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Abstract

Synovial cells are reported to colonize synthetic ligament scaffolds following anterior cruciate ligament (ACL) reconstruction but the
process leading to ligamentization is poorly understood. The present study investigated the effect of cyclic tensile strain on the expres-
sion of genes involved in matrix remodelling in bovine synovial cells seeded onto an artificial ligament scaffold. Synovial cells were seeded
and cultured on polyester scaffolds for 3 weeks and subsequently subjected to cyclic tensile strain of 4.5% for 1 hr at frequency of
1 Hz. Changes in the levels of expression of genes for major ligament components (type | and type 1l collagen) and also metallopro-
teinases (MMP-1 and MMP-3), and TIMP-1 were examined using RT-PCR. Additionally, metalloproteinase activity was measured using
both zymography and collagenase assays. The gene expression of MMP-3 transcripts in the loaded group was almost 3-fold that
observed in control group but no differences were observed in other transcripts. Consistent with these findings, MMP-3 activity increased
by 85% under mechanical stimulus, and MMP-1 activity showed no changes. Over expression of MMP-3 under cyclic tensile load may
mediate the proteolysis of certain substrates surrounding the ligament scaffold. This will play a critical role in facilitating cell migration,
proliferation and tissue remodelling by breaking down the provisional tissue formed by the synovium, and by generating factors that
induce angiogenesis and chemotactic cell migration.

Keywords: ligaments ® mechanical strain ® matrix metalloproteinase @ tissue engineering ® synovial cells

Introduction

Because of the anterior cruciate ligament (ACL's) well-recognized
poor capacity for repair, its reconstruction remains an appropriate
approach to the restoration of normal knee function. Continuous
efforts have been made to devise a suitable method for the recon-
struction of ACL using autografts, allografts or synthetic devices
with variable degrees of success. However, none of these
approaches is ideal for a variety of reasons. For example, follow-
ing implantation, autografts are subject to histological and bio-
chemical transformation during which their original characteris-
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tics are lost and those of ligaments are acquired. This process
has been referred to as ‘ligamentization’ by Amiel et al. [1].
During this process, the ACL autograft undergoes necrosis fol-
lowed by cell repopulation from extrinsic sources. On the other
hand, studies using DNA analysis in a goat model have confirmed
the replacement of allograft ACL tissue by native recipient tissue
[2]. In that respect, the fate of an in vitro tissue-engineered liga-
ment should not differ from that of an autograft or allograft
(except that the tissue engineered ligament will most likely pos-
sess poorer mechanical properties than its natural counterpart).
Rather the tissue-engineered ligament has to go through the
same process of necrosis, revascularization and colonization by
autogenous cells. Therefore, host cells appear to repopulate the
graft, regardless of the source of the grafted material (autograft,
allograft, tissue engineered ligament and, of course, nude graft),
before vascular invasion, with subsequent transport of additional
reparative cells once revascularization has been established.

doi:10.1111/j.1582-4934.2008.00245.x
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A previous animal study using a canine model [3] reported
that the Leeds-Keio ligament, a synthetic scaffold type ligament,
underwent different distinct stages when implanted. During the
initial stage, the artificial ligament was invaded by fibrous tissue
apparently originating from the synovial membrane. This was
associated with rich vascularity and hypercellularity. Once the
reactive fibrous tissue had totally covered the artificial ligament,
proliferation of the fibrous tissue subsided, vascularity and cellu-
larity decreased. Most notably the morphology of the cells was
seen to change from an oblate shape to the spindle shape char-
acteristic of fibroblasts observed in ligament tissue. Furthermore,
mesenchymal-like cell differentiation and tissue remodelling and
maturation occurred. The entire process of remodelling and mat-
uration only happened when the scaffolds were implanted taut
consequently they experienced the stimulatory effect of cyclic
tensile strains during the animal/patient activities. However, when
the scaffolds were implanted slack (or slackened subsequent to
implantation), no tensile strains were transmitted to the ingrown
tissue. Consequently, neither remodelling nor maturation of the
tissue occurred and in some cases, the scaffold structure
remained exposed. ldentical observations were made in a clinical
study [4] albeit that the maturation process of the induced tissue
around the implant took much longer in the human (about 2 years
versus 9 months) than in the canine model.

The above in vivo studies have highlighted the contribution of
synovial cells in ligament reconstruction and the importance of
cyclic mechanical strain in tissue induction, remodelling and mat-
uration. Several other studies have reported that cyclic strain influ-
ences a number of aspects of cellular metabolism including cell
proliferation, matrix gene expression and protein synthesis, syn-
thesis and activity of metalloproteinases and their inhibitors, and
expression and activation of various growth factors and cytokines
[5-9]. In our two previous in vitro studies, bovine synovial cells
were seeded onto plasma-treated polyester scaffolds and then
subjected to short term (1 day) or medium term (5 and 9 weeks)
cyclic tensile strain [5, 6]. The short-term tests showed that the
DNA synthesis was affected by the period of strain application and
that 1 hr of strain application was the optimal period. Furthermore,
it was shown that there is a threshold of 1% for the amplitude of
strain above which cell proliferation was triggered [5]. The medi-
um term tests monitoring the tissue ingrowth has confirmed the
same threshold for the amplitude of strain below which the
amount of tissue was small and the scaffold filaments effectively
remained exposed. However, when the strain amplitude was larg-
er than the threshold the amount of tissue was comparatively sub-
stantial and the scaffold filaments were completely covered. Both
short and medium-term studies established that cell proliferation
and tissue ingrowth increase with the amplitude of strain. The
stimulatory effect was maximal at an exercise period of 1 hrand an
amplitude of strain of about 4.5%. This is the strain amplitude is
that experienced by the ACL during normal activities [10].

