modulation and differ-

entiation [12].

Thus, equal in contribution, the plasma membrane-

cytoplasm signal-/mechano-transduction leads to the

activation of transcription factors preceding signal trans-

port into the nucleus [13], which are responsible for the

transcription of signal-/mechano-sensing genes. Among

the plethora of transcription factors c-fos has been iden-

tified as mechano-sensitive [14-16]. In conjunction with

c-jun, c-fos forms to the AP-1 transcription factor, the

latter localised on the promoter of the matrix metallo-

proteinase- (MMP) 13 [17]. MMPs, such as MMP-13

which has a wide substrate range including various col-

lagens, fibronectin and proteoglycanes, are responsible

for cleavage of ECM molecules under physiological con-

ditions. Thereby they contribute not only to ECM

homeostasis, but also to therapeutic or pathologic situa-

tions. Concerning the therapeutic situation, orthodontic

tooth movement induced by mechanical forces is not

only going along with periodontal remodelling including

bone resorption and formation at the sites of pressure

and tension, respectively, but also with remodelling of

the ECM [18]. In the ECM-steady state, homeostasis is

reflected by the balance of ECM synthesis and degrada-

tion, whereas degradation in turn becomes balanced by

the expression and activation of MMPs, which are coun-

teracted by their specific tissue inhibitors, termed

TIMPs [19].

In the present study, we show that one of the cellular

responses upon mechanical strain is exemplified by

modulation of the expression of the activated form of

MMP-13, which on the mechanistic level is governed by

the activity of MAP- and stress kinases p42/44, and p38,

respectively.

Results
Modulation of focal adhesion integrin subunits and FAK/

p125FAK in response to strain

On the cellular level, mechano-transduction induced by

integrin-matrix-interactions and mechanical forces starts

at focal adhesions, which is one type of integrin-based

adhesion complexes comprising mechano-sensitive sig-

nalling molecules such as p125FAK [20,7]. Therefore, we

were first interested whether mechanical strain leads to

modulation of focal adhesion integrin subunits and

p125FAK, facilitating intracellular conversion of the

mechanical into a biochemical signal.

Typical b-integrin subunits, located in focal adhesions

are integrins b3 and b1, both of which in combination

with av bind to ECM constituents like fibronectin,

vitronectin, and tenascin [21]. As exemplified by IIF for

integrin b1, Figure 1 shows that control PDL cells which

were not subjected to strain displayed discontinuous and

faint b1-expression, regardless from whether the cells

were growing at the outer (Figure 1A) or inner parts of

the flexible membrane of the culture dish (Figure 1B).

In contrast, the b1 subunit exhibited marked and homo-

genous expression when the PDLFs were exposed to

mechanical strain for 6 hours, irrespective from mem-

brane location (Figures 1C and 1D).

Despite its limitations in explanatory power concern-

ing the amount and/or ratio of protein expression, the

IIF results point to a strain-dependent obvious increase

of expression for the b1 integrin subunit. This sugges-

tion was supported by exploring b3 integrin, the further

b subunit located in focal adhesions. By employing IIF

and WB analysis as well, this increase appeared to be

less pronounced for b3 with matched controls (Figures

1E, F and 1G, H). Coinciding with the IIF at 6 hours of

strain, WB-analysis of b3 revealed an approximately 32%

higher thus significant increase of protein expression

with matched controls at this time point (Figure 2A).

After integrin-mediated mechano-perception at the

plasma membrane or transmembrane site, mechanical

loading intracellularly appeals focal adhesion kinase

p125FAK, hereby leading to conversion into a biochem-

ical signal. In the context of mechanical loading it has

to be considered that mechano-transducing signalling

proteins can be modulated in a dual fashion, including
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both, their total amount and their activation state. To

address this issue adequately, we next investigated puta-

tive strain-associated modulation of p125FAK as initiator

of mechano-transduction both, on the total protein

amount and its phosphorylation level. Concerning the

total protein, the amount remained almost unchanged at

the analysed time points of 15, 30 minutes, 1 and 3

hours, while after 6 hours of strain a drastic increase of

28.7% was noted (Figure 2B). Compared to the total

protein amount, the phosphorylated, i.e. mechano-trans-

ducing active form of p125FAK was modulated in a non-

coherent fashion, as indicated by the significant gain in

tyrosine phosphorylation of 12.5%, 15 minutes after

strain induction (Figure 2C). At the later time points,

the phosphorylation level appeared similar to non-

strained control cells (Figure 2C). This finding supports

the evidence that in PDL cells mechano-transduction

occurs as early response to strain.

In the context of environmental cell-mechanosensing,

the existence of a crosstalk between focal adhesions and

the actin cytoskeleton should be noted [19]. Since in

response to strain we have observed changes in the
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Figure 1 Strain-induced integrin b1 and b3 expression in periodontal ligament (PDL) cells after 6 hours. (A) PDL cells were seeded on

flexible bottom cell culture dishes and strained with averaged 2.5% for 6 hours. For indirect immunofluorescence (IIF), the flexible membrane

was divided into pieces derived from the inner and outer part of the membrane, and fixed for staining procedure. In IIF integrin subunit b1 (A,

B) and subunit b3 (E, F) were visualized in controls and after 6 hours of strain-application (b1 C, D and b3 G, H) by using an anti-integrin b1

and b3-specific antibody. The green fluorescent signal illustrates the integrin b1 and b3 expression, while the blue fluorescence visualises the

nuclear DAPI-staining. Scale bar, 50 μm.
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amount and/or activation of focal adhesion integrins and

p125FAK in PDL cells, we next focused on a possible actin

modulation. With respect to this cytoskeletal constituent,

almost equal protein bands were denoted at all strain peri-

ods under study (Figure 2D), strongly suggesting that the

applied strain of averaged 2.5% has no impact on the actin

amount in PDLF at the given strain periods and can there-

fore be applied for WB normalisation.

