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INTRODUCTION

ABSTRACT

ound healing in the oral mucosa occurs in a privileged fashion,
W
characterized by rapid wound remodeling and re-epithelialization with
minimal scar formation, in contrast to skin repair, where the restoration of

While skin wounds heal by scarring, wounds of
oral mucosa show privileged healing with minimal
scar formation. Our hypothesis was that
phenotypic differences between oral and skin
fibroblasts underlie these differences in healing.
The aims of this study were to compare MMP-3
expression by oral and skin fibroblasts and
investigate a role for MMP-3 in mediating
collagen gel contraction. Oral fibroblasts induced
significantly greater gel contraction than did
paired skin cells. Inhibition of MMP activity
significantly inhibited gel contraction by both cell
types. Specific inhibition of MMP-3 activity
reduced gel contraction by oral, but not skin,
fibroblasts. Oral fibroblasts produced significantly
higher levels of MMP-3 than did skin fibroblasts
at all levels studied. TGF-1 and -3 isoforms
stimulated MMP-3 expression at mRNA, protein,
and activity levels by both fibroblast populations.
Results suggest that increased MMP-3 production
by oral fibroblasts may underlie the differences in
wound-healing outcome seen in skin and oral
mucosa.
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tissue continuity includes scar tissue formation (Whitby and Ferguson,
1991; Szpaderska et al., 2003). Following injury, fibroblasts play a central
role in the healing response, inducing wound contraction, depositing and
remodeling granulation tissue, and stimulating re-epithelialization.
Differences in healing outcome between oral mucosa and skin may reflect
phenotypic differences between oral and skin fibroblasts (Irwin et al., 1994,
1998; Stephens et al., 1996; Knerer et al., 1999).
Matrix metalloproteinases (MMPs) are a family of approximately 28
endopeptidases that play a role in many aspects of wound healing, including
epithelial migration, granulation tissue remodeling, and growth
factor/cytokine activation. Differences between oral and skin fibroblasts in
terms of matrix metalloproteinase (MMP) expression have been previously
described (Stephens et al., 2001), suggesting that fibroblast phenotype and
the regulation of local MMP levels in the wound site may determine the
differences in healing between mucosal and dermal tissues. During dermal
wound healing, MMP-3 is secreted by fibroblasts and has a broad range of
ECM targets, primarily proteoglycans, such as decorin, biglycan, and
versican, in addition to the glycoproteins laminin and fibronectin, and
denatured collagens. MMP-3-induced degradation of decorin/biglycan
results in TGF- release from extracellular matrix stores and is thought to
be important in both wound healing and tumor invasion (Imai et al., 1997).
Excisional wounds in MMP-3 knock-out animals showed impaired
contraction compared with controls, while fibroblasts derived from the
knock-out animals also exhibited reduced contractile activity (Bullard et al.,
1999a,b). This is of particular interest, since we and others have reported an
accelerated contraction of oral wounds in vivo, coupled with an increased
contractile phenotype of oral fibroblasts in vitro (Stephens et al., 1996;
Irwin et al., 1998).
Transforming growth factor- (TGF-) is a well-recognized regulator of
healing. TGF-1 is the predominant isoform in adult wound healing, and is
closely associated with scar formation (Krummel et al., 1988; Shah et al.,
1995). In contrast, TGF-3 is the predominant isoform during fetal wound
healing and is known to promote scarless repair of fetal defects (Kohama et
al., 2002) and to reduce scarring in adult skin (Shah et al., 1995). To date,
no studies have compared the effects of TGF-1 and TGF-3 on skin and
oral fibroblasts, and specifically their effects on metalloproteinase activity.
The aims of this study were therefore to investigate the role of MMP-3
in wound healing and to compare the effects of TGF-1 and TGF-3 on
MMP-3 activity in oral and skin fibroblast populations.
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MATERIALS & METHODS
Development of Cell Populations
Paired oral and skin fibroblasts were obtained by explant culture of
tissue samples taken from six healthy adult donors. Ethical
approval for the study was granted by the local Ethics Committee,
and all donors gave informed consent to participate in the study.
Fibroblast cultures were maintained in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% FCS, 2 mM Lglutamine, 100 units/mL penicillin, and 100 g/mL streptomycin
sulphate (Invitrogen, Paisley, UK), in a 37°C humidified incubator
with 5% CO2.

