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a gene expression study
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Abstract

Recently, clinical studies have suggested that eccentric exercise can be beneficial for patellar
tendinopathy. It is known that loading induces collagen synthesis in tendon, but the mechanisms
responsible for mediating this effect are still unclear. We hypothesized that |oading-induced expression of
collagen depends on a specific contraction type. Eccentric exercise induces a more beneficial healing
response than concentric exercise. Two longitudinal incisions were made in rat patellar tendons and the
rats were then divided into three groups. eccentric exercise group (group E; n=35); concentric exercise
group (group C; n=35); non-exercise group (group N; n=35). Each rat was taught to run downhill
(eccentric) or uphill (concentric) for 14 days. Patellar tendons were collected at 1, 4, 7, 14, 21, 28 and 42
days following injury. Type | and Il collagen, transforming growth factor-p -1 (TGF-f3 -1), and matrix
metalloproteinase-13 (MMP-13) were measured by reverse transcription polymerase chain reaction. The
gene expression level of type | collagen of group E was significantly greater than that of group N on day
4. The gene expression level of type I11 collagen of group E was significantly greater than that of group N
on days 7 and 14. The gene expression level of TGF-3 -1 of group E was significantly greater than that of
group C and group N on days 4 and 7. The gene expression level of MMP-13 of group C and group N was
significantly greater than that of group E on day 21. Eccentric exercise can more effectively induce TGF-
B -1 expression compared to concentric exercise and subsequently cause high expression of type | and 11
collagen. In addition, our results showed that eccentric exercise also reduces MM P-13 gene expression. In
conclusion, eccentric exercise can aid tendon repair.
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typically includes rest, ice, electrotherapy, taping,

Introduction anti-inflammatory medication, and/or corticosteroid

Patellar tendinopathy occursin several sports and
the condition can severely limit or even end an
athletic career. This condition particularly affects
elite athletes in jumping sports”. The etiology and
pathogenesis of chronic tendon pain is not fully
understood, although histopathological and
biochemical evidence indicates that it is not an
inflammatory condition?. A previous report about
patellar tendonitis concluded that it was caused by
dissociation of fibers rather than partial fiber
rupture®. Theinitial treatment of patellar tendinopathy

0023050 1800000023060 17000

injection. However, these treatment regimens have
not been demonstrated to be effective and thus they
have no evidence-based support®.

Recently, clinical studies have suggested that
eccentric exercise can be beneficial for several
tendinopathies including patellar tendinopathy®,
Achilles tendinopathy®, and lateral humeral
epicondylalgia”, but the mechanism remains unclear.
An eccentrically loaded isometric contraction
was defined as a contraction during which the
muscul otendinous unit was active in an attempt to

Abbreviations: COL1A1, collagen type I a 1; COL3Al, collagen type III a 1; TGF-B -1, transforming growth factor-g -1;
MMP-13, matrix metalloproteinase-13; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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maintain a specific joint position as it resisted the
lengthening imposed by an external load.
Conversely, a concentrically loaded isometric
contraction was defined as an isometric contraction
during which the contractile apparatus attempted to
shorten while joint motion was restricted. Previoudly,
we showed that eccentric exercise helps to stabilize
angiogenesis during the early phase of tendon injury.
Conversely, concentric exercise, which destabilizes
angiogenesis, leads to a delayed healing response.
Initiation of eccentric exercise immediately after
tendon injury may improve healing by reducing
vascularity?.

The fibrillar collagens, types | and Ill, are the
major components of tendon. Loading induces
collagen synthesis in tendon, but the mechanisms
responsible for mediating this effect are still
unclear®. Several observations point to transforming
growth factor- -1 (TGF-B -1) as an essential
mediator of mechanically-induced collagen synthesis
in a variety of cell types including patella tendon
fibroblasts and this growth factor may act as a link
between loading and collagen synthesis in
tendons'®™. Mechanical loading of tendons has aso
been suggested to induce certain changes in collagen
structure, possibly involving increased collagen
cross-linking and degradation'?*®. Therefore,
exercise may change the expression of enzymes
involved in collagen processing such as matrix
metalloproteinase-13 (MM P-13), which regulates
degradation of collagen molecules™.

