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Abstract

Background. Gene expression analysis is useful for assessing cellular behavior and may improve our understanding of the initial cel-
lular response to mechanical load leading to tendon degeneration. This study assessed gene expression of MMP-1 and MMP-3, genes
associated with matrix degradation, in tendons exposed to cyclic loads within physiologic range.

Methods. Six flexor tendons from each of ten New Zealand White rabbits were harvested and randomly assigned to one of the fol-
lowing six groups: load deprived for 18 h; cyclically loaded for 18 h to a peak stress of 2 MPa; 3 MPa; 4 MPa; 5 MPa; or snap frozen in
liquid nitrogen. MMP-1, MMP-3 and 18 s mRNA expression was measured by qRT-PCR.

Findings. No significant differences in MMP-1 mRNA expression levels were found between loading groups. MMP-3 expression was
significantly inhibited (57%) in tendons cyclically loaded to a peak stress of 4 MPa in comparison to load deprived tendons, however,
when peak stress was increased to 5 MPa, expression was no longer significantly lower compared to stress shielded tendons.

Interpretation. The results suggest a ‘U’ shape relationship between load and MMP-3 expression. The lack of change in MMP-1
expression with loading was unexpected as inhibition of MMP-1 in response to mechanical load has been demonstrated in previous stud-
ies. In conclusion, we demonstrate that MMP-3 expression is modulated by cyclic load and is sensitive to load magnitude. MMP-1
mRNA expression is not significantly modulated by cyclic load in this model.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Tendon overuse injuries are characterized by soreness,
pain, and limited range of motion (Jozsa and Kannus,
1997). These injuries are slow to heal, difficult to treat
and often recurrent presenting a burden to athletes (Kan-
nus, 1997) and a significant source of disability to workers
(National Research Council and the Institute of Medicine,
2001).
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Matrix metalloproteinase (MMP), a group of tightly
regulated zinc dependent enzymes, play a crucial role in
the normal development, repair and remodeling of connec-
tive tissues. MMP’s, which include interstitial collagenase-1
(MMP-1) and stromelysin-1 (MMP-3), are capable of
degrading intact fibrillar collagen, proteoglycans and other
extracellular matrix (ECM) components (Matrisian, 1990).
The failure to properly regulate these enzymes may lead to
improper or excess matrix degeneration and play a role in
the development of pathological tendon conditions (Matri-
sian, 1990; Riley et al., 2002).

Previous studies have found a strong relationship
between expression of these genes and mechanical load in
tendons and ligament (Majima et al., 2000; Tsuzaki et al.,
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2003; Lavignino et al., 2003; Arnoczky et al., 2004; Yang
et al., 2005). In rat tail tendons, for example, moderate sta-
tic (Arnoczky et al., 2004) and cyclic (Lavignino et al.,
2003) loading has been shown to inhibit MMP-1 expres-
sion. In rabbit menisci, cyclic tensile load inhibited
MMP-1 expression (Majima et al., 2000) while cyclic
hydrostatic pressure reduced MMP-3 expression (Natsu-
Ume et al., 2005) compared to unloaded controls.

Few studies, however, have examined the effects of
higher loads, within physiologic range, on tissue explants.
A study by Flick et al. (2006) examined the effects of repet-
itive loading, up to 12 MPa, on avian flexor tendon viabil-
ity and secretion of PGE2. They found PGE2 secretion to
increase in aggressively loaded tendons relative to moder-
ately loaded tendons, suggesting that aggressive cyclic
loading may lead to an initial inflammatory response.

The goal of this study was to assess changes in gene
expression levels of MMP-1 and MMP-3, in rabbit flexor
tendons exposed to cyclic loads within physiologic range
for an extended period of time. Tendons were cyclically
loaded to peak stresses of O (load deprived), 2, 3, 4 or
5 MPa continuously for 18 h. These loads are within the
range measured in vivo in rabbit flexor tendons by Mala-
viya et al. (1998) who found tensile stresses of 1 MPa and
8 MPa during quiet standing and level hopping, respec-
tively. We hypothesized that cyclic loading at moderate
loads, 2 MPa and 3 MPa, will inhibit mRNA expression
of MMP-1 and MMP-3 relative to stress shielded tendons.
We also hypothesized that cyclic loading to higher load, 4
and 5 MPa, would lead to an up-regulation of mRNA
expression relative to moderate loads.