Effects of Matrix Metalloproteinase Inhibitors
on Gel Contraction
Type I rat tail collagen solution was extracted as previously
described (Schor, 1980). Three paired oral and skin fibroblast cell
lines were seeded into 2-mL gels in 30-mm dishes (Bibby Sterilin,
Stafford, UK) at a concentration of 2.5 x 10 5 cells/mL.
Polymerized gels were overlaid with DMEM supplemented with
5% FCS, containing (or not): (1) GM1489, a broad-spectrum MMP
inhibitor (20 M) (Calbiochem, Nottingham, UK); (2) UK356618,
a specific inhibitor of MMP-3 (600 nM) (Pfizer, Tadworth, UK);
or (3) DMSO vehicle (1:1000). Gel surface area was recorded over
a seven-day period.

Effects of MMP Inhibitors on SMA Expression
Quiescent oral and skin fibroblasts were seeded either on six-well
plates at 3 x 105 cells/well, or into collagen gels as described
above. Cultures were then overlaid with 2 mL of DMEM
containing 5% FCS and MMP inhibitors as before. Following a
seven-day incubation, monolayer cultures underwent lysis for 30
min on ice with a 1% SDS, 10 mM Tris (pH 7.4) buffer-containing
protease inhibitor cocktail (Sigma, Poole, UK). In collagen gels,
fibroblasts were harvested by collagenase digestion, pelleted, and
subjected to lysis.
-Smooth-muscle actin (SMA) expression in lysate volumes
equivalent to 2.5 x 104 cells was detected by Western blotting.
Samples underwent electrophoresis on a NuPAGE 4-12% BISTRIS gel, and were transferred onto the nitrocellulose membrane
and then incubated with a mouse monoclonal anti-SMA antibody
(1:1000) (Sigma, Poole, UK) for 1 hr at room temperature,
followed by a rabbit anti-mouse peroxidase conjugate (1:1000)
(Pierce, Cramlington, UK) for a further hour prior to
chemiluminescence detection (Pierce, Cramlington, UK).

Effects of TGF- Isoforms on MMP-3 mRNA Expression
Confluent fibroblast cultures were treated with TGF-1 or TGF-3
(Sigma, Poole, UK) over the concentration range 0.1-10 ng/mL.
After 24 hrs, total cellular RNA was extracted by means of Trizol®
reagent (Invitrogen, Paisley, Scotland). cDNA was synthesized
from 1 g of extracted RNA with the SuperscriptTM First Strand
Synthesis System (Invitrogen, Paisley, UK) and an oligo dT primer
mix, according to manufacturer's guidelines. cDNA was amplified
with Platinum Taq DNA polymerase (Invitrogen, Paisley, UK) and
5 pmol of primers. Primer pairs used for amplification were as
follows: MMP-3 (191 bp) GCCAGGGATTAATGGAGATGC
(forward), ACAGGCGGAA CCGAGTCAGG (reverse); -actin
(394 bp) ATCTGGCACC ACACCTTCTACAATG (forward),
GCTTCTCCTTAATGTCA CGCACGAT (reverse).
Amplification of both targets was carried out in separate but
simultaneous reactions in a Perkin-Elmer Cetus Thermal Cycler for
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27 cycles: 50 sec denaturation at 94°C, 25 sec annealing at 64°C,
and 45 sec elongation at 72°C. We determined a cycle number of
27 to be within the exponential phase of amplication for both
MMP-3 and -actin targets, by screening specific MMP-3 and actin PCR reactions taken from the thermal cycler between 20 and
40 cycle numbers. Appropriate negative controls and a lowmolecular-weight mass marker (Invitrogen, Paisley, UK) were
used during all gel electrophoresis runs. PCR products were
resolved by electrophoresis on a 2% agarose gel containing
SyBrTM green, identified by size in a UV transilluminator and
confirmed by sequence analysis. The net intensities of bands were
measured with image analysis software, and MMP-3 expression
levels were calculated relative to -actin as described previously
(McKeown et al., 2003).