Strain-associated mechano-transduction in PDL cells

identifies activated states of p42/44 and p38 as a

mechanism for MMP-13 expression

There is growing evidence from in vitro studies on var-

ious cell types that mechano-sensitive signalling mole-

cules located down-stream from p125FAK include

MAP-kinases p42/44 and p38 stress-kinase [22,23].

Hence, we were further interested whether these signal-

ling molecules render also targets of mechanical forces

applied to PDL cells. Generally, all MAP-kinases exhib-

ited strain-associated though non-coherent modulation

with respect to the total protein amount and the phos-

phorylated, i.e. activated state, respectively, as shown in

Figure 3. By connecting the given time-points of strain

application, the resulting graphs of total protein and the

phosphorylated state of p42/44 (Figure 3A, orange and

blue graph), but also the p38 protein (Figure 3B, orange

graph) displayed alternating courses, while that for p38

phosphorylation was oscillating (Figure 3B, green graph).

With matched controls, significant and therefore

remarkable modulations were in detail seen for p42/44

at 30 minutes and 3 hours of strain, when the protein

showed a 12.5% increase at 30 minutes and a 9.0%

decrease in expression at 3 hours (Figure 3A, orange

graph). Hallmarks in p42/44 phosphorylation were

denoted at 1 and 6 hours of strain, with a decrease in

activation of 10% at 1 and a nearly equal increase

(10.2%) at 6 hours (Figure 3A, blue graph). For the pro-

tein amount of p38, strain application of 30 minutes

revealed decrease of 13.8%, while at 6 hours increased

levels of 26.2% were detected (Figure 3B, orange graph).

Concerning the activated stress kinase situation, phos-

phorylation was up-regulated about 5.7% at 15 minutes,

3.1% at 1 hour, and 11.4% at 6 hours (Figure 3B, green

graph). Although the behaviour of strain-induced modu-

lation appeared divergent regarding the total protein

amount and state of activation, the findings strongly

suggest that the MAP-kinases under study are also key

players in mechano-transduction in PDL cells. Consider-

ing the time periods of strain application, pp38 activa-

tion was stronger modulated at 15 minutes when

compared to pp42/44 (compare Figure 3B, green graph,

5.7% for pp38 with Figure 3A, blue graph, 2.3% for

pp42/44). This may be a hint that p38 is more sensitive

concerning its mechano-responsivity at early stages of

strain application.
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Figure 2 Immunoblotting analysis of mechano-sensitive

molecular constituents of the focal adhesion complex in PDL

cells after strain-application. PDL cells were seeded on flexible

bottom cell culture dishes, strained with averaged 2.5% and

followed by westernblot analysis. The numerical expression values

were always denoted in relation to unstrained controls. (A)

Expression levels of integrin b3 in PDL cells in response of the strain

kinetic were detected with a mouse monoclonal anti-integrin b3

antibody and the maximum expression modulation was numerical

notified in the graph after 6 h of strain. (B) For detection of the

strain-induced total protein expression level of the focal adhesion

kinase (FAK), a polyclonal rabbit anti-FAK antibody was used, and

the maximum expression value was marked in the graph after 6 h

strain. (C) Phosphorylation levels of Tyr576 of FAK were assessed by

immunoblotting using an antibody against phospho-Tyr576. The

maximum activation status was numerically denoted after 0.25 h

strain. (D) In addition, for loading control and for internal

normalisation, b-actin was detected for each immunoblotting

experiment. Data of each graph represent the mean of three

individual experiments (n = 3), mean +/- SD and means were

subjected to the Students T-test. All compared mean values with p

< 0.01 were considered as statistical significant and are marked with

an asterisk.
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Animal experiments conducted in rats support evi-

dence that orthodontic tooth movement induced by

mechanical forces involves the expression of proteases

like MMP-13 on both the compression and tension site

of the periodontium [24]. To further elucidate the pre-

sumed pivotal role of the studied MAP-kinases in

mechano-transduction and MMP-13 as mechano-sensi-

tive molecule in our PDL cells, we first investigated

MMP-13 expression in response to strain application at

the given time-periods. Then, the status of MMP-13 was

analysed in conjunction with the respective MAP-kinase

activity preceding pre-treatment of the PDL cells with

inhibitors, which specifically address the phosphoryla-

tion of p42/44 and p38. Herewith, we wanted to ascer-

tain whether MMP-13 expression mechanistically

depends on mechano-transduction via the mentioned

MAP-kinases.

Interestingly, MMP-13 expression by trend displayed

similar strain-responsive modulation as seen before for

the MAP-kinases, particularly for p38 stress-kinase. This

is substantiated in Figure 4 by the marked levels of up-

regulation of the protein amount of the activated form

of MMP-13, being 8.4% at 15 minutes and 16% at 6

hours of strain (Figure 4A and Figure 4B, each with
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Figure 3 Immunoblotting of molecules involved in mechano-signal-transduction. PDL cells were seeded on flexible bottom cell culture

dishes, strained with averaged 2.5% and followed by westernblot analysis. The numerical expression values were always denoted in relation to

unstrained controls (A) The modulation of expression levels of the MAP-kinases p42/44 following strain application were detected with the

monoclonal rabbit anti-p42/44 antibody, and the numerical changes of increase and decrease in expression were denoted by arrows in the

graph. The phosphorylation levels of Thr202/Tyr204 of p42/44 were assessed by immunoblotting, using an antibody against phospho- Thr202/

Tyr204. The numerical changes in the activation status of pp42/44 in consequence of strain application were visualised by arrows in the graph.