The aim of the present in vitro study was to gain insight into the
contribution of cyclic tensile strain to the remodelling and matura-
tion processes of the provisional induced tissue around ligament
grafts after implantation. Matrix metalloproteinases (MMPs) and
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tissue inhibitors of metalloproteinases (TIMPS) play a major role in
tissue regeneration and remodelling in both physiological and
pathological situations [11-16]. These enzymes are synthesized
and secreted by a variety of cell types [17-19] including synovial
cells[18, 19]. Depending on their different substrates, MMPs can
be divided into four subgroups, including collagenases (MMP-1,
MMP-8, MMP-13), gelatinases (MMP-2, MMP-9), stromelysins
(MMP-3, MMP-7, MMP-10, MMP-11) and membrane-type MMPs
(MMP-14, MMP-15, MMP16, MMP-17) [20]. The balance between
MMPs and their tissue inhibitors (TIMPs) is decisive for the catalytic
activity of MMPs [21], and appears to be crucial in directing suc-
cessful wound repair [22]. MMP-1 and MMP-3 in particular are
thought to play a major role in remodelling, because MMP-1 is the
only enzyme capable of efficiently degrading interstitial collagens
by cleaving their triple helical domains, and MMP-3 has a wide
spectrum of substrates including non-collagenous proteins, gelatin
and laminin [12]. The activities of MMP-1 and MMP-3 are regulated
by a family of TIMPs [23-26]. The major inhibitor of MMP-1 and
MMP-3 is TIMP-1, a 28.5-kDa glycoprotein, which forms 1:1 stoi-
chiometric complexes with these proteases [27]. In this present
study, we focused on determining the mRNA level of MMP-1,
MMP-3 and TIMP-1, and the activities of MMP-1, MMP-3. We also
investigated the expression of type | and type Il collagen, because
(i) these major ligament components are reported to be expressed
by synovial cells [28], and (ii) during remodelling, degradation and
re-synthesis of collagen is important.

Materials and methods

Ligament scaffold materials

The ligament scaffolds (Xiros PLC, Leeds UK) used were made from poly-
ester (polyethylene terephthelate) and had an identical weave to that cur-
rently used in ligament and tendon implants. They had a maximum tensile
strength of 320N and an average stiffness of 15N/mm and comprised nine
yarns, each consisting of 96 monofilaments, each 20 pm in diameter. The
scaffolds were treated with electronic discharge plasma prior to use [29].

Cells and Cell culture

Synovial cells were harvested from the synovium of metatarsophalangeal
joints from young bovine animals (three animals) within 1 hr of slaughter.
The synovium specimens were rinsed three times with Dulbecco’s phos-
phate buffer saline (pH 7.2) (Sigma Aldrich, Ltd., Poole) and cut into small
pieces. These were then digested at 37°C for 3 hrs using 0.25% (w/v)
Collagenase type IA (Sigma) in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing L-glutamate (Sigma). The digest was then centrifuged
at 500 g for 10 min. and the pellet suspended in serum-free DMEM before
passing through a 70 pm nylon filter to remove undigested residue. Gells
were isolated by centrifugation at 500 g for 10 min. and re-suspended in
DMEM. Primary cells were seeded into 25 cm? flasks at 10% cells/cm? in
DMEM, supplemented with 10% foetal bovine serum (FBS), penicillin,
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streptomycin and amphotericin. The culture medium was changed three
times per week and cells were passaged after 7-9 days. Only passages
three were used in the study.

Scanning electron microscopy (SEM)

The cells, cultured on a scaffold for 2 days and three weeks, were fixed in
2.5% glutaraldehyde (in 0.1M phosphate buffer saline, pH 7.4) for 24 hrs
at 4°C, then dehydrated in a series of absolute ethanol dilutions (50%,
70%, 90% and 100%). The samples were dried under vacuum in a desic-
cator for 16 hrs and then attached to aluminium stubs for support and
sputter coated using an E5000 sputter coater (Polaron, Watford, UK). The
samples were examined using a Jeol JSM35 SEM (Japan Electron Optics
Laboratory Co., Tokyo, Japan)

Scaffold seeding and application
of mechanical strain

A specialized apparatus was designed, manufactured in house and subse-
quently commissioned for this investigation. It had eight test stations
accommodating four test and four control specimens, to operate within the
confines of an incubator. A full description of the apparatus is given else-
where [6].

Each experiment was performed three times using cells harvested from
different animals. For each experiment, the cells (105 cells) were seeded
onto each of eight different ligament scaffolds, (each 2 cm long and 0.5 cm
wide already gripped in its respective clamps). Four of these were subjected
to cyclic tensile strain the remaining four were not and served as controls.
Before the application of strain, the cell seeded scaffolds were incubated in
DMEM with 10% FBS until cells completely covered the scaffold
(3 weeks [see SEM assay]). The culture medium was changed twice a week.
The culture medium was removed and replaced with 0.5% FBS for 24 hrs.
Just before stretching, the culture medium was replaced with fresh 1% FBS
and 25 pg/ml ascorbic acid. Synovial cells were then subjected to a single
episode of cyclic tensile strain of 4.5% for 1 hr at a frequency of 1Hz.