Effects of TGF- Isoforms on MMP-3 Protein
and Activity Levels
Confluent cultures of paired oral and skin fibroblasts were overlaid
with serum-free DMEM containing TGF-1 or TGF-3 at 0.1, 1.0,
and 10 ng/mL. Following a 48-hour incubation period, MMP-3
protein levels in the conditioned medium were determined by
ELISA (Amersham Biosciences, Little Chalfont, UK), and activity
levels by a Biotrak Activity Assay System (Amersham
Biosciences, Little Chalfont, UK).

Statistical Analysis
Comparison of gel contraction and MMP-3 expression by paired
skin and mucosal fibroblasts was performed by a paired t test.
When analyzing the effects of TGF-1 and -3 on MMP-3 mRNA,
protein, and activity levels, to diminish inter-strain variability, we
normalized control values to 100% to allow for collective analysis
of cytokine effects relative to controls. All results were
subsequently analyzed by ANOVA, followed by the Duncan test,
and values of p < 0.05 were considered statistically significant.
The effects of MMP inhibitors on oral and skin contraction rates
were also analyzed by ANOVA, followed by the Duncan test.
Values of p < 0.05 were considered statistically significant.

RESULTS
Oral fibroblasts induced a significantly greater degree of
contraction compared with skin counterparts at day 1 (p <
0.05), this trend continuing throughout the study (Fig. 1a). Gel
contraction by both skin and oral fibroblasts was significantly
reduced (p < 0.05) by the broad-spectrum MMP inhibitor at all
time-points (Fig. 1). The MMP-3 inhibitor had no effect on gel
contraction by skin fibroblasts. In oral fibroblast cultures,
inhibition of MMP-3 activity resulted in a significantly reduced
rate of contraction (p < 0.05), although this inhibitory effect
was not as potent as that of the broad MMP inhibitor (Fig. 1b).
In control cultures, and under all 3 culture conditions, skin
fibroblasts expressed higher levels of SMA than did oral cells.
This was particularly evident in the monolayer cultures (Fig.
2a). Both the broad-spectrum MMP inhibitor and the MMP-3
inhibitor significantly reduced SMA expression in both cell
types to a similar extent. In floating collagen gels populated
with oral fibroblasts, both inhibitors reduced SMA expression
to below detectable levels.
At mRNA, protein, and activity levels, oral fibroblasts
produced significantly greater levels of MMP-3 than did skin
fibroblasts. Both TGF-1 and TGF-3 stimulated MMP-3
mRNA expression by oral and skin fibroblasts (Fig. 3). In skin
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Figure 2. Effect of total MMP (B-MMP-I) and MMP-3 (MMP-3-I)
inhibition on SMA expression by oral and skin fibroblasts cultured (a)
in monolayer, (b) in attached collagen gels, and (c) in floating collagen
gels (representative of duplicate experiments for 3 paired oral and skin
populations).

cultures, TGF-1 induced a greater increase in MMP-3 mRNA
compared with TGF-3, while there was no marked difference
in the level of stimulation seen in oral cultures (Fig. 3).
At both protein and activity levels, both growth factors
again significantly stimulated MMP-3 expression (p < 0.05)
(Fig. 4). The degree of effect on enzyme activity, normalized to
control cultures, was significantly less than that seen at the
protein level.