(B) The strain-induced expression levels of the MAP-kinase p38 were detected with a monoclonal rabbit anti-p38 antibody, and the expression

changes increase or decrease were marked in the graph by arrows. The strain-induced activation status of phospho-p38 (pp38) was detected by

immunoblotting using an antibody against phospho- Thr180/Tyr182 of p38, and the modulation of expression levels was notified with numerical

values and arrows in the graph. Data of each graph represent the mean of three individual experiments (n = 3), mean +/- SD and means were

subjected to the Students T-test. All compared mean values with p < 0.01 were considered as statistical significant and are marked with an

asterisk. The depicted western blots exemplify the protein expression changes of one biological replicate.
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light blue). Pre-treatment of the PDL cells with the

MAP-kinase-specific inhibitors generally yielded in a

conspicuously pronounced decline of the protein abun-

dance of the activated form of MMP-13, though this

decline was stronger in case of pp42/44 inhibition. In

detail, following inhibition of pp38 and pp42/44 as well

the maximum decrease in the amount of MMP-13 was

denoted at six hours of strain. While that for pp38 was

approximately 26% (Figure 4A, dark blue graph) that

seen for pp42/44 was about 34% (Figure 4B, dark blue

graph). Irrespective from the degree of inhibition, these

findings strongly suggest that the activated MAP-kinases

states are truly mechano-responsive mechano-transdu-

cing elements and moreover they may render as a

mechanism for MMP-13 expression in PDLF. Further, it

appears noteworthy that at all studied strain periods

MMP-13 decrease was more distinct upon pre-treat-

ment with the pp42/44 inhibitor (Figure 4B, dark green

graph) with matched pp38 inhibition (Figure 4A, dark

green graph), although the repression of the MAP-

kinases per se revealed a vice versa situation. Here, max-

imum inhibition for pp38 was 62% at 6 hours of strain

(Figure 4A, dark green graph) while in case of pp42/44

it accounted 16% (Figure 4B, dark green graph).

This contrarious situation observed for the inhibition

of MAP-kinase phosphorylation and decrease of MMP-

13 expression on the other hand may point to a superior

priority of the p42/44 mechano-/signal-transduction

pathway in PDL cells.

In addition to MMPs, further executioners of ECM

homeostasis are TIMPs which silence MMP-driven

matrix degradation by their specific inhibition. Intrigu-

ingly, expression of TIMP-1, one of the most potent

MMP inhibitors remained almost non-modulated in

PDLF at any period of strain application (data not

shown). These fairly constant levels observed for TIMP-

1 juxtaposed with the strain-induced MMP-13 elevation

support the hypothesis that mechanical forces may

induce at least transiently a displacement of periodontal

ECM homeostasis towards matrix degradation.

Being indicated in percentage, an overview of the pro-

tein amount of all analysed molecules or with respect to

the MAP-kinases’ degree of phosphorylation at each of

the strain periods is given in Table 1.

Mechanical strain modulates transcription of genes

addressing biological functions such as MAP-kinase

signalling and cell cycle, ECM and integrins, and growth

factors

As indicated by WB analysis, in our PDL cells the most

pronounced changes in the protein amount for b3 integ-

rin as well as for MMP-13 and the mechano-sensitive

signalling molecules FAK, p42/44, and p38 MAP-kinase

were detected at 30 minutes and 6 hours of strain appli-

cation. Hence, it was of interest to seek for putative

strain- associated coincidences between protein and

gene transcription alterations.

By employing pathway-specific RT-profiler arrays, tran-

scription of gene panels assigning to the biological func-

tions (i) MAP-kinase signalling and cell cycle, (ii) ECM

and integrins, and (iii) growth factors were quantitatively

analysed. Scoring of gene transcription following a strain

period of 6 hours revealed almost no changes in the

above-mentioned pathway-specific RT-profilers, a finding,

which also applied to the strain period of 3 hours (data

not shown). Driven by these results, we concentrated on

strain periods within 1 hour, thereby detecting significant

transcriptional changes at 30 minutes with matched non-

strained controls. Among these changes, significant up-

regulation was denoted for 29 and significant down-regu-

lation of transcription for 25 genes, which are illustrated

for each pathway in Figure 5, and summarised together

with their numerical factors in Table 2.

Briefly, genes displaying up-regulated transcription

levels on the MAP-kinase signalling and cell cycle profi-

ler, allocate cell cycle promotion and inhibition as well

(Figure 5, green columns). While cell cycle promoting

genes included MAPK6, a member of the Ser/Thr pro-

tein kinase family, MAP4K1 which plays a role in the

response to environmental stress, MAP2K6 which phos-

phorylates p38 stress kinase, and cyclins A1 and B1

(CCNA1 and CCNB1), genes associated with cell cycle

inhibition enclosed CDKN2A, an inhibitor of CDK4-

kinase, and CDKN2C, a member of the INK4A family of

cyclin-dependent kinase inhibitors. A further gene, dis-

playing up-regulation on this array was FOS which

dimerises with JUN to form the AP-1 transcription fac-

tor complex, involved in proliferation, differentiation

and transformation.

Concerning the ECM and integrin profiler (Figure 5,

blue columns), elevated transcription was observed for

integrin a3, facilitating focal contacts, and the matrix

metalloproteinases MMP-12, and MMP-13. While

MMP-12 degrades elastin and osteopontin (bone sialo-

protein/SPP1), a matrix-associated molecule first identi-

fied in osteoblasts, substrates of MMP-13 include

collagen.