Gene expression

Total RNA was extracted from Synovial cells, 3 hrs after the application of
cyclic tensile strain, according to manufacturer’s instructions (RNeasy,
QIAGEN), and then treated with two units of DNase | (DNA-free; Ambion,
Austin, TX, USA). Total RNA (100 ng) was reverse transcribed (RT) with
2.5 pM random decamers and 20 units of Enhanced Avian Reverse
Transcriptase (Sigma-Aldrich) in a 20 pl reaction mixture for 15 min. at
25°C and for 50 min. at 42°C. An aliquot (0.6—1.5 pl) of RT product was
then used for polymerase chain reaction (PCR) in a 30 pl reaction mixture
containing 1x FailSafe PCR (Epicentre Technologies, Madison, WI, USA),
0.75 units of DNA polymerase, and 1 pm of each primer (Table 1).
Coamplification of the glyceraldehyde-phosphate-dehydrogenase (GAPDH)
gene was performed in the same PCR tubes as the internal standard [30],
to facilitate semi-quantitative determination of targeted gene mRNA levels.
The thermocycle included one cycle at 94°C for 3 min. of initial denatura-
tion, and 30-40 cycles at 94°C for 1 min., at 60°C for 1 min., and at 72°C
for 1 min., followed by a final extension at 72°C for 3 min. The PCR prod-
ucts were electrophoresed on a 1.8% agarose gel, stained with 0.25 pg/ml

© 2007 The Author
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Table 1 Sequence of primers used in PCR amplification reactions
(bp: base pair)

Product

LU size (bp)

Sequence (5' to 3')

For CCACGGCAAGTTCAACGG
GAPDH Rev AGACACGTTGGGAGTGGG 566

Type | For GTTCCCCTGGAAATATCG 405
Collagen  Rev CTCTTGCACCAGCAGG
Type Il For GGAAACGTGCATAAGTGC 407
Collagen  Rev TGCGTGTTTGATACTGG

For ACAAACCTGACCTACAGG
MMP-1 eV GAACATCACCACTGAAGG 8

For GCAGTTAGAGAACATGG
MMP-3 Rev GTCATTAGGGGAAACTGG e

For CATCAGGGCGAAGTTCG
TIMP1 pev TGTGAGCAGCTGGTCO 406

ethidium bromide, and the intensity of the bands was analysed using Multi-
Analyst software (Bio-Rad, Hemel Hempstead, UK). The signal levels for each
targeted gene were expressed as ratios to the signal levels for GAPDH.

SDS-Page zymography

MMP enzyme expression was assessed by SDS-PAGE zymography using
a method similar to that previously described [31]. For each sample, con-
ditioned media, collected 20 hrs after the end of mechanical strain, were
adjusted to represent the same quantity of cellular protein (15 pg) and sub-
jected to substrate-gel electrophoresis on a 10% (wt/vol) polyacrylamide
gel impregnated with 12% gel containing 0.1% casein. Samples containing
equal amounts of protein were mixed with sample buffer [10% (vol/vol)
glycerol, 2% (wt/vol) SDS, 0.0025% (wt/vol) bromphenol blue, and 0.06 M
Tris, pH 8.0] and loaded into wells of a 12% (wt/vol) gel without boiling or
reduction. In order to provide a reference, Kaleidoscope prestained molec-
ular weight standards (Bio-Rad) were run alongside the samples. After
electrophoresis, SDS was eluted from the gel with 2.5% (vol/vol) Triton
X-100 washes (2 x 15 min at room temperature), and the gel was incubated
overnight at 37°C in 50 mM Tris HCI, 0.2 M NaCl, 5 mM CaClo, and 0.5 pg/ml
NaNs, pH 7.2, with and without a gelatinase inhibitor (10 mM ethylenedi-
aminetetraacetic acid [EDTA]). Gels were rinsed in distilled water, stained
with 0.5% co-omassie brilliant blue R-250 in 40% methanol and 10%
acetic acid. Proteolytic activities in the samples were detected as cleared
bands against the dark background of stained casein.

Quantitative collagenase activity assay

The quantification in each sample was carried out by incubation with
telopeptide-free collagen extracted from rat skin and labelled with [SH]-
acetic anhydride according to protocol described by Dean and Woessner
[32] and Li et al. [33]. TIMPs in the samples were inactivated by reduction
in 2-mmol/I dithiothreitol at 37°C for 30 min., followed by alkylation in
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5-mmol/M iodoacetamide at 37°C for 30 min. The samples were chilled
on ice and dialysed for 4 hrs against the assay buffer (50 mM tris-HCl,
200-mM NaCl, 10 mM CaClz, and 0.005% Brij-35, pH 7.5). The latent pro-
collagenase was activated by addition of aminophenylmercuric acetate
(APMA) to a final concentration of 0.5 mM. The blanks were prepared by
replacing the conditioned culture medium with the assay buffer. [SH]-acetic
collagen (1.2 x 10° cpm per 16 pg / 5 pl) was added to each sample and
the final volume adjusted to 110 pl with the assay buffer. After incubation
at 30°C for 18 hrs the sample were placed on ice to stop the reaction. After
adding 120 pl of the assay buffer supplemented with 200 pg acid-soluble
intact collagen as a cold carrier, 20 pg trypsin, 20 pug chymotrypsin and
30 mM EDTA, the samples were incubated at 31°C for 90 min. for a second
digestion. The indigested collagen was precipitated by addition of equal
volume of ice cold 20% trichloroacetic acid (TCA). After centrifugation at
18,000 g for 5 min., 100 pl of the digested fraction of each sample were
counted by liquid scintillation for 3 min. The collagenase activity reported as
units per millilitre, with one unit of activity being defined as that amount of
enzyme required to degrade 1 g of collagen / min per ml of sample at 30°C.