DISCUSSION

Figure 1. Kinetics of fibroblast-induced gel contraction. (a) Collagen gel
contraction by paired oral and skin fibroblasts under control conditions.
Oral fibroblasts induced significantly increased contraction compared
with skin cells at all concentrations studied (p < 0.05). (b,c) Effect of
total MMP (GM1489) and MMP-3 inhibition on collagen gel
contraction kinetics by (b) oral and (c) skin fibroblasts over a seven-day
study period. Both inhibitors significantly reduced gel contraction by
oral fibroblasts at all time-points (p < 0.05); GM1489 significantly
inhibited gel contraction by skin fibroblasts at all time-points (p < 0.05).
Studies were carried out in triplicate on 3 paired skin and oral
fibroblast populations. Data are expressed as mean ± SE.

MMP levels are known to be markedly up-regulated both
during wound healing in vivo and during fibroblast-induced
gel contraction (Daniels et al., 2003). In this study, inhibition
of total MMP activity reduced collagen gel contraction by both
skin and oral fibroblasts, supporting previous data indicating a
role for MMPs in regulating the contraction process (Scott et
al., 1998; Rittie et al., 1999; Daniels et al., 2003;
Mirastschijski et al., 2004). This effect was not due to
cytotoxicity: Indeed, fibroblast numbers were significantly
increased in response to the MMP inhibitor (data not shown).
Wound contraction in vivo is characterized by the
differentiation of myofibroblasts within the granulation tissue.
Myofibroblasts are contractile cells, sharing phenotypic
characteristics of both fibroblasts and smooth-muscle cells,
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would result in reduced wound
contraction. Specifically, inhibition of
the MMP-3-induced degradation of
decorin and biglycan would also
reduce TGF- release from the
extracellular matrix.
However, analysis of data
reported in this study questions this
proposed
mechanism—indeed,
questions the role played by
myofibroblasts in gel contraction.
First, both in monolayer and within
collagen gels, skin fibroblasts
expressed significantly higher levels
of SMA than did their oral
counterparts, yet gel contraction rates
were significantly lower in all skin
cultures. Thus, the increased rate of
gel contraction induced by oral
fibroblasts was not due to a greater
number of myofibroblasts in oral
cultures. Second, MMP-3 inhibition
significantly reduced the level of gel
contraction in oral cultures, while
having no effect in skin cultures.
Again, this difference in response
between cell types was not related to
myofibroblast differentiation—
inhibition of MMP-3 activity
significantly
reduced
SMA
expression by both oral and skin
fibroblasts. Furthermore, reduced
contraction of skin wounds has been
reported in MMP-3 knock-outs
without affecting myofibroblast
number at the wound site (Bullard et
al., 1999a,b). Analysis of the data,
taken together, suggests that wound
contraction and the effect of MMP-3
Figure 3. MMP-3 mRNA expression. (a) MMP-3 RT-PCR products in oral and skin fibroblasts relative
to -actin products for control and TGF--treated conditions. Representative of duplicate experiments
on the contraction process are not
for 3 paired oral and skin populations. Appropriate PCR-negative blanks and RT controls were used
solely mediated through myofibroblast
during all electrophoresis runs (data not shown). (b) Effects of TGF-1 and TGF-3 on MMP-3 mRNA
differentiation. Tractional forces
expression indices. Data are expressed compared with control cultures following normalization of
generated by fibroblasts as they
control values for each cell population to 100%. Treatment with both factors, at all concentrations,
migrate into granulation tissue are
induced a statistically significant increase in MMP-3 expression (p < 0.05).
also thought to regulate wound
contraction (Ehrlich and Rajaratnam,
1990). Oral fibroblasts are known to
including the expression of SMA. In this study, the inhibition
show increased migration into and through collagen matrices
of MMP activity in fibroblast cultures significantly reduced
compared with skin fibroblasts (Irwin et al., 1994). MMPs,
SMA expression, indicating a reduction in myofibroblast
and specifically MMP-3, may be central to this preferential
differentiation, which in turn could account for the reduced
migration. Microscopic examination of fibroblast-populated
levels of contraction. Myofibroblast differentiation is primarily
collagen gels has shown areas of vacuolation next to
induced by TGF-1 (Vaughan et al., 2000). In a series of
fibroblasts, suggesting that proteolytic degradation of the
epithelial-fibroblast co-culture studies, Morishima et al.
matrix by fibroblast-derived factors stimulates cell migration.
(2001) reported that epithelial cell promotion of myofibroblast
Thus, an MMP-3-induced accelerated migration of oral
differentiation involved the proteolytic cleavage of latent
fibroblasts into granulation tissues, with the associated
TGF- binding protein (LTBP), and subsequent release of
increase in early tractional forces, could account for both the
TGF- from the extracellular matrix. These authors suggested
accelerated contraction of oral wounds and the differential
that blockage of this proteinase-mediated release of TGF-,
effect of the MMP-3 inhibitor on fibroblast-induced gel
thus inhibiting myofibroblast differentiation, provided a
contraction by oral and skin cells.
potential mechanism whereby inhibition of MMP activity
The differential effect of the MMP-3 inhibitor does
Downloaded from http://jdr.sagepub.com at CAIXA POSTAL 65.000 on May 13, 2010