2. Methods
2.1. Loading system

A custom built, in vitro tendon loading system,
described elsewhere (Asundi et al., 2007), was used to
simultaneously apply cyclic loads to five tendons. Briefly,
the loading system consisted of six independent actuators
each applying a tensional load to a single tendon. Tendons
were held by two clamps. The position of the upper clamp
was controlled by the actuator while the lower clamp was
held stationary. Both clamps extended away from the actu-
ator so the tendon could be fully submerged in culture
media. A compact load cell, in series with the clamps, con-
tinuously recorded tension applied to the tendon. Labview
software (V 6.2, National Instruments, Austin, TX) was
used to control the actuators and collect data.

2.2. Tendons

Six flexor digitorum profundus tendons, approximately
45 mm in length, were harvested from the hind paws of
10 New Zealand White rabbits (total of 60 tendons) under
sterile conditions. The rabbits were euthanized for a sepa-
rate and unrelated study. Tendons were immediately

placed in CO, independent media (Invitrogen, Carlsbad,
CA, USA) with 10% FBS (Invitrogen, Carlsbad, CA,
USA), 1% antibiotics (Invitrogen, Carlsbad, CA, USA)
and 100 pg/ml of ascorbic acid (Sigma Aldrich, St. Louis,
MO, USA).

2.3. Loading

The six tendons from each rabbit were randomly
assigned to one of the following groups (n = 10 for each
group). Group 1: load deprived (0 MPa); Group 2: cycli-
cally loaded to a peak stress of 2 MPa; Group 3: cyclically
loaded to a peak stress of 3 MPa; Group 4: cyclically loaded
to a peak stress of 4 MPa; Group 5: cyclically loaded to a
peak stress of 5 MPa; and Group 6: a 5 mm section was
cut from the tendon and snap frozen in liquid nitrogen.
The Group 6 tendons were used to assess expression levels
under in vivo conditions and were not included in the statis-
tical analysis.

Cross-sectional area (CSA) of each tendon was mea-
sured with a load applied micrometer (Butler et al., 1984)
to establish the required force in order to achieve the
desired stresses. Measurements were done prior to
in vitro loading. Briefly, tendons were fit into a slot
1.3mm wide. A plunger measuring 8 mm long and
1.3 mm wide was pressed down on the tendon with a 50 g
weight applying a constant pressure of 0.05 MPa for 30 s.
CSA was calculated from the measured tendon thickness
and the width of the slot. Tendons were then removed from
the micrometer and the fibro-cartilage zone of the tendon
(Region B/C according to Okuda et al. (1987)) was secured
in the proximal clamp. The distal clamp was padded with
sterile gauze before securing the distal end of the tendon.

Tendons were preconditioned by loading from 1 MPa to
2 MPa for 20 cycles. This was to allow the tendons to settle
into the clamps. Gauge length was assessed after precondi-
tioning by applying a 0.5 N preload and measuring the
clamp to clamp length. A slack of 2 mm was provided to
tendons in the load deprived group. Cyclic loading was
conducted using a modified square wave form at 0.45 Hz
with a 50% duty cycle and a peak stress rate of 10 MPa
(Fig. 1). Trough stress for all loaded tendons was 0.5 MPa.

Initial strain was defined as the strain at peak stress for
the first cycle of loading. Final strain was defined as the
strain at peak stress for the last cycle of loading. Creep
was defined as the difference between final and initial
strain.

At the end of loading, tendons were released from the
clamps and a 5 mm section of the tendon was cut and fro-
zen in liquid nitrogen. The 5 mm section was cut at least
3mm away from either clamp to avoid possible clamp
effects. Sections were stored at —70 °C until processed.

2.4. RNA extractions

Total RNA was extracted from each tendon section
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).



K R Asundi, D.M. Rempel | Clinical Biomechanics 23 (2008) 117-121 119

Stress (MPa)

Time (sec)

Fig. 1. Loading profile over four cycles of load for tendons loaded
between 0.5 MPa and a peak stress of 2, 3, 4 or 5 MPa.

After extraction, RNA was DNase treated and concen-
trated using an RNeasy Minelute cleanup Kit (Qiagen,
Valencia, CA, USA). An aliquot of 385 ng of RNA was
then reverse transcribed (Tagman reverse transcription
reagents, Applied Biosystems, Foster City, Ca, USA) to
cDNA.