Statistical analysis

All experiments were performed three times using cells harvested from
three animals. Data were subjected to univariate analysis of variance
(anovA). Tukey’s post-hoc comparisons were derived to test the signifi-
cance of differences between individual loaded test results and their
respective unstretched controls for each group of three animals. Further,
for each assay, the replicated data from each animal (four loaded samples
and four controls) were first normalized by expressing them as ratios of
test to control means, which were then averaged for each animal. The val-
ues of these averages for loaded groups were then compared with those
obtained in the control groups (n = 3). Critical levels were set at P < 0.05.

Results

Culture of synovial cells on scaffold

In order to approximate the /n vivo situation, in which the implant
is invaded with the synovial tissue during the early weeks after
implantation, we carried out this preliminary study to determine
the culture time required for cells to completely cover the scaffold
before the application of mechanical strain. The plasma-treated
polyester scaffold was seeded and kept in culture for three weeks.
As shown in SEM micrographs two days after seeding, the syn-
ovial cells readily adhered, spread and grew on the plasma treated
polyester scaffold (Fig. 1A) and formed cellular extensions to
bridge neighbouring fibres. Cell growth, monitored on an optical
microscope twice a week (results not shown), showed that more
than two weeks was needed for the cells to fill the scaffold’s intra-
yarn space (average surface area 0.3 mmz). As shown in SEM
micrographs (Fig. 1B), a uniform cell sheet and possible extracel-
lular matrix completely covering the fibres was observed by 3
weeks of culture. Therefore, for each experiment, cells were cul-
tured on the scaffolds for three weeks prior to the application of
cyclic tensile strain.
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Effect of cyclic tensile strain on gene expression

The mRNA of GAPDH was well expressed in all samples including
the loaded group and control group. On the basis of the analysis
of 1pg of total RNA from each sample, the GAPDH mRNA levels at
24 PCR cycles (Linear range) showed no significant differences
between loaded and control groups (result not shown). This sug-
gested stable expression of the GAPDH gene and justified its use as
housekeeping gene for synovial cells in the current experimental
conditions.

The major components of ligament, namely type | and type IlI
collagen, were well expressed by synovial cells, however no sig-
nificant differences were observed between loaded and control
group (Fig. 2).

The expression of metalloproteinases MMP-1, MMP-3 and
TIMP-1 were all detected in both loaded and unloaded samples
(Fig. 3). The densitometric analysis of the PCR products for MMP-1
and TIMP-1 revealed that cyclic tensile load induced no changes
in the level of expression (Fig. 3B). Nevertheless, cyclic tensile
strain of 4.5% consistently and significantly increased the expres-
sion of MMP-3 mRNA (Fig. 3A). The densitometric analysis of the
PCR products for MMP-3 revealed that, in comparison with the
control group, cyclic tensile load induced 3-fold increases in
MMP-3 mRNA synthesis (Fig. 3B).

In order to ascertain whether changes in mRNA levels for a
gene such as MMP-3 would reflect changes in activity levels, a
zymography test and collagenase activity assay were carried out.

Zymography for caseinolytic activities of MMP-3

Zymography was performed to verify the caseinolytic activity in
mechanically conditioned culture media (Fig. 4). The different forms
of the enzymes were identified by their molecular masses [34].

The casein zymogram (Fig. 4A) disclosed a predominant
59 kd form which might be the glycosylated form of stromelysin
(MMP-3) [34]. Three other less active MMP-3 forms were barley
detectable including 63 kD, 56 kD and 54 kD forms. In three sep-
arate experiments using four replicates per group, the increase
of MMP-3 activity was statistically significant (P<0.05) in sam-
ples subjected to cyclic tensile strain of 4.5% for 1 hr (loaded)
compared to control groups. Densitometry of casein zymogram
gels (Fig. 4B) indicated an 85% increase in 59 kD MMP-3
fraction. This finding was consistent with the transcript of
MMP-3, indicating that synovial cells subjected to cyclic tensile
strain of 4.5% (loaded) for 1 hr produced more MMP-3 than
when unloaded (control).