Genes up-regulated on the growth factor array (Figure 5,

orange columns) enclosed members of the mitogenic and

cell survival promoting FGF family, explicitly FGF-6,

FGF-9, and FGF-14, and members of the BMP-/TGF-b-

(super) family, particularly BMP-4 and BMP-7 which

share bone inductive abilities, and GDF-8, regulating cell

growth and differentiation. In addition, amplified tran-

scription was also noted for IL-2 the master molecule for

B and T-lymphocyte proliferation.

An unexpected finding was that none of the down-

regulated genes assigned to the MAP-kinase signalling

profiler, suggesting that genes associated with cell cycle
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and its control are mechano-sensitive in a non-negative

transcriptional fashion. The ECM and integrin array

(Figure 5, blue columns) revealed reduced transcription

for MMP-10 which cleaves proteoglycanes and fibronec-

tin, and for the collagens (COL) COL-1 and 14, repre-

senting important constituents of the periodontal ECM.

Genes down-regulated on the growth factor array (Fig-

ure 5, orange columns) belong to the group of colony

stimulating factors and neutrophile activating proteins,

controlling the production, differentiation, and function

of granulocytes (CSF2, CSF3, and CXCL1), but also to

the angiogenic factors, represented by VEGF and

ECGF1 (endothelial cell growth factor). Further growth

factors whose transcription was negatively affected by 30

minutes of strain were EREG (epiregulin), a member of

the EGF family, IL-1b, an important cytokine in inflam-

matory response as well as FGF members FGF-7 and

FGF-2, and BMP members BMP-1 and BMP-2,

respectively.

Discussion
In cells of solid tissues, focal contact integrins render key

molecules in mechano-perception and are initial ele-

ments in mechano-transduction. Our analysis reveals

that they appear also mechano-responsive, since mechan-

ical strain reinforced expression of focal contact integrin

subunits b1 and b3. Although not investigated on the

mRNA level, PDL cells have been shown to up-regulate
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Figure 4 Role of activated MAP-kinases pp38 and pp42/44 in strain-induced expression of the active form of MMP-13. PDL cells were

seeded on flexible bottom cell culture dishes, strained with averaged 2.5% and followed by westernblot analysis. The numerical expression

values were denoted in relation to unstrained controls. The maximum inhibition was related to the respective strain-kinetic time points. (A) For

strain-induced MMP-13 expression detection in a pp38-specific inhibition assay, PDL cells were pre-treated with 10 μM of a phosphorylation-

specific inhibitor (SB202190) against pp38 and the MMP-13 down-regulation was compared versus untreated control. The numerical changes of

the MMP13 protein expression status in consequence of strain application were visualised by arrows in the graph. Efficiency of pp38 inhibition

yielded in a maximum inhibition of 62% after 6 hours strain and was visualised by the immunoblots (inset). (B) Strain-induced expression of

MMP-13 in a pp42/44-specific inhibition assay was performed by pre-treating PDL cells with 10 μM of a phosphorylation-specific inhibitor (UO-

126) against pp42/44 and the MMP-13 down-regulation was compared versus untreated control. The numerical changes of the MMP-13 protein

expression status in consequence of strain application were visualised by arrows in the graph. Efficiency of pp42/44 inhibition yielded in a

maximum inhibition of 16% after 6 hours strain and was visualised by the immunoblots (inset). Data of each graph represent the mean of three

individual experiments (n = 3), mean +/- SD and means were subjected to the Students T-test. All compared mean values with p < 0.01 were

considered as statistical significant and are marked with an asterisk. The depicted western blots exemplify the protein expression changes of one

biological replicate.
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Table 1 Expression and/or phosphorylation activation of proteins in PDL cells subjected to strain denoted in

percentage

Molecule control 0 h 0.25 h 0.5 h 1 h 3 h 6 h

integrin b3 (Int b3) / ± 0 ± 0 ± 0 ± 0 +32.2% * p < 0.01

focal adhesion kinase (FAK) / ± 0 ± 0 ± 0 ± 0 + 28.7% * p < 0.01

phosphorylated focal adhesion kinase
(pFAK)

/ + 12.8% * p
< 0.01

± 0 ± 0 ± 0 ± 0

p42/44 / + 5.8% * + 12.5% * p
< 0.01

± 0 - 9.0% * p <
0.01

+ 0.2% *

phosphorylated p42/44 / + 2.3% * - 7.3% * -10.0% * p <
0.01

+ 0.5% * + 10.2% * p < 0.01

phosphorylated p42/44 + inhibitor / / / / / maximum inhibition - 16.0%
⊗ p < 0.01

p38 / - 5.3% * p <
0.01

- 13.8% * p <
0.01

- 9.6% * p <
0.01

- 3.1% * + 26.2% * p < 0.01

phosphorylated p38 / + 5.7% p <
0.01

- 1.7% + 3.1% + 0.9% + 11.4% p < 0.01

phosphorylated p38 + inhibitor / / / / / maximum inhibition - 62%
⊗

matrix metalloproteinase 13 (MMP13) / + 8.4% * p <
0.01

+ 1.4% * +1.53% * + 0.7% * + 16.0% * p < 0.01

matrix metalloproteinase 13 (MMP13) +
pp38 inhibitor

- 11.0% ⊗ p
< 0.01

- 17.0% ⊗ p
< 0.01

- 18.8% ⊗ p
< 0.01

- 13.5% ⊗ p
< 0.01

- 12.0% ⊗ p
< 0.01

- 25.7% ⊗ p < 0.01

matrix metalloproteinase 13 (MMP13) +
pp42/44 inhibitor

- 22.6% ⊗ p
< 0.01

- 28.6% ⊗ p
< 0.01

- 24.3% ⊗ p
< 0.01

- 24.8% ⊗ p
< 0.01

- 24.3% ⊗ p
< 0.01

-34.1% ⊗ p < 0.01

Densitometric measurements of western blot analysis were calculated in % of relative gray pixel values and normalised to control* or to the respective time

point⊗ in the stretch kinetic. Date represent the mean of three independent experiments (n = 3) and means were subjected to the Students T-test. All compared

mean values with p < 0.01 were considered as statistical significant.

