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Abstract
While mechanical loading is known to be essential in maintaining tendon homeostasis, repetitive
mechanical loading has also been implicated in the etiology of tendon overuse injuries. The purpose
of this study was to determine whether cyclic mechanical stretching regulates inflammatory
responses induced by interleukin-1β (IL-1β) treatment in human patellar tendon fibroblasts (HPTFs).
HPTFs were grown in microgrooved silicone dishes, where they became elongated in shape and
aligned with the microgrooves, which is similar to the shape and organization of tendon fibroblasts
in vivo. Cyclic uniaxial stretching was then applied to silicone culture dishes with a 4% or 8% stretch
at a stretching frequency of 0.5 Hz for a duration of 4 h in the presence or absence of 10 pM IL-1β
treatment. Non-stretched cells in the presence or absence of IL-1β were used for controls,
respectively. The expression of cyclooxygenase-2 (COX-2), matrix metalloproteinase-1 (MMP-1),
and the production of prostaglandin E2 (PGE2) were measured. In the absence of stretching, it was
found that 10 pM of IL-1β markedly induced higher levels of COX-2, MMP-1 gene expression, and
PGE2 production than non-treated cells. Furthermore, cells with 4% stretching decreased the COX-2
and MMP-1 gene expression and PGE2 production that were stimulated by IL-1β, whereas cells with
8% stretching further increased these gene products and/or expression levels in addition to the effects
of IL-1β stimulation. Thus, the results suggest that repetitive, small-magnitude stretching is anti-
inflammatory, whereas large-magnitude stretching is pro-inflammatory. Therefore, moderate
exercise may be beneficial to reducing tendon inflammation.
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1. Introduction
In occupational and athletic settings, tendon overuse injuries are a common problem. The
clinical symptoms of tendon overuse injuries include pain, regional swelling, and soreness
(Jozsa LG, 1997; Smith, 2000). Tendon injuries are accompanied with inflammation, which is
characterized by an upregulation of IL-1β, COX-2 expression, and PGE2 production. IL-1β is
a potent pro-inflammatory cytokine produced mainly by macrophages in injured tissues and
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upregulates the expression of other inflammatory mediators, including COX-2, IL-6, MMP-1,
and MMP-3. In fibroblasts, for example, IL-1β induces the expression of MMPs (Tewari et
al., 1994; Alvares et al., 1995), which could initiate the degradation and remodeling of tissues
(e.g., tendons) in response to mechanical loading (Vailas et al., 1985). COX-2 is a major marker
of tissue inflammation (Gilroy et al., 1998; Lipsky, 1999) that converts arachidonic acid into
prostaglandins, such as PGE2. PGE2 is one of the major lipid mediators of pain and acute
inflammation in tendons and other tissues (Narumiya et al., 1999; Fiorucci et al., 2001).

While tendon overuse injury implies that repetitive mechanical loading can be detrimental to
tendons, numerous studies have shown that appropriate mechanical stimulation is essential for
tendon homeostasis. This is also true for those tissues that bear and transmit mechanical loads,
including muscles, bone, cartilage, and ligaments (Banes et al., 1995). Previous studies have
shown that low tensile strains (≤6%) down-regulate the IL-1β stimulated expression of pro-
inflammatory genes, COX-2 and MMP-1, and the production of PGE2, whereas large tensile
strains had the opposite effect in osteoblast-like periodontal ligament cells (Long et al.,
2002; Agarwal et al., 2003) and in rabbit chondrocytes (Xu et al., 2000; Agarwal et al.,
2001). From these studies, we hypothesized that in HPTFs, cyclic mechanical stretching is
anti-inflammatory for low stretching magnitudes and pro-inflammatory for large stretching
magnitudes. To test this hypothesis, we measured the gene expression of COX-2 and MMP-1
and the secreted production of PGE2 by HPTFs in the presence of IL-1β and cyclic mechanical
stretching conditions. We found that cyclic uniaxial stretching at a low stretching magnitude
(4%) reduced the mRNA levels of COX-2 and MMP-1 as well as the production of PGE2 that
were stimulated by IL-1β (10 pM). On the other hand, 8% stretching amplified the IL-1β-
mediated stimulation of both COX-2 and MMP-1, and PGE2 production. Herein, we provide
a detailed report.

2. Materials and methods
2.1. Culture of human tendon fibroblasts

HPTFs were isolated from fresh tendon samples donated by three healthy male patients (15,
21, and 32 years old) who underwent ACL reconstruction using a patellar tendon autograft.
Tendon samples were obtained following a protocol approved by the University of Pittsburgh
Institutional Review Board (IRB #0407060). Tendon samples were minced aseptically,
transferred to a polystyrene Petridish, and cultured with 10 mL of Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (P/S) (50 units/ml). The culture was maintained at 37 °C in an incubator with a
humidified atmosphere of 5% CO2. To obtain a larger number of tendon fibroblasts for the
stretching experiments described below, cells were subcultured up to five passages. Under our
culture conditions, the subcultured HPTFs did not show any apparent changes in cell
morphology or doubling time (Li et al., 2004).