2.5. Real time PCR

Expression levels of MMP-1, MMP-3 and 18 s were
quantified by Real time PCR (ABI-Prism 7000 Sequence
Detection System) using Applied Biosystem’s SYBR Green
master mix. Oligonucleotide sequences for the genes of
interest were obtained from the National Center for Bio-
technology Information website (http://www.ncbi.nlm.nih.
gov/). Primer sets for MMP-1 (5'-AGGAGCCTTCCCAA-
GAGGAA-3'|5'-CTTGTCTCTTGCATATCAGGATGA-
TG-3), MMP-3 (5'-AGCCAATGGAAATGAAAACTCT-
TC- 3'|5'-CCAGTGGATAGGCTGAGCA- AA-3'), and
18s (5’-AGTGCGGGTCATAAGCTTGC-3'|5'-GGTGT-
GTACAAAGGGCAGGG-3') were designed from the
sequences using Applied Biosystem’s Primer Express soft-
ware V2. Data was analyzed using the standard curve
method (Applied Biosystems, ABI-Prism 7700 SDS User
Bulletin #2). MMP-1 and MMP-3 expression was first nor-
malized to 18 s. Gene expression fold change relative to the
load deprived (0 MPA) samples was calculated for each
loaded sample (2, 3, 4 and 5 MPa).

2.6. Statistics

Gene expression fold changes were log transformed to
normalize their distribution before means were compared.
Differences in mean expression levels were compared
between loading groups 1 through 5 by repeated measures
ANOVA and significant differences were followed up with

a Tukey test. All statistical analyses were performed with
SAS (SAS Institute Inc., Cary, NC, USA) and significance
was taken as p <0.05.

3. Results
3.1. Loading

Greater peak stress led to greater initial strain (Fig. 2).
Initial strain was significantly greater in tendons exposed
to a peak stress of 3 MPa, 4 MPa and 5 MPa compared
to 2 MPa. Initial strain was also significantly greater in ten-
dons exposed to a 5 MPa peak stress compared to a 3 and
4 MPa peak stress. Initial strain was not significantly differ-
ent between tendons exposed to 3 MPa and 4 MPa. These
differences between loading groups was also found for final
strain and creep (Fig. 2).

3.2. Gene expression

Gene expression levels for fresh frozen controls (Group
6) were 0.1% (0.0%) and 0.9% (0.2%) of the expression level
in load deprived samples for MMP-1 and MMP-3,
respectively.

Cyclic loading reduced MMP-1 expression relative to
stress shielding; however, expression levels were not signif-
icantly different for any loading group (Fig. 3). MMP-3
mRNA expression in tendons cyclically loaded to a peak
stress of 4 MPa was significantly reduced (0.57, p = 0.04)
in comparison to stress shielded tendons (Fig. 3).

(Note: Fig. 3 presents the mean percent change for each
loading group, which over-represents increases (e.g. the
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Fig. 2. Mean (£SD) initial strain, final strain and creep in tendons
cyclically loaded to a peak stress of 2, 3, 4, 5 MPa for 18 h. Cyclic loading
to higher peak stresses led to greater initial strain, final strain and creep.
(n=10, *p <0.05).
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Fig. 3. Mean (+SD) expression levels in tendons statically loaded to 2, 3,
4, or 6 MPa relative to 0 MPa [load deprived tendon]. MMP-1 expression
was not significantly different between loading groups. Cyclic loading to a
peak stress of 4 MPa resulted in a significant decrease (0.57) in MMP-3
expression relative to stress shielded tendons. (n = 10, *p = 0.04).

average of a 200% increase and a 50% decrease is 125% not
100%). Mean percent changes are presented instead of
mean log transformed values however as they are easier
to interpret.)

4. Discussion

In this study we examined the effects of 18 h of cyclic
loading within physiologic range on the expression of
MMP-1 and MMP-3 mRNA in tendon explants. Contrary
to our hypothesis, no significant changes were found in
MMP-1 expression with cyclic loading. Cyclic loading to
a peak stress of 4 MPa led to significant inhibition of
MMP-3 relative to stress shielded controls; however no sig-
nificant differences were found between moderate and
higher loads.

Collagenase-1 (MMP-1) is involved in the degradation
of type-1 collagen by cleaving a single locus in the collagen
triple helix creating 3/4 and 1/4 fragments which are then
further degraded by other proteinases (Riley et al., 2002).
Type I collagen is a very stable molecule, resistant to pro-
teolytic cleavage (Matrisian, 1990). As one of the few
enzymes capable of cleaving intact fibrillar collagen, the
proper regulation of MMP-1 expression is critical in main-
taining a healthy extracellular matrix.