Table 2 Strain-induced pathway-specific quantitative mRNA-expression changes in PDL cells

gene
symbol

relative gene
expression

value

gene
symbol

relative gene
expression

value

gene
symbol

relative gene
expression

value

gene
symbol

relative gene
expression

value

gene
symbol

relative gene
expression

value

extracellular matrix and
integrin pathway

growth factor pathway growth factor pathway growth factor pathway MAP-Kinase signalling and
cell cycle pathway

COL11A1 2.08 BMP1 -2.07 FGF11 2.14 GDF8 10.56 CCNA1 2.38

COL14A1 -5.43 BMP2 -36.76 FGF14 6.06 GDNF -5.28 CCNB1 2.07

COL1A1 -6.23 BMP4 5.66 FGF17 4.00 IGF1 -8.00 CDKN2A 3.73

COL4A2 -2.06 BMP5 3.73 FGF2 -17.15 IL11 -10.20 CDKN2C 2.14

HAS1 -2.53 BMP6 -4.29 FGF22 5.10 IL12B 2.38 EGR1 9.85

ITGA3 2.75 BMP7 2.46 FGF23 2.30 IL18 3.73 FOS 59.89

ITGA8 -2.06 CSF1 -4.44 FGF6 4.76 IL1A -8.00 MAP2K6 8.28

MMP10 -6.68 CSF2 -22.63 FGF7 -14.93 IL1B -42.22 MAP4K1 4.92

MMP12 6.32 CSF3 -17.75 FGF9 3.25 IL2 6.06 MAPK6 5.86

MMP13 2.51 CXCL1 -115.36 GDF10 2.30 SPP1 3.36 MAPK8IP2 10.58

ECGF1 -12.13 TGFB1 -3.86

EREG -26.91 VEGFA -5.86

VEGFC -2.38

Values of relative increase or decrease in gene expression represent the mean of two independent RT-Profiler experiments and were normalised using an

experimental internal index of housekeeping genes. All expression values above 2 and below -2 were considered per definition as significantly modulated

compared with unstrained basal control expression of the respective gene on each RT-Profiler.
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b1 integrin upon strain [25], thereby rendering a tran-

scriptional equivalent to the protein situation described

above. Moreover, in a previous study we have detected a

strain-dependent topographical re-distribution of the b1

protein in PDLF [9], hence supporting the eventual integ-

rin mechano-sensitivity. At intracellular sites, the non-

coherent fashion by which the protein amount and the

activation of the mechano-signalling kinase FAK/

p125FAK are modulated in PDL cells point to a temporal

independent regulation, indicating that induction of

mechano-transduction occurs as an early strain response.

In parallel, early activation of FAK/p125FAK upon strain

application has been described for osteoblast-like cells

[26], which, similar to PDL cells, are capable to form

mineralised tissue. In the context of interrelationships

between the molecular constituents of the focal adhesion

complex and the actin cytoskeletal component, as evi-

denced by Geiger and co-workers [20], neither the

applied strain intensity nor the duration displayed

obvious impact on the protein abundance in PDLF. This

observation suggests strain-independence concerning the

cellular actin amount, though our protein detection by

immunoblot can not exclude strain-associated spatial

actin reallocations.

Similar to FAK/p125FAK, also the MAP-kinases p42/

44ERK and p38 stress-kinase revealed disconnection con-

cerning modulation of protein quantity and phosphoryla-

tion/activation at the given strain periods. This finding

shows on the one hand that modulation of intracellular

signalling occurs uncoupled from the protein amount and

on the other hand that both protein features of the kinases

under study are addressed by mechanical forces. In addi-

tion, the strain-derived activation of all three kinases

strongly suggests that they are also key players in

mechano-transduction in PDL cells, and in this context

may be down-stream located or even down-stream targets

of FAK/p125FAK. With respect to p42/44ERK this assump-

tion is backed up by findings elaborated in osteoblastic

cells which demonstrated that cell transfection with

mutated FAK completely blocked ERK2-phosphorylation

[26]. Further evidence for ERKs as mechano-responding

signalling molecules is provided by other studies on

mesangial cells and myocytes which demonstrated ERK-

activation preceding strain application [22,23]. In addition,

Figure 5 Strain-induced quantitative mRNA-expression analysis of PDL cells related to MAP-kinase signalling and cell cycle, ECM and

integrins, and growth factor pathways. PDL cells were seeded on flexible bottom cell culture dishes and strained with averaged 2.5%. For

quantitative mRNA analysis, PDL cells of unstrained controls and cells after 0.5 h strain period were harvested, and RNA was isolated and

quantified for pathway-specific analysis. The relative increase and decrease in gene expression were internally normalised versus a quotient of 4

different housekeeping genes, and plotted in the graph. The data represent the mean of three independent experiments, and only significant

expression modulations were included in the graph. The respective statistics were considered in the evaluation software. Plotted genes were

allocated to a specific pathway and the respective columns were coloured for MAP-kinase signalling and cell cycle in orange, for ECM and

integrins in light blue, and for growth factors in green, respectively.
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the latter study also affirmed a putative cross-talk between

p42/44ERK and p38 stress-kinase by demonstrating that in

myocytes blockade of p38 activation completely inhibits

ERK-phosphorylation [23]. Concerning the phosphoryla-

tion of p38 with matched p42/44ERK in our PDL cells, the

evidence of stronger p38 activation at 15 minutes upon

strain appears to be a sign of higher sensitivity and there-

fore, higher mechano-responsiveness of stress-kinase at

early stages of mechano-transduction.