2.2. In vitro cell stretching model studies
To apply cyclic mechanical stretching to cultured tendon fibroblasts, we used an in vitro
stretching system (Wang and Grood, 2000). In this system, custom-made silicone dishes are
used to grow and stretch cells. The culture surfaces of these dishes were fabricated with
microgrooves, which were 10 μm wide and 3 μm deep. The tendon fibroblasts were grown on
the microgrooved surface of the silicone dish, which was pre-coated with 10 μg/mL of
ProNectin-F (Sigma, St Louis, MO) to promote the attachment of tendon fibroblasts to the
silicone surface. In the microgrooved silicone dishes, HPTFs were highly elongated and aligned
parallel to the direction of microgrooves, along which the cyclic uniaxial stretching was
applied. In this stretching system, the shape, alignment, and mechanical stretching conditions
are similar to those in vivo (Wang et al., 2004).
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For all cell stretching experiments, a total of 2×105 tendon fibroblasts were plated on each dish
and grown in DMEM containing 10% FBS and 1% P/S for 36 to 48 h. Then the medium was
replaced with DMEM containing 1% FBS and 10 pM IL-1β (Sigma, St. Louis, MO) to impose
inflammatory conditions. The concentration of IL-1β applied for this study was determined
based on our preliminary studies of a mild cellular inflammatory response by HPTFs (see
Results below). After incubation of HPTFs for 1 h, the cells were then cyclically stretched at
either 4% or 8% with a constant stretching frequency (0.5 Hz) for a duration of 4 h. Non-
stretched HPTFs were used as the control. Note that the stretching magnitude was defined to
be the percentage change in the length of the dish between the two clamps; therefore, they do
not represent the strains experienced by cells on the dish surface, which are generally much
smaller than the applied substrate strains (Wang et al., 2001).

Immediately after stretching, using the RNAeasy Mini Kit (QUIAGEN, Valencia, CA), cells
were subjected to total RNA extraction for RT-PCR as described below, and the media were
collected to measure PGE2 production by ELISA (R&D Systems, Minneapolis, MN).

2.3. RT-PCR analysis of COX-2 and MMP-1 gene expression
For RT-PCR, oligonucleotide primers (Table 1) were designed according to the published
human sequences of COX-2 (Nakatani et al., 2002), MMP-1 (Orlando et al., 1998), and
GAPDH (Adam et al., 1999) as an internal control. The primers were synthesized by the
University of Pittsburgh DNA Synthesis Facility.

Samples for RT-PCR analyses were made to have a final volume of 20 μL, containing 1 μg of
total RNA, 5 mM of MgCl2, 1X reverse transcription buffer, 1 mM of dNTP, and 1 U/μL of
recombinant RNaseOUT™ (Invitrogen Life Technologies, Carlsbad, CA). The synthesis of
cDNA was carried out at 42 °C for 55 min, followed by termination at 70 °C for 15 min. The
synthesized cDNA was amplified using the listed primers (Table 1). For COX-2, the
amplification was done at 94 °C for 50 s, 51 °C for 40 s, and 72 °C for 40 s in each reaction
cycle. For MMP-1, the amplification was carried out at 94 °C for 50 s, 63 °C for 40 s, and 72
°C for 40 s in each cycle. For GAPDH, the amplification was carried out at 94 °C for 50 s, 56
°C for 40 s, and 72 °C for 40 s in each cycle. A total of 25 cycles were used, which is within
the linear region of the assay (Nakatani et al., 2002). Electrophoresis was performed in a 2%
agarose gel containing ethidium bromide. The RT-PCR products were visualized, scanned and
quantified by image analysis (NIH Image J). The density of each band was normalized to that
of GAPDH. For real-time PCR, the human MMP-1 and GAPDH primer sets were designed to
generate <200 bp coding regions, spanning two exons and an intron. The primer sequences
and optimized annealing temperature for real-time PCR is shown in Table 1.