The aim of the present study was to investigate
the specific effects of concentric exercise and
eccentric exercise on expression of type | and 111
collagen mRNA in tendon in rats. Furthermore, to
identify possible mediators of loading-induced
collagen regulation in these tissues, we studied the
changes in expression of TGF-3 -1 and MMP-13.
We hypothesized that |oading-induced expression of
collagen, TGF-B -1 and MMP-13 in tendon would
depend on contraction type.

Materials and M ethods

Tendon injury model: 105 female Wistar rats
(180-188g, Charles River Laboratories, Yokohama,
Japan) aged 7 weeks old were used in this study. The
rats were anesthetized by an intramuscular injection
of ketamine (25 mg/kg). We used a fiber dissociation
model to mimic patellar tendon injury. To create a
fiber dissociation model of patellar tendon injury, we

made a small incision in the skin to expose the
patella tendon and created two longitudinal splits in
each tendon for the patellar tendon injury model®.
Rats were assigned randomly to three groups. an
eccentric exercise group (group E; n=35), a
concentric exercise group (group C; n=35), and a
non-exercise group (group N; n=35). Rats were given
a full day to recover from surgery before beginning
the exercise training program. The protocol was
approved by the Institution Animal Care and Use
Committee of Kanazawa University.

Exercise training: While running down an
incline, extensor muscles primarily perform eccentric
contractions in which the muscles lengthen while
they are actively developing tension. The major
function of these extensor muscles during downhill
running is to decelerate the animal’s center of mass
to maintain a constant average running velocity.
Therefore, the eccentric exercise group ran down a
15° incline. On the other hand, the extensor muscles
perform concentric contractions during uphill
running™. The concentric exercise group ran on a
treadmill up a 15° incline. Each rat exercised once
daily on a motor-driven rodent treadmill (Muromachi
Kikai,. Tokyo, Japan) for 1 hr at 15 m/min in room air
for a maximum of 14 days. After exercise, each rat
was returned to the same environment as those in the
non-exercise group. Rats in the non-exercise group
were allowed to walk freely in their cages without
restriction for the entire duration of the experiment.

Tissue collection and preparation of mMRNA: To
study the time course of RNA expression in response
to exercise, patellar tendons of each rat were
collected at 1, 4, 7, 14, 21, 28 and 42 days following
injury (five rats for each time point). To prepare
mRNA, about 30 mm?® rat tendon was acquired and
dissolved in 1ml trizol (Invitrogen, Carlsbad, USA).
To extract RNA, 200u | chloroform was added.
RNA was then precipitated from the agueous phase

Table 1. PCR conditions of each gene

Gene name Course of temperature and time Cycle
COL1A1 94°C (15s)- 57°C (30s)- 72°C (30s) 25
COL3A1 94°C (15s)- 57°C (30s)- 72°C (30s) 35
TGF -1 94°C (15s)- 55°C (30s)- 72°C (30s) 35
MMP-13 94°C (15s)- 60°C (30s)- 72°C (30s) 35
GAPDH 94°C (15s)- 57°C (30s)- 72°C (30s) 25

COLI1AL; collagen type I a 1: COL3A1; collagen type III a 1: TGF -1;
transforming growth factorf3 -1: MMP-13; matrix metalloproteinase-13:
GAPDH,; glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 10 The bands were visualized and analyzed quantitatively by densitometry (Image Gauge Version 4.0, Fuji Film, Tokyo, Japan). Values
were then normalized to GAPDH RNA expression. Expression of type I collagen mRNA peaked at day 1 and decreased gradually. The
gene expression level of the eccentric exercise group was significantly greater than that of the non-exercise group on day 4 (A and B).
Y P<0.05. C; concentric exercise group []. E; eccentric exercise group [ll. N; non-exercise group [ ].
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Fig. 20 Expression of type III collagen mRNA peaked at day 4 and decreased gradually. The gene expression level of the eccentric exercise
group was significantly greater than that of the non-exercise group on days 7 and 14 (A and B. “ P<0.05. C; concentric exercise group [].
E; eccentric exercise group M. N; non-exercise group [].
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Expression of TGF-f-1