The lack of inhibition of MMP-1 seen in our study is an
unexpected finding as inhibition of MMP-1 expression with
mechanical load has been demonstrated in other models
(Majima et al., 2000; Lavignino et al., 2003; Arnoczky
et al., 2004). In rat tail tendons, cyclic stretching to a peak
strain of 6% at 0.017 Hz or to a peak strain of 1% at 1 Hz,
for 24 h was enough to inhibit MMP-1 expression relative

to unloaded controls (Lavignino et al., 2003). Static loads
of 0.77 MPa, 1.38 MPa and 2.6 MPa have also been found
to decrease expression of MMP-1in rat tail tendons
(Arnoczky et al.,, 2004). A decrease in expression of
MMP-1 was also seen in medial collateral ligaments
exposed to a cyclic tensile stress of 4 MPa, resulting in
strains between 2 and 6%, at 0.5Hz for 4h (Majima
et al., 2000). Even though the range of stresses applied in
our model included the stresses used in these studies we
were unable to replicate their findings of decreased
MMP-1 expression with loading relative to unloaded
controls.

A possible explanation for the lack of inhibition may be
uneven load distribution across tendon fibrils. A recent
study examined crimp pattern extinction in tendons
through optical coherence tomography (Hanson et al.,
2002). Fascicles from rat tail tendons were subjected to
0.5% strain increments and imaged at each increment. They
found banding disappeared sooner at the surface than
along the center axis indicating a greater load was carried
by the surface fibrils compared to center fibrils. As rabbit
flexor tendons are considerably larger in diameter (1-
1.5 mm) than rat tail tendon fascicles (200-400 um), cyclic
loading to peak stresses up to 5 MPa may not have
recruited enough of the center fibrils to significantly inhibit
MMP-1 expression.

In addition, unlike rat tail tendons or rabbit knee liga-
ments, flexor tendons contain a large fibro-cartilage region.
While this region was excluded from the section of tendon
examined for mRNA expression, its presence may have
affected how loads were distributed through the tendon.

MMP-3 expression was significantly reduced with cyclic
loading to a peak stress of 4 MPa indicating it may be more
sensitive to load than MMP-1. MMP-3 has broad substrate
specificity, degrading proteoglycans, laminin, fibronectin
and the globular portions of the basement membrane col-
lagens. In addition to degrading various matrix molecules,
MMP-3 can ‘super-activate’ MMP-1, increasing its collage-
nase activity up to 8-fold, making it an important compo-
nent in the degradation of the ECM (Matrisian, 1990).
Physical stimulation has been shown to affect MMP-3
expression. In rat intervertebral disks, MMP-3 expression
was found to be sensitive to magnitude and frequency, with
higher magnitudes and frequencies resulting in greater
expression (MacLean et al., 2004; MacLean et al., 2005).
In cell culture models, cyclic stretching has been shown
to up-regulate MMP-3 expression in chondrocytes (Honda
et al., 2000) and tendon cells (Tsuzaki et al., 2003).
Mechanical load has also been found to have an inhibitory
effect. Natsu-Ume et al. (2005) exposed rabbit meniscal
explants to cyclic hydrostatic pressure and found reduced
MMP-3 mRNA expression levels in tissues cultured under
loading compared to non-loading conditions.

This study demonstrates that MMP-3 expression is also
inhibited through cyclic load in tendon explants. This inhi-
bition is load dependent with lower peak stresses of 2 and
3 MPa decreasing expression but not significantly. Expres-
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sion was significantly inhibited in tendons cyclically loaded
to a peak stress of 4 MPa, however when peak stress was
increased to 5 MPa, expression was no longer significantly
lower compared to stress shielded tendons. This would sug-
gest a possible “U” shape relationship between load and
MMP-3 expression. Stress shielding and high cyclic loads
may lead to an up-regulation of expression, while moderate
loads reduce such expression.

A limitation of our study was that it only examined
mRNA expression. The matrix metalloproteinases are
tightly regulated after expression, requiring additional acti-
vation and may be inhibited by other proteins (Matrisian,
1990). Examination of protein levels and enzyme activity
should be conducted to confirm the findings in this study.
Another limitation of the study was high variability
between samples. Statistical analysis of the results indicated
there were no significant differences in expression levels of
MMP-1 between any of the loading groups. However,
the wvariability in gene expression levels was high
(C.V. = 278%), so that even if there was a trend associated
with loading, the findings would probably not have
achieved statistical significance. Various factors may have
contributed to increasing variability including the RNA
extraction and reverse transcription process, tissue cross-
sectional area, location of the tissue between the clamps,
distribution of fibro-cartilage within the tendon and the
location of the tissue sample used.

In conclusion we demonstrate that MMP-3 expression
was modulated by cyclic load and is sensitive to load mag-
nitude. The dose-response relationship with load appears
to be “U” shaped. MMP-1 mRNA expression was not sig-
nificantly modulated by cyclic load in this model.
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