Quantitative collagenase activity assay for MMP-1

The collagenolytic activity in each sample was determined using
[3H] radio-labelled telopeptide-free collagen. As shown in Figure 5,
the collagenase activity in loaded and control (unloaded) group

© 2007 The Author
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Fig. 1 SEM micrographs of the synovial cells-seeded ligament scaffold. (A): Ligament scaffold seeded with synovial cells and cultured for 2 days. (B)
Ligament scaffold seeded with synovial cells and cultured for 3 weeks.
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Fig. 2 Effect of cyclic tensile strain on type | collagen (Col 1) and type Il collagen (Col I11) transcription. A: Ethidium bromide-stained agarose gel analy-
sis of 4 representative reverse transcriptase chain reaction (PCR) samples in each group. B: The columns represent the weighted-mean and standard

deviation (3 experiments) of ratio of band intensity of each transcript to GAPDH PCR product normalized to the control (unloaded samples) mean in
each group.
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reverse transcriptase chain reaction (PCR) samples in each group. B: The columns represent the weighted-mean and standard deviation (3 experi-
ments) of ratio of band intensity of each transcript to GAPDH PCR product normalized to the control (unloaded samples) mean in each group. The
asterix (*) indicates statistically significant difference (P<0.05) from the controls.

was 0.093+0.02 and 0.076+0.03. However, the difference between  tissue grows. At the initial stage, the fibrous tissue from the syn-
the two groups was not statistically significant. ovial membrane invades the implant and proliferates within its
structure [3, 4]. Tissue maturation occurs in the next stage once

reactive fibrous tissue has totally covered the artificial ligament.

During this stage the load acting along the implant is transferred

. . to the new tissue, causing reorganisation of the fibres, which
DISGUSSID“ become well aligned along the direction of the tensile load.
Furthermore, the cells are reduced in number and acquire the

ACL reconstruction with bioactive synthetic implant works not  spindle shape typical of ligament cells. In a final remodelling stage
only as a prosthesis but also as a scaffold onto which natural  the reconstructed ligament becomes dense with ligamentous
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Fig. 4 Effects of mechanical strain on matrix metalloproteinase activity as determined by zymography. A: Zymographic gel. Casein zymograms show
stromelysin (MMP3) activity from four strained specimens and four controls is demonstrated. B: The columns represent the weighted-mean and stan-
dard deviation (3 experiments) of band intensity normalized to the control mean. The asterix (*) indicates statistically significant difference (P<0.05)

from the controls.

collagen-like fibres, which mature while the implant acts as a lig-
ament. These last two stages, tissue maturation and remodelling,
are observed only when implants are implanted taut: as a conse-
quence the tissue is subjected to mechanical strain. However,
when the implant is slack the newly formed tissue remains imma-
ture and highly cellular with no organisation of the fibres.

The present in vitro study was designed to gain insight into
the effect of mechanical strain on the remodelling process of
tissue induced around scaffolds used for ligament reconstruc-
tion. In order to approximate the in vivo situation, in which the

© 2007 The Author

implant is invaded with the synovial tissue during the early
weeks after implantation, scaffolds were seeded with synovial
cells and left in culture until completely covered (see SEM
study Fig. 1), with a layer of cells and perhaps extracellular
matrix. The short-term application of cyclic tensile strain of
4.5% at frequency of 1 Hertz induced no apparent changes to
the expression of the type | and type Il collagen genes. The
products of these genes are associated with the extracellular
matrix of tendon and ligament, and may be important for tissue
engineering.
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Fig. 5 Effects of mechanical strain on collagenase activity of MMP-1.
The columns represent mean and standard deviation of the collagenase
activity (units per millilitre). 1 unit of activity being defined as that
amount of enzyme required to degrade 1 g of collagen / min per ml of
sample at 30°C.

This present study has clearly demonstrated that cyclic tensile
strain of 4.5% induced up-regulation of the expression of MMP-3
in bovine synovial cells. In contrast to this there appeared to be no
change in MMP-1 and TIMP-1 expression. Additionally, corroborat-
ing the RT-PCR data, it was shown that cyclic tensile strain caused
an increase in MMP-3 enzyme activity but no change in the activi-
ty of MMP-1. The increase of MMP-3 enzyme activity was manifest
in the casein zymogram which disclosed a predominant 59 kD form
which might be the glycosylated form of stromelysin (MMP-3).
Three other less active stromelysin forms were barley detectable in
both the loaded and control groups including a 63kD (glycosylated
prestromelysin), a 56kD (unglycosylated prestromelysin) and a 54kD
(unglycosylated stromelysin). The finding in this study is in accor-
dance with previous studies which have shown a correlation
between the alteration of cellular morphology through the
cytoskeleton and MMP gene expression by rabbit synovial fibrob-
lasts, where agents that altered the actin-based cytoskeleton pro-
duced induction of MMP-3 expression [35, 36]. Whether and in
what fashion MMP-3 can be involved in the process of tissue
remodelling, still remains unclear. A review of some of literature on
MMP and its function appears to shed light on this issue.