By employing inhibitors specifically directed against

p42/44ERK and p38 stress-kinase phosphorylation, we

demonstrated severe decline in the activation of these

kinases, thereby truly proving their involvement in PDL-

innate mechano-transduction. Concomitant with the up-

regulation of p42/44ERK and p38 stress-kinase in parti-

cular, we have detected increased protein levels for acti-

vated MMP-13 already at 15 minutes of strain, a time

period allocating this protease also as an early mechano-

responsive molecule. As a consequence arising from this

prompt up-regulation of activated MMP-13, an early

strain-dependent perturbation of ECM homeostasis

through matrix degradation appears possible. Against

this background it should be noted that we could not

detect higher protein levels for one of the most striking

MMP-inhibitors, TIMP-1 at any strain period tested.

Additional support for the above-mentioned hypothesis

comes from a study in osteoblasts which revealed ele-

vated levels of ECM-degrading MMP gene expression

with emphasis on MMP-1 and MMP-3, while TIMP-1

and TIMP-2 remained fairly unchanged [27]. Under the

action of the MAP-kinase-specific inhibitors, expression

of activated MMP-13 displayed significant cessation, a

finding which demonstrates a mechanistic causality

between p42/44ERK and p38 stress-kinase activity as

well, and the biological active form of the protease

MMP-13 for PDL cells. With respect to the contrarious

situation seen for the inhibitor-driven decrease of MAP-

kinase activity and the reduction of MMP-13 expression,

a superior priority of the p42/44ERK mechano-transduc-

tion pathway for MMP-13 expression can be speculated.

The pivotal role of p42/44ERK for MMP expression can

also be deduced from the previously cited study by Jan-

sen and co-workers who found serious reduction in

MMP-1 and MMP-3 gene expression upon usage of

ERK-specific inhibitors [27].

Application of pathway-specific RT profiler arrays

assigning to the biological functions MAP-kinase signal-

ling and cell cycle, ECM and integrins, and growth fac-

tors revealed striking modulation of gene transcription

on all arrays at 30 minutes. This modulation included

up- and down-regulation of genes, thereby indicating

that cellular gene transcription is affected earlier com-

pared to most of the proteins investigated in this study.

Concerning elevation of pathway-specific genes, the

signalling molecule MAPK6 fits to the concept of being

stress-associated, since from the cellular viewpoint appli-

cation of mechanical forces can be considered as envir-

onmental stress. Further, up-regulation noted for

MAP4K1 appears likely due to its function to phosphor-

ylate p38 stress-kinase, a process which has been

detected oscillating in the strained PDL cells. In case of

transcription factors involved in signalling processes, the

FOS gene as constituent of the AP-1 transcription com-

plex was enhanced. This is an interesting finding, since

the promoter of MMP-13 which has been part of this

study contains an AP-1 binding element [28]. With

respect to matrix and integrins, a3 displayed stronger

transcription and represents an integrin subunit which

in conjunction with b1 constitutes focal contacts [29].

On the part of MMPs, increase denoted for MMP-12

and MMP-13 also points to matrix and particularly elas-

tin and collagen degradation as a response of PDLF to

strain exposure. This process appears possible, since

PDL cells synthesise tropoelastin [30], and in vitro stu-

dies on other periodontal cells have shown that gingival

fibroblasts expressed higher levels of MMP-12 following

bacterial challenge [31]. Matrix-associated molecules

such as osteopontin which are immanent characteristics

for PDL cells were also found to be enhanced upon

strain, and may here contribute to emphasise features of

mineralised tissues observed in these cells after mechan-

ical loading [32]. The PDL cell’s innate feature of

expressing markers associated with mineralised tissues,

e.g. bone is also reflected by the strain-induced higher

levels for several fibroblast growth factor members, i.e.

FGF-6, FGF-9 and FGF-14, and the bone inductive fac-

tors BMP-4, and BMP-7, which in sum belong to the

BMP-/TGF-b superfamily [33]. Further, increase of IL-2,

a cornerstone in inflammation and immunoresponse

was noted which in the periodontium may indicate

turn-over processes driven by mechanical forces, since it

was detected at high levels in the crevicular fluid during

orthodontic tooth movement [34]. In this context, the

observed down-regulation of IL-1b another key mole-

cule in inflammation may suggest a minor involvement

of this cytokine in PDL cells subjected to mechanical

strain.

With focus on the MAP-kinase signalling genes, none

of them was involved in strain-dependent down-regula-

tion, suggesting that transcription of mechano-sensitive

cell cycle-associated genes is not negatively regulated.

However, it has to remain open whether mechanical

strain favours promotion or inhibition of the cell cycle

in the PDL cells, since our transcription analysis

revealed that genes of both functions displayed up-regu-

lation. In addition, cell cycle arrest can not be excluded,

since EREG a member of the proliferation-associated

EGF family [35] was negatively affected. Down-regulated
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matrix molecules include collagens, COL-1 and COL-14,

representing ECM substrates cleaved by MMP-13 [36].

Behind this transcriptional status for the collagens,

MMP-13 showed elevation in the PDL cells on both the

transcriptional and the protein level, and hereby empha-

sises the possibility for disruption of ECM homeostasis

during application of mechanical forces.