Fig. 30 Expression of transforming growth factor- -1 mRNA peaked at day 1 and decreased gradually. The gene expression level of the
eccentric exercise group was significantly greater than that of the concentric exercise and non-exercise groups on days 4 and 7 (A and B).
Y P<0.05. C; concentric exercise group [[]. E; eccentric exercise group [ll. N; non-exercise group [].
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Expression of MMP-13

Fig. 40 Expression of matrix metalloproteinase-13 mRNA peaked from day 4 to day 14 and decreased gradually. The gene expression level
of the concentric exercise group and non-exercise group was significantly greater than that of the eccentric exercise group on day 21 (A
and B). " P<0.05. C; concentric exercise group [. E; eccentric exercise group . N; non-exercise group [].
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by treating with the same amount of isopropyl
acohol and the pellet was washed with ethanal.

Primer design: The genes examined in this study
were collagen type |l a 1 (COL1A1), collagen type Il1
a1l (COL3A1), transforming growth factor-f3 -1
(TGF-B -1), matrix metalloproteinase-13 (MMP-13),
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Primers for al genes were designed using
gene sequences published on the NCBI website. The
sequence of each primer was as follows: COL1A1:
5-TGA GCC AGC AGA TTG AGA AC-3' (sense),
5'-AAC CTT CGC TTC CAT ACT CG-3
(antisense); COL3A1l: 5°-TGG CAT CAA AGG
ACA TCG-3 (sense), 5 CAC CTC CAA CTC CAG
CAA TG-3' (antisense); TGF-B -1: 5-ATA CAG
GGC TTT CGC TTC AG-3' (sense), 5'-GTG TGT
CCA GGC TCC AAA TG-3 (antisense); MMP-13:
5'-GAT GTC AGG CAT TAA AGG AAG GGG
ATA ACC-3'(sense), 5'-GCA CCA AGT GTC AGT
CAC TAA GGA AAG CAG-3' (antisense); GAPDH:
5'-CTC CGC TCA CAT TCT GTT TG-3' (sense),
5-ACC ATC GCC CAT CTT CAT C-3' (antisense).

Semi-quantitative RT-PCR: Total RNA (1p Q)
was converted to cDNA with Superscript 111 reverse
transcriptase (Invitrogen) and oligo(dT)12-18
primers (GE Healthcare Bio-Sciences). RT-PCR was
performed for COL1A1, COL3A1, TGF- -1 and
MMP-13. The thermal cycling program consisted of
an initial denaturation step of 94°C for 2 min,
followed by the conditions listed in Table 1 and a 30s
extension step at 72°C. It was confirmed that
measurement by using the listed condition is
performed within exponential phase. Aliquots of
each RT-PCR product were electrophoresed on a
1.5% agarose gel containing ethidium bromide. The
bands were visualized and analyzed quantitatively by
densitometry (Image Gauge Version 4.0, Fuji Film,
Tokyo, Japan). Values were then normalized to
GAPDH RNA expression.

Statistical analysis. Analysis of variance (two-
way ANOVA) with Fisher’s post-hoc analysis was
used to determine if significant differences in mMRNA
levels existed among the experimental periods (at 1,
4, 7, 14, 21, 28, and 42 days after injury).
Significance was taken as P<0.05.

Results

Expression of mRNAs: Expression of COL1A1
peaked at day 1 after injury and decreased gradually
in all groups. The gene expression level of the

eccentric exercise group was significantly greater
than that of the non-exercise group on day 4, but
there was no significant difference between the
concentric exercise group and the non-exercise group
(Fig. 1). Expression of COL3A1 peaked at day 4
after injury and decreased gradually in al groups.
The gene expression level of the eccentric exercise
group was significantly greater than that of the non-
exercise group on days 7 and 14, but there was no
significant difference between the concentric
exercise group and the non-exercise group (Fig. 2).
Expression of TGF-3 -1 peaked at day 1 after injury
and decreased gradually in all groups. The gene
expression level of the eccentric exercise group was
significantly greater than that of the concentric
exercise and non-exercise groups on days 4 and 7
(Fig. 3). Expression of MMP-13 peaked from day 4
to day 14 after injury and decreased gradually in all
groups. The gene expression level of the concentric
exercise group and the non-exercise group was
significantly greater than that of the eccentric
exercise group on day 21 (Fig. 4).