MMP-3 is a member of MMPs, which are a family of proteolytic
enzymes implicated in many processes of extracellular matrix
turnover. Due to their degradative nature, the uncontrolled
expression of MMPs has been associated with many pathological
conditions such as rheumatoid arthritis and osteoarthritis [14,
15]. However, their controlled expression has been associated
with many physiological processes of extracellular matrix
turnover in normal tissue [16]. Many past studies have reported
that MMP-3 covers a wide range of biologic activities. In skin,
MMP-3 has been suggested to play a major role in tissue
response to injury. A number of MMPs, in particular MMP-3 was
not expressed in normal skin, but showed a maximum expression
within hours of injury, and then followed the pattern of the wound
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repair process [37-39]. While the MMP-3 levels return to normal
in dermal wounds that heal, those in chronic non-healing ulcers
remain elevated. In MMP-3 knockout mouse mutants, Mukherjee
et al. [40] established that MMP-3 deficiency exacerbated the
early increase in scar volumes which may impair post-radiofre-
quency myocardial wound healing. Thereby, MMP-3 plays a puta-
tive beneficial role during the early phases of myocardial remod-
elling following injury. Thus MMP-3 appeared to be requisite for
the progression of a normal wound healing response, but its
exact involvement in the process is still not clear. However, MMP-3
has been reported to have many functions, including degradation
of a wide range of extracellular matrix components, apoptosis,
morphogenesis, angiogenesis and activation of other MMPs
[41-43]. Moreover, it has been hypothesized that MMP-3 is a key
factor in wound repair processes by helping the migration and
recruitment of various cell types to the site of repair. In a study
examining the resorption of intervertebral discs, it has been
demonstrated that MMP-3 elaboration was absolutely necessary
for macrophage infiltration [42]. The authors also hypothesized
that MMP-3 plays a contributory role in tissue wound healing
response and tissue resorption by facilitating and recruiting
myofibroblasts and inflammatory cell types to the site of injury.
Mukherjee et al. [40] also reported that the early increase in scar
volume in the MMP-3 knockout mice mutants was associated
with an absence of macrophages, lymphocytes, and myofibrob-
lasts at the site of injury. Whether or not MMP-3 plays a direct
chemotactic role is not proven. However, it has been hypothe-
sized that, by mediating the proteolysis of certain substrates,
MMP-3 generates factors that induce chemotactic migration of
various cell types involved on the process of tissue repair
[44-46].This hypothesis is supported by other studies which
reported that MMP-3 deficiency reduced the migration of appro-
priate cells at the site of injury [47, 48].

The present study demonstrates that once synovium-derived
tissue has established residence around the ligament scaffold in-
vitro synovial cells subjected to mechanical stimuli will produce
MMP-3. In light of the above past studies, the increase of MMP-3
synthesis by synovial cells under cyclic tensile strain may be relat-
ed to the formation of a new ligament around the implanted scaf-
fold by breaking down the provisional tissue formed by the syn-
ovium and mediating the proteolysis of certain substrates. These
play a critical role in facilitating cell migration and generate factors
that promote angiogenesis and induce chemotactic migration of
various cell types involved in the process of ligamentization.

To further understand the process of tissue remodelling and
maturation around a ligament scaffold, it will be necessary to
investigate the medium and long term effect of cyclic tensile strain
on synovial cells. This might shed light on the role played by syn-
ovial cells in ‘ligamentization’, and whether they are central to the
elaboration of the characteristic features of ligament. This possi-
bility is supported by the knowledge that synovial cells are known
to be a source of multi-potent mesenchymal stem cells (MSC’s)
which can be induced consistently into a range of differentiated
cell types in vitro [49], and are documented to share similar phe-
notypic and functional properties with bone marrow MSC’s [50].

© 2007 The Author

Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Acknowledgements

This work was supported by grant SO 692 from the Arthritis Research
Campaign. The author is grateful to colleagues Bahaa Seedhom,

References

10.

Amiel D, Kleiner JB, Roux RD, Harwood
FL, Akeson WH. The phenomenon of “lig-
amentization”; anterior cruciate ligament
reconstruction with autogenous patellar
tendon. J Orthop Res. 1986; 4: 162—-72.
Jackson DW, Simon TM, Kurzweil PR,
Rosen MA. Survival of cells after intra-
articular transplantation of fresh allografts
of the patellar and anterior cruciate liga-
ments. DNA-probe analysis in a goat
model. J Bone Joint Surg Am. 1992; 74:
112-8.

Fujikawa K, Kobayashi T, Sasazaki Y,
Matsumoto H, Seedhom BB. Anterior cru-
ciate ligament reconstruction with the
Leeds-Keio artificial ligament. J Long Term
Eff Med Implants. 2000; 10: 225-38.
Fujikawa K, lIseki F, Seedhom BB.
Arthroscopy after anterior cruciate recon-
struction with the Leeds-Keio ligament. J
Bone Joint Surg Br. 1989; 71: 566—-70.
Raif el M, Seedhom BB. Effect of cyclic
tensile strain on proliferation of synovial
cells seeded onto synthetic ligament scaf-
folds—an in vitro simulation. Bone. 2005;
36: 433-43.

Raif el M, Seedhom BB, Pullan MJ,
Toyoda T. Cyclic straining of cell-seeded
synthetic ligament scaffolds: development
of apparatus and methodology. Tissue
Eng. 2007; 13: 629-40.

Sumpio BE, Banes AJ, Link WG, Johnson
G, Jr. Enhanced collagen production by
smooth muscle cells during repetitive
mechanical stretching. Arch Surg. 1988;
123: 1233-6.

Riser BL, Cortes P, Heilig C, Grondin J,
Ladson-Wofford S, Patterson D, Narins
RG. Cyclic stretching force selectively up-
regulates transforming growth factor-beta
isoforms in cultured rat mesangial cells.
Am J Pathol. 1996; 148: 1915-23.
Archambault J, Tsuzaki M, Herzog W,
Banes AJ. Stretch and interleukin-1beta
induce matrix metalloproteinases in rabbit
tendon cells in vitro. J Orthop Res. 2002;
20: 36-9.