Conclusions
In the light of the findings elaborated from the protein

and gene transcription analyses performed in this study

on periodontal ligament fibroblasts subjected to

mechanical strain, FAK/p125FAK -mediated mechano-

transduction identifies activated states of MAP-kinases

p42/44ERK and p38-stress kinase as a mechanism for

MMP-13 expression, thereby indicating the mechanistic

contribution of mechano-transducing molecules on

executioners of ECM homeostasis.

Methods
Cell culture and strain application

Primary PDL fibroblasts (PDLF) were derived from the

ligament tissues of periodontally healthy, non-carious

human premolar teeth, extracted from juvenile donors

(12-14 years) for orthodontic reasons with informed

consent, and this study was approved by the institu-

tional ethic committee of the Medical Faculty, Univer-

sity of Heidelberg (Vote number 148/2003; renewal

30.09.2005). Small tissue fragments were established as

explant cultures by means of DME medium (PAA,

Cölbe, Germany) supplemented with 10% foetal calf

serum (FCS; Biochrom, Berlin, Germany), 2 mM L-glu-

tamine (Invitrogen, Karlsruhe, Germany), and antibiotics

(kanamycin, 50 mg/ml; Roche, Mannheim, Germany).

After nearly reaching confluence, cells were used for

strain experiments between passages 8 and 12. Strain

application was carried out according to the method

described by Hasagawa [37]. Briefly, following trypsina-

tion, 3.5 × 103/cm2 PDL cells were seeded on flexible-

bottomed dishes (Greiner Bio-One, Frickenhausen, Ger-

many), coated with coating medium, and grown until

near-confluence. As an approach to the composition of

the extracellular matrix (ECM) environment of PDLF in

vivo, the coating medium in addition to 1% BSA (Sigma,

Munich, Germany) comprises 20 μg/ml native collagen

type-I (IBM, Leipzig, Germany) and 10 μg/ml fibronec-

tin (Biomol, Hamburg, Germany). Both molecules are

essentially found in the PDL’s ECM [38]. The bottom of

each dish was strained by induction of a continuous

average strain of 2.5% [37] for periods of 0.25, 0.5, 1, 3,

and 6 hours concerning the western blot experiments,

and 0.5, 3 and 6 hours in case of RT-Profiler qPCR

experiments, respectively. Irrespective from the modus

operandi, unstrained cells served as controls.

Concerning the forces acting on the PDLF, the continu-

ous stretch mimics forces which are applied during

orthodontic tooth movement using fixed appliances.

The chosen time periods, mentioned above, reflect

initial stages of therapeutically applied mechanical

forces. Depending on the type of tooth and the type of

tooth movement, orthodontic forces in a range of 0.15 -

2.5 Newton (N) are usual. Although this force range is

of therapeutic significance, it is noteworthy to mention

that it is not possible up till now to predict neither the

exact force which acts on the periodontium on the sin-

gle cell level nor the optimal force for an individual

tooth [39]. Concerning the forces used in our study, in a

first approach, translation of the average strain of 2.5%

onto the single cell level reveals a force amount of

approximately 30 nN.

For MAP-kinases inhibition experiments, PDL cells

were additionally treated with protein kinase-specific

inhibitors, SB202190 for phosphorylation inhibition of

phosphor-p38 and UO-126 for specific inhibition of

phospho-p42/44. Both inhibitors were purchased from

Calbiochem (Merck, Darmstadt, Germany). PDL cells

were incubated with U0126 (10 μM) or SB202190 (10

μM) for 1 h prior to strain application. After the incuba-

tion period, fresh DMEM medium was added to the cell

cultures followed by strain application for the above

mentioned time periods.

RNA-isolation and quantitative RT-PCR-Profiler

Total RNA was isolated from nearly confluent human

PDL cells from lumox dishes (Greiner bio-one, Fricken-

hausen, Germany) after periods of 0.5, 3, and 6 hours

strain, by using the RNasy system (Qiagen, Hilden, Ger-

many), and treated with RNase-free DNase (Qiagen, Hil-

den, Germany) for 15 min at room temperature (24°C).

RNA concentration was measured with Bio-Rad electro-

phoresis system (Experion™ System, Bio-Rad, Munich,

Germany) according to the manufacturer’s instructions.

Total RNA (1 μg) was reverse-transcribed into first

strand cDNA using RT2 First Strand Synthesis Kit (C-

03) (SA Bioscience Corporation, Frederick, MD, USA)

according to the manufacturer’s instructions. cDNA was

mixed with instrument-specific and ready-to-use RT2-

qPCR master mix (RT2-SYBR® Green/Fluorescein qPCR

master mix, SA Bioscience Corporation, Frederick, MD,

USA), and 25 μl of the master mix were pipetted into

each well containing pre-dispensed gene-specific primer

pairs. The pathway-specific qPCR experiments were per-

formed for human extracellular matrix and integrins,

human growth factors, and MAP-kinase signalling and

cell cycle pathways (SA Biosciences Corporation, Freder-

ick, MD, USA) and amplification was done after an

initial cycle of 10 min at 95°C to activate the HotStart

DNA polymerase, followed by the manufacture’s specific

PCR protocol. The annealing conditions for the pre-
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validated and pre-dispersed primer pairs were set to 55°

C according to the manufacture’s instructions. Relative

gene expression levels were analysed using a modifica-

tion of the ∆∆CT equation, which allows counting for

differences in efficiencies (E = 101/slope) between the

PCR reactions [40]. The ∆CT values were calculated

using excel plug-in provided with the pathway-specific

profilers (SA Biosciences Corporation, Frederick, MD,

USA). The data were obtained from two individual

experiments and normalised to the CT of the experi-

mental internal set of 4 different housekeeping genes

(B2M, HPRT1, RPL13A, GAPDH, ACTB). The relative

expression levels were subjected to means t-test and

only p-values less than 0.01 were considered statistically

significant and plotted in Figure 5.