2.4. ELISA for measuring PGE2 levels in media
An enzyme immunoassay kit (R&D Systems Inc., Minneapolis MN USA) was used to measure
the PGE2 production levels in the medium. Briefly, 100 μL of either the medium from a sample
group or the standard solution sequences for the standard curve was loaded into each well of
an antibody-coated 96-well plate. Then, 50 μL of PGE2 conjugate (PGE2 conjugated to alkaline
phosphatase) and 50 μL of PGE2 antibody (mouse monoclonal antibody to PGE2) solution
were added into the wells and incubated at 4 °C for 18 to 24 h. After incubation, the solution
was removed and the wells were washed four times with wash buffer. Next, 200 μL of pNPP
(p-Nitrophenly Phosphate) substrate solution was added to each well and incubated at 37 °C
for 1 h. Following the addition of 50 μL of stop solution (Trisodium Phosphate solution), the
solution absorbance was measured at 405 nm on a microplate reader (Spectra MAX 190,
Molecular Devices, Sunnyvale, CA) and was then converted to PGE2 concentration using a
standard curve.
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2.5. Statistical analysis
One-way ANOVA was used for statistical data analysis, followed by Fisher’s PLSD test for
multiple comparisons with the significance level set at α =0.05.

3. Results
3.1. IL-1β induced COX-2 expression in a dose-dependent manner by HPTFs

When HPTFs grown in microgrooved silicone dishes were incubated with IL-1β in various
doses (10 pM to 100 pM), COX-2 mRNA levels were markedly increased in a dose-dependent
manner compared to that of non-treated cells (Fig. 1). This stimulation of COX-2 gene
expression was noticed within 4 h and 5 pM of IL-1β was sufficient enough to observe 100%
induction in the mRNA level of COX-2. At 10 pM of IL-1β, COX-2 gene expression was
increased by 200%, and at 50 to 100 pM, COX-2 expression was increased by >300% compared
with those of tendon fibroblasts without IL-1β treatment, which resulted in minimal COX-2
expression. At 50 pM of IL-1β, COX-2 gene expression levels were so high that they obscured
the changes in COX-2 expression induced by cyclic mechanical stretching (data not shown).
Based on these results, we chose 10 pM as the IL-1β concentration for further studies, which
is in the linear range of COX-2 expression in response to IL-1β treatment.

3.2. The effect of IL-1β and mechanical stretching on COX-2 expression
In the absence of IL-1β stimulation, we found that increases in COX-2 expression by HPTFs
were stretching magnitude-dependent (Fig. 2A). Specifically, 4% and 8% stretching stimulated
COX-2 mRNA levels by 83% (p<0.015) and 188% (p<0.002), respectively, compared to that
of non-stretched cells (Fig. 2B). Interestingly, 4% cyclic stretching of HPTFs appeared to
decrease the IL-1β-stimulated COX-2 expression by 27% (p<0.01) compared to non-stretched
cells. IL-1β treated cells at 8% stretching, however, additively increased COX-2 mRNA levels
by 38% (p<0.001) (Fig. 2C).

3.3. The effect of IL-1β and mechanical stretching on MMP-1 expression
In response to IL-1β and mechanical stretching, the pattern of MMP-1 gene expression was
similar to that of COX-2 gene expression (Fig. 3A). In the absence of IL-1β, cyclic stretching
at 4% increased the expression of MMP-1 by 20%, whereas 8% stretching increased it by 145%
(p<0.05), compared to that of non-stretched cells. A significant differential induction of
MMP-1 gene expression between 4% and 8% (p<0.05) was noticed (Fig. 3B). In the presence
of IL-1β (10 pM), however, 4% stretching decreased IL-1β-induced MMP-1 expression by
17% (p<0.05), whereas 8% stretching increased MMP-1 expression by 18% (Fig. 3C). These
results were further verified by performing real-time RT-PCR (Fig. 3D).

3.4. The effect of IL-1β and mechanical stretching on PGE2 production
Since PGE2 is one of the major lipid mediators of pain and acute inflammation in tendons and
other tissues (Narumiya et al., 1999; Fiorucci et al., 2001), we tested for an interactive effect
of IL-1β and mechanical stretching on PGE2 production by HPTFs. In the absence of
stimulation with IL-1β, we found that 8% stretching of HPTFs significantly increased PGE2
production by 37% (p<0.01), whereas 4% stretching did not change PGE2 production (Fig.
4A). In the presence of IL-1β (10 pM), however, the cells with 4% stretching demonstrated
decreased PGE2 production by 25% (p < 0.01), suggesting the antagonistic effect of 4%
stretching on the IL-1β-stimulated PGE2 production by HPTFs. On the other hand, we observed
that the cells with 8% stretching further increased the IL-1β-stimulated PGE2 production by
15% (p<0.01) (Fig. 4B).
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4. Discussion
Tendons are load-bearing tissues, responsible for transmitting muscular forces to bone.
Tendons respond to mechanical loads by changing their metabolism as well as structural and
mechanical properties (Kjaer, 2004). These biological changes are largely brought about by
tendon fibroblasts that reside in the tendon matrix.