Grood ES, Noyes FR. Cruciate ligament
prosthesis: strength, creep, and fatigue

© 2007 The Author
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

J. Cell. Mol. Med. Vol 12, No 6A, 2008

Bill Bonass, Elena Jones and Michael Messenger for reviewing the
manuscript and making useful suggestions. The author thanks
Dr Charles Taylor, School of Mathematics, Leeds University, for

properties. J Bone Joint Surg Am. 1976;
58: 1083-8.

Borden P, Heller RA. Transcriptional con-
trol of matrix metalloproteinases and the
tissue inhibitors of matrix metallopro-
teinases. Crit Rev Eukaryot Gene Expr.
1997; 7: 159-78.

Woessner JF, Jr. Matrix metalloproteinas-
es and their inhibitors in connective tissue
remodeling. FASEB J. 1991; 5: 2145-
54.

Murphy G, Docherty AJ. The matrix metal-
loproteinases and their inhibitors. Am J
Respir Cell Mol Biol. 1992; 7: 120-5.
Nagase H, Woessner JF, Jr. Matrix metal-
loproteinases. J Biol Chem. 1999; 274:
21491-4.

Clark I, ROWAN AD, and Cawston TE.
Matrix metalloproteinases inhibitors in the
treatment of arthritis. Curr Opin in Anti-
inflammatory and /mmunomodulatory
Drugs. 2000; 2: 16-25.

Vu TH, Werb Z. Matrix metalloproteinases:
effectors of development and normal
physiology. Genes Dev. 2000; 14:
2123-33.

Rawdanowicz TJ, Hampton AL, Nagase
H, Woolley DE, Salamonsen LA. Matrix
metalloproteinase production by cultured
human endometrial stromal cells: identifi-
cation of interstitial collagenase, gelati-
nase-A, gelatinase-B, and stromelysin-1
and their differential regulation by inter-
leukin-1 alpha and tumor necrosis factor-
alpha. J Clin Endocrinol Metab. 1994; 79:
530-6.

McCachren SS. Expression of metallopro-
teinases and metalloproteinase inhibitor in
human arthritic synovium. Arthritis
Rheum. 1991; 34: 1085-93.

Case JP, Lafyatis R, Remmers EF,
Kumkumian GK, Wilder RL.
Transin/stromelysin expression in rheuma-
toid synovium. A transformation-associat-
ed metalloproteinase secreted by pheno-
typically invasive synoviocytes. Am J
Pathol. 1989; 135: 1055-64.

Shingleton WD, Hodges DJ, Brick P,
Cawston TE. Collagenase: a key enzyme in

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

there advice on the statistical analysis. The author thanks Xiros
PLC, Leeds UK for supplying the plasma treated scaffolds.

collagen turnover. Biochem Cell Biol. 1996;
74: 759-75.

Twining SS. Regulation of proteolytic
activity in tissues. Crit Rev Biochem Mol
Biol. 1994; 29: 315-83.

Reynolds JJ. Collagenases and tissue
inhibitors of metalloproteinases: a func-
tional balance in tissue degradation. Oral
Dis. 1996; 2: 70-6.

Mauviel A. Cytokine regulation of metallo-
proteinase gene expression. J Cell
Biochem. 1993; 53: 288-95.

Brinckerhoff CE, Suzuki K, Mitchell TI,
Oram F, Coon Cl, Palmiter RD, Nagase H.
Rabbit procollagenase synthesized and
secreted by a high-yield mammalian
expression vector requires stromelysin
(matrix metalloproteinase-3) for maximal
activation. J Biol Chem. 1990; 265:
22262-9.

Stricklin GP, Welgus HG. Human skin
fibroblast collagenase inhibitor.
Purification and biochemical characteriza-
tion. J Biol Chem. 1983; 258: 12252-8.
Stetler-Stevenson WG, Krutzsch HC,
Liotta LA. Tissue inhibitor of metallopro-
teinase (TIMP-2). A new member of the
metalloproteinase inhibitor family. J Biol
Chem. 1989; 264: 17374-8.

Goldberg GI, Marmer BL, Grant GA,
Eisen AZ, Wilhelm S, He CS. Human 72-
kilodalton type IV collagenase forms a
complex with a tissue inhibitor of metallo-
proteases designated TIMP-2. Proc Nat/
Acad Sci USA. 1989; 86: 8207—-11.
Mauviel A, Teyton L, Bhatnagar R,
Penfornis H, Laurent M, Hartmann D,
Bonaventure J, Loyau G, Saklatvala J,
Pujol JP. Interleukin-1 alpha modulates
collagen gene expression in cultured syn-
ovial cells. Biochem J. 1988; 252: 247-55.
Rowland JR, Tsukazaki S, Kikuchi T,
Fujikawa K, Kearney J, Lomas R, Wood
E, Seedhom BB. Radiofrequency-generat-
ed glow discharge treatment: potential
benefits for polyester ligaments. J Orthop
Sci. 2003; 8: 198-206.

Cs-Szabo G, Melching LI, Roughley PJ,
Glant TT. Changes in messenger RNA and

2447



31.

32.

33.

34.

35.

36.

37.