Immunofluorescence (IIF)

After strain application, PDL cells were washed with ice

cold PBS, fixed for 5 min with ethanol (96%, -20°C), and

subsequently air-dried. For antibody treatment flexible

membranes were cut in pieces and separated into inner

and outer membrane parts. Thereafter, alcohol-fixed

membrane pieces were incubated overnight with the pri-

mary antibodies directed against integrin subunits b1

and b3 (both mouse monoclonal, (wd) 1:50 in PBT (PBS

containing 0.5% BSA, 0.5 Tween-20, and 0.02% NaN3),

Santa Cruz Biotechnology, Heidelberg, Germany). Then,

membrane pieces were washed in PBS for three times (5

min each), followed by incubation with the secondary

fluorochrome-conjugated antibody (Alexa FluorTM 488,

Mo Bi Tec Göttingen, Germany, IgG (H+L) goat anti-

mouse, wd 1:100) for 1 hour at room temperature. To

allow for nucleus counterstain, DAPI-staining (Sigma,

Deisenhofen, Germany; wd 1:1000) was performed for

10 min at RT. After air drying, membrane pieces were

embedded in mounting medium ProlongGold antifade

reagent (Invitrogen, Karlsruhe, Germany), and documen-

ted by using a Leica digital camera (DFC300 FX), and

the fluorescence microscope with Leica Application Suit

2.4.0 software (DMRE, Leica TCS/NT, Leica, Bensheim,

Germany). All images were taken with equal exposure

times within the experimental set up for each antibody.

Western blot analysis

After strain periods of 0.25, 0.5, 1, 3, and 6 hours, cells

were washed with PBS and lysed on ice with cold RIPA

buffer (Sigma-Aldrich, Steinheim, Germany) containing

protease inhibitors (Complete Mini, Roche Diagnostics,

Mannheim, Germany). After centrifugation (8000 g, 10

min), protein amounts were measured with the experion

system (Experion™ Pro260, Pro260 Chips, Bio-Rad

Laboratories, Munich, Germany) according to manufac-

turer’s instructions. In all western blot experiments

equal protein aliquots of 25 μg of protein were diluted

in NuPAGE LDS sample buffer and NuPAGE sample

reducing agent (Invitrogen, Karlsruhe, Germany), heated

at 70°C for 5 min and separated by NuPAGE 4-12% Bis-

Tris gradient gels (Invitrogen, Karlsruhe, Germany). For

immunoblotting, the separated proteins were transferred

onto a PVDF membrane (Invitrolon™ PVDF Filter Paper

Sandwich, Invitrogen, Karlsruhe, Germany) in a Trans-

Blot electrophoretic transfer cell (BioRad, Munich, Ger-

many). Subsequently, immunodetection was performed

by incubation the PDVF membranes with primary anti-

bodies directed against focal adhesion kinase (FAK),

phospho-specific FAKTyr576 (rabbit monoclonal, (wd)

1:1000 and 1:500 Santa Cruz Biotechnology, Heidelberg,

Germany), MMP-13 (mouse monoclonal, (wd) 1:1000,

RD Systems, Wiesbaden-Nordenstadt, Germany), p44/42

MAP-kinase, phospho-specific p44/42 MAP-kinase
(Thr202/Tyr204) (rabbit polyclonal, (wd) 1:1000 and 1:500,

Cell Signalling Technology, Danvers, MA, USA), p38

MAP-kinase, phospho-specific p38 MAP-kinase(Thr180/

Tyr182) (rabbit monoclonal, (wd) 1:1000 and 1:500, Epi-

tomics, Burlingame, CA, USA), and integrin b3 (mouse

monoclonal, (wd) 1:1000, Santa Cruz Biotechnology,

Heidelberg, Germany) in PBT for one hour at room

temperature. Specific proteins were revealed by the

WesternBreeze Chromogenic Immunodetection System

(Invitrogen, Karlsruhe, Germany). The developed blots

were documented by a digital camera (Casio Digital

Camera EX-P700, Casio Europe GmbH, Norderstedt,

Germany) and images were analysed using the image

analysis software (BioDocAnalyzer 2.1, Biometra, Goet-

tingen, Germany) for quantification of different band

gray pixel values. To exclude that the observed changes

in band intensities might be within the experimental

noise range, analysis was performed by direct import of

the digital image of each blot into the software, thereby

subtracting the background with a standard algorithm

to minimise experimental noise ratio. The gray pixel

values of modulated protein expression following strain

application were always normalised with the expression

of unstrained control PDL cells, and plotted into graphs.

To get a maximum of reproducibility, the experimental

western blot setup was standardised concerning the pro-

tein amount loaded on the gel, equal time period for

development of the western blot membranes with sub-

strate and the same camera documentation setup, which

includes the camera-membrane distance and the expo-

sure time. This standardised western blot protocol

allows detection of band intensity changes in indepen-

dent experiments below 10%. Data of the western blot

experiments represent the mean of three independent

experiments (n = 3, mean ± SD), and for proper statisti-

cal analysis the means were subjected to the Students

T-test (MedCalc® 9.0.1.1, Mariakerke, Belgium). Hereby,

all compared mean values with p < 0.01 were denoted

as statistical significant (Table 1) and were marked with

an asterisk in the plotted graphs.
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