Discussion

Eccentric exercise is a treatment option for
patellar tendinopathy and was first presented by
Curwin and Stanish in 1985 with encouraging
results'®. Recently, eccentric exercise has been found
to be effective in pilot studies of patients with
patellar tendinopathy, but the mechanism remains
unclear.

In this study, we developed a tendon injury model
in rats. The patellar tendon of rats was incised with two
longitudinal splits using a scalpel following the method
used by Nakamura in a tendonitis model®. There are
several animal models of tendonitis. Dahlgren et a.™”
devel oped collagenase-induced tendonitis lesionsin the
tensile region of the flexor digitorum superficialis
tendon of adult horses using filter-sterilized bacteria
collagenase type |. The collagenase-induced model isa
well-established model. The acute swelling, matrix
destruction, and increase in the cross-sectiona area of
the tendon are similar to those seen in naturally
occurring tendon injuries. Kobayashi used external
fixation and pneumatic cylinders in the patellas and
tibias of domestic rabbits®. They developed a
tendonitis model in which the patellar tendon
underwent quantitative and cyclic tensile loading.
These models are thought to closely reproduce real
tendonitis. As mentioned previoudy, we used rats with
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longitudinally incised patellar tendons as a tendonitis
model because small animals are well suited for
treadmill exercise. In addition, external fixation
devices are difficult to place on rats. The longitudinal
incision procedure has major advantages such as its
ability to easily disrupt collagen fibers, which causes
tendonitis, and its high reproducibility. The
disadvantage is that, unlike collagenase type I, it does
not reproduce naturally occurring tendon injuries.

Tendon healing occurs in three overlapping
phases'®. The first stage is the inflanmatory phasein
which monocyte and macrophage infiltration occurs
within 24 hours after injury. The second stage is the
remodeling phase in which synthesis of type Il
collagen begins 2-4 days after injury and continues
for a few weeks. The third stage is the modeling
phase, which begins 6 weeks after injury, where
consolidation and maturation occur. A high
proportion of type | collagen is synthesized during
this phase.

In human and animals, mechanical loading by
exercise has been shown to induce collagen synthesis
in both tendon and muscle tissues. Heinemeier et al.”
found a noticeably increased expression of type | and
I11 collagen in tendon in response to short-term
strength training in rats. However, very few in vivo
results had been published with regard to tendon
expression of collagen mRNA in response to loading.
Moreover, there have not been any animal
experiments examining collagen synthesis in the
remodeling phase 6 weeks after exercise loading.
Therefore, we focused on how various exercises
affect collagen synthesisin the remodeling phase.

Type |11 collagen plays a central role in the
remodeling phase and it begins to be expressed on
the first day of injury. In our study, its expression
peaked at 4 days after injury and gradually decreased
thereafter. However, Oshiro et a.™ reported that type
I11 collagen expression peaked on the 14th day after
injury and gradually decreased thereafter. The time to
reach its peak expression differed because the injury
model of Oshiro et al. involved transection of the
flexor tendon of the third toe in rats, a single stitch
suture using 9-0 Ethilon, and no exercise loading. In
our study, exercise loading is thought to have
promoted early expression of type Il collagen. We
aso found that synthesis of type | collagen peaked
on the first day after injury and gradually decreased
thereafter. Previougly, it had been thought that a high
proportion of type | collagen is synthesized in the

modeling phase at 6 weeks or more after injury.
Archambault et al.?® used 11 weeks of high-
frequency loading and found increased type |11
collagen expression in rabbit Achilles tendon.
However, they found no change in type | collagen
expression. Our results showed almost no expression
of type | collagen at 4 weeks or more after injury.
Heinemeier et a.” showed an early increase in type |
collagen expression with exercise loading of rat
Achilles tendon. Their results are consistent with
ours and indicate that type | collagen serves as a
repair component in early remodeling, similar to type
[11 collagen.