2448

protein levels of proteoglycans and link pro-
tein in human osteoarthritic cartilage sam-
ples. Arthritis Rheum. 1997; 40: 1037-45.
Herron GS, Werb Z, Dwyer K, Banda MJ.
Secretion of metalloproteinases by stimu-
lated capillary endothelial cells. I.
Production of procollagenase and
prostromelysin exceeds expression of pro-
teolytic activity. J Biol Chem. 1986; 261:
2810-3.

Dean DD, Woessner JF, Jr. A sensitive,
specific assay for tissue collagenase using
telopeptide-free [3H]acetylated collagen.
Anal Biochem. 1985; 148: 174-81.

Li DQ, Meller D, Liu Y, Tseng SC.
Overexpression of MMP-1 and MMP-3 by
cultured conjunctivochalasis fibroblasts.
Invest Ophthalmol Vis Sci. 2000; 41:
404-10.

WuDunn D. The effect of mechanical strain
on matrix metalloproteinase production by
bovine trabecular meshwork cells. Curr
Eye Res. 2001; 22: 394-7.

Werb Z, Hembry RM, Murphy G, Aggeler
J. Commitment to expression of the met-
alloendopeptidases, collagenase and
stromelysin: relationship of inducing
events to changes in cytoskeletal architec-
ture. J Cell Biol. 1986; 102: 697-702.
Kheradmand F, Werner E, Tremble P,
Symons M, Werb Z. Role of Rac1 and oxy-
gen radicals in collagenase-1 expression
induced by cell shape change. Science.
1998; 280: 898-902.

Armstrong DG, Jude EB. The role of
matrix metalloproteinases in wound heal-
ing. J Am Podiatr Med Assoc. 2002; 92:
12-8.

38.

39.

40.

41.

42.

43.

44

Madlener M, Parks WC, Werner S. Matrix
metalloproteinases (MMPs) and their
physiological inhibitors (TIMPs) are differ-
entially expressed during excisional skin
wound repair. Exp Cell Res. 1998; 242:
201-10.

Madlener M. Differential expression of
matrix metalloproteinases and their physi-
ological inhibitors in acute murine skin
wounds. Arch Dermatol Res. 1998; 290
Suppl: S24-9.

Mukherjee R, Bruce JA, McClister DM,
Jr., Allen CM, Sweterlitsch SE, Saul JP.
Time-dependent changes in myocardial
structure following discrete injury in mice
deficient of matrix metalloproteinase-3. J
Mol Cell Cardiol. 2005; 39: 259-68.

Ugwu F, Van Hoef B, Bini A, Collen D,
Lijnen HR. Proteolytic cleavage of uroki-
nase-type plasminogen activator by
stromelysin-1 (MMP-3). Biochemistry.
1998; 37: 7231-6.

Visse R, Nagase H. Matrix metallopro-
teinases and tissue inhibitors of metallo-
proteinases: structure, function, and bio-
chemistry. Circ Res. 2003; 92: 827-39.
Sage EH, Reed M, Funk SE, Truong T,
Steadele M, Puolakkainen P, Maurice
DH, Bassuk JA. Cleavage of the matricel-
lular protein SPARC by matrix metallopro-
teinase 3 produces polypeptides that influ-
ence angiogenesis. J Biol Chem. 2003;
278: 37849-57.

Haro H, Crawford HC, Fingleton B,
MacDougall JR, Shinomiya K, Spengler
DM, Matrisian LM. Matrix metallopro-
teinase-3-dependent generation of a
macrophage chemoattractant in a model of

45.

46.

47.

48.

49.

50.

herniated disc resorption. J Clin Invest.
2000; 105: 133-41.

Adair-Kirk TL, Atkinson JJ, Broekelmann
TJ, Doi M, Tryggvason K, Miner JH,
Mecham RP, Senior RM. A site on laminin
alpha 5, AQARSAASKVKVSMKEF, induces
inflammatory cell production of matrix
metalloproteinase-9 and chemotaxis. J
Immunol. 2003; 171: 398-406.

Noe V, Fingleton B, Jacobs K, Crawford
HC, Vermeulen S, Steelant W, Bruyneel
E, Matrisian LM, Mareel M. Release of an
invasion promoter E-cadherin fragment by
matrilysin and stromelysin-1. J Cell Sci.
2001; 114: 111-8.

Ugwu F, Lemmens G, Collen D, Lijnen
HR. Matrix metalloproteinase deficien-
cies do not impair cell-associated fibri-
nolytic activity. Thromb Res. 2001; 102:
61-9.

Bullard KM, Lund L, Mudgett JS, Mellin
TN, Hunt TK, Murphy B, Ronan J, Werb Z,
Banda MJ. Impaired wound contraction in
stromelysin-1-deficient mice. Ann Surg.
1999; 230: 260-5.

De Bari C, Dell’Accio F, Tylzanowski P,
Luyten FP. Multipotent mesenchymal stem
cells from adult human synovial mem-
brane. Arthritis Rheum. 2001; 44:
1928-42.

Djouad F, Bony C, Haupl T, Uze G,
Lahlou N, Louis-Plence P, Apparailly F,
Canovas F, Reme T, Sany J, Jorgensen
C, Noel D. Transcriptional profiles dis-
criminate bone marrow-derived and
synovium-derived mesenchymal stem
cells. Arthritis Res Ther. 2005; 7:
R1304-15.

© 2007 The Author

Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