J Dent Res 86(5) 2007

MMP-3 Expression by Fibroblasts

461

indicate
that
the
cellular
mechanisms underlying wound
contraction must differ between skin
and oral mucosa. This is of
particular interest, since oral wounds
contract significantly faster than do
skin wounds. This difference
suggests, in effect, a more important
role for MMP-3 in oral wounds.
Significantly, we found increased
MMP-3 expression by paired oral,
compared with skin, fibroblasts at
all levels studied, including protease
activity. Increased MMP-2 activity
in oral compared with skin
fibroblast cultures has also been
reported (Stephens et al., 2001),
while fetal skin fibroblasts also have
Figure 4. Effects of TGF-1 and TGF-3 on MMP-3 protein and activity levels in oral and skin
been reported to show increased
fibroblast cultures. Each plot represents the mean ± SE of 3 paired fibroblast populations. Data are
gelatinase activity (Gould et al.,
expressed as percentage change from control, where control values have been normalized to 100%.
1997). The reduction in scarring
All culture conditions resulted in significantly increased protein and activity levels compared with
controls (P < 0.05).
seen in fetal and oral wounds may
thus reflect an increase in MMP
activity in these tissues.
Shah et al. (1995) reported that
Imai K, Hiramatsu A, Fukushima D, Pierschbacher MD, Okada Y
application of TGF-3 or neutralizing antibodies to TGF-1
(1997). Degradation of decorin by matrix metalloproteinases:
resulted in reduced scar formation in a rat model of wound
identification of the cleavage sites, kinetic analyses and
healing. The mechanisms through which TGF-3 exerts antitransforming growth factor beta-1 release. Biochem J 322(Pt
scarring effects on healing wounds remain to be fully
3):809-814.
elucidated. In fetal excisional wounds, both TGF-1 and TGFIrwin CR, Picardo M, Ellis I, Sloan P, Grey AM, McGurk M, et al.
3 had similar effects on myofibroblast differentiation and
(1994). Inter- and intra-site heterogeneity in the expression of
wound contraction (Lanning et al., 2000). We have recently
fetal-like characteristics by gingival fibroblasts: potential
reported an equal stimulation of collagen gel contraction and
significance for wound healing. J Cell Sci 107(Pt 5):1333-1346.
SMA production by fibroblasts in response to both TGF-
Irwin CR, Myrillas T, Smyth M, Doogan J, Rice C, Schor SL (1998).
isoforms (Shannon et al., 2006). In the present study, again, we
Regulation of fibroblast-induced collagen gel contraction by
found no significant difference between the two factors in their
interleukin-1beta. J Oral Pathol Med 27:255-259.
effect on MMP-3 expression levels. While TGF-3 clearly has
Knerer B, Formanek M, Temmel A, Martinek H, Schickinger B,
anti-scarring effects, the cellular basis for these effects remains
Kornfehl J (1999). The role of fibroblasts from oropharyngeal
to be fully explained.
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