The mechanism is still unknown as to what
induces collagen synthesis when tendon is loaded
via exercise. Chiquet et al.?” reported have indicated
that exercise-induced collagen synthesis relies on
increased expression of collagen-inducing
stress/strain-responsive growth factors including
transforming growth factor-p -1(TGF- -1) and
connective tissue growth factor. In human and
animal cells and tissues, TGF-3 -1 expression has
been found in vitro and in vivo in response to
mechanical loading'®?. In humans, it has been
reported that type | and/or type 111 collagen induced
by exercise loading is directly dependent on TGF-
B -1. Our results showed that TGF-3 -1 expression
peaked on the first day and decreased thereafter,
corresponding to the results of type | collagen. We
found that the group with eccentric exercise had
significantly higher TGF- -1 expression until 7
days after injury compared to the groups with
concentric exercise and non-exercise. Legerlotz et
a.” observed no difference in TGF-B 1 expression
by the type of exercise, but this observation was
made 12 weeks after injury. Heinemeier et al.”
found that an eccentric exercise group had
significantly higher TGF-3 -1 expression in muscle
tissue after four days of exercise. However, they did
not find any difference in the tendon among the
eccentric, concentric, and isometric exercise groups,
but their study used normal tendons. Thus, our
results showed significant differences among such
groups because we used injured tendons. In our
study, the eccentric exercise group had significantly
higher TGF-3 -1 expression. This higher expression
level might promote type | collagen expression on
the 4th day and type Ill collagen expression on the
7th and 14th day. These results also suggest that
collagen synthesisis dependent on TGF-3 -1.
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Matrix metalloproteinases (MMPs) are enzymes
essential in remodeling of tendons. Their excessive
and long-term expression enabled hydrolysis of
the extracellular matrix, which is thought to
cause tendonitis®”. Matrix-metalloproteinase-
13/collagenase 3 (MMP-13) cleaves the triple-helix
of type I, Il, and 111 collagen fibers®™. Stress on
tendon induces MM P-13 expression. Arnoczky et al.
reported that tendon injury can be prevented by
MMP inhibitor administration®®. MMP-13 is
reported to be expressed at a high level 7-14 days
after stress and to decrease gradually thereafter'®.
Our results showed that MMP-13 expression was
high at 4-14 days after injury. The eccentric exercise
group had significantly lower MMP-13 expression at
21 days after injury compared to the other groups.
This suggests that eccentric exercise can be
beneficial in promoting remodeling by suppressing
MMP-13 expression &t an early stage.

We used a small-animal treadmill for the exercise
regimen. Downhill running was used as the eccentric
exercise and uphill running as the concentric
exercise. We established the treadmill inclination,
duration of exercise, and speed based on our
previous experimental methods®?”. Eccentric and
concentric exercises have clearly different effects on
muscles, but such differences are not apparent in
tendons. Some reports have shown that eccentric
exercise promoted clinical healing of tendonitis, but
no report has clarified the reason. Load on tendons is
said to be twice as much in eccentric exercise
compared to concentric exercise®®. It is conceivable
that the difference in tension between these exercises
affects healing, but much clarification is need.

Because the incision model we used with two
longitudinal splits might induce acute inflammation,
it is controversial whether this model reflects the true
pathology of chronic tendonitis. Further studies are
therefore necessary to elucidate the reason why
eccentric exercise is beneficial for the treatment of
tendonitis.

Conclusions

Our results suggest that eccentric exercise can
more effectively induce TGF-3 -1 expression
compared to concentric exercise and subsequently
cause high expression of type | and Il collagen. Our
results also showed that eccentric exercise reduces
MMP-13 expression. In conclusion, eccentric
exercise might aid good tendon repair.
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