Therefore, it is important to determine how these cells respond to mechanical loads in order to
better understand tendon cell mechanobiology as well as common pathologies, including
tendinopathy (Khan et al., 2000). This study investigated the effect of mechanical loads and
IL-1β, a potent inducer of COX-2 and MMP-1 expression and PGE2 production in many types
of cells, on the inflammatory response of HPTFs (Newton and Covington, 1987; Fukuda et al.,
1995; Manfield et al., 1996; Dubois et al., 1998). The major finding of this study is that 4%
cyclic uniaxial stretching decreased inflammation-associated gene expression (COX-2 and
MMP-1) and PGE2 production in HPTFs stimulated by IL-1β treatment, whereas 8% stretching
further enhanced all these cellular responses to IL-1β treatment. Thus, cyclic mechanical
stretching modulates IL-1β induced inflammatory response in HPTFs.

In tendon fibroblasts, it has been shown that mechanical stretching and IL-1β have a synergistic
effect on the cellular inflammatory response (Archambault et al., 2002). Rabbit Achilles tendon
cells were subjected to 5% cyclic biaxial stretching at 0.33 Hz for 6 h, treated with IL-1β (1000
pM), or exposed to cyclic stretching and IL-1β in combination. It was found that stretching
alone did not increase COX-2 gene expression but IL-1β treatment slightly increased its
expression. The combined treatment with stretching and IL-1β caused a further increase in
MMP-1 and MMP-3 but not COX-2 gene expression. In this study, we found that in the
presence of a lower dose of IL-1β(10 pM), cyclic stretching at 0.5 Hz for 4 h had either a
reductive or additive effect on COX-2 and MMP-1 gene expression, depending on the
stretching magnitude (4% or 8%). The differences between these two studies may stem from
the source of tendon fibroblasts (rabbit Achilles paratenon vs. human patellar tendon) as well
as the experimental conditions, including biaxial stretching in the previous study versus
uniaxial stretching in this study.

Previous studies have also investigated the association of mechanical loading and IL-1β in
other types of cells. For example, in the human synovial cell line, 2% cyclic stretching at 0.1
Hz for 1 h decreased both mRNA and protein levels of MMP-1 and MMP-13 and both
enzymatic activities were decreased. The moderate stretching also upregulated the mRNA level
of tissue inhibitors of metalloproteinases, TIMP-1 and TIMP-2 (Sun and Yokota, 2002). In
human articular chondrocytes, a physiologically relevant dynamic compression suppresses the
synthesis of both nitric oxide and PGE2 (Chowdhury et al., 2001). In other studies, cyclic tensile
strain (CTS) at a low magnitude (3~6%) was found to inhibit IL-1β-induced COX-2, nitric
oxide synthase, and collagenase gene expression, as well as decrease production of PGE2 in
rabbit chondrocytes (Xu et al., 2000; Agarwal et al., 2001) and human periodontal ligament
cells (Long et al., 2001; Long et al., 2002; Agarwal et al., 2003). Furthermore, it was found
that to observe the CTS regulatory effects, the presence of an inflammatory signal in cells is
required as CTS alone had little effect on these inflammatory gene expressions (Xu et al.,
2000). CTS-regulated anti-inflammatory effects are not attributed to down-regulation of
IL-1β itself; rather, CTS functions as an effective antagonist against the action of IL-1β by
disrupting and regulating the signal transduction cascade of IL-1β. Whether a similar
mechanism applies to the HPTFs of this study is not clear yet and further studies will be
necessary.

PGE2, which is one of the most abundant prostaglandins in many tissues, mediates tendon
inflammation (Almekinders and Temple, 1998). Previous studies showed that fibroblasts can
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produce high levels of PGE2 in response to mechanical loading (Baracos et al., 1983;
Yamaguchi et al., 1994; Wang et al., 2003). The result of this study is consistent with these
results. We recently showed that the exogenous addition of PGE2 decreased the proliferation
and collagen production by HPTFs in a dose-dependent manner (Cilli et al., 2004). The results
of this study suggest that the application of small mechanical stretching (≤4%) to tendons is
beneficial in terms of reducing tendon inflammation and restoring tendon homeostasis by
decreasing PGE2 production. However, large mechanical stretching (>4%) may be detrimental
because it amplifies tendon inflammation-associated gene expression and PGE2 secretion and
thus, may lead to tendon matrix degradation, a hallmark of late stage tendinopathy.

In the current study, we examined the effect of stretching magnitude on COX-2 and MMP-1
gene expression and PGE2 secretion by HPTFs. Future studies should investigate the effect of
stretching frequency and duration on these inflammatory gene expressions, PGE2 production,
the expression of other inflammatory mediators such as cPLA2 and sPLA2 (Li et al., 2004),
and other extracellular matrix-degrading enzymes such as MMP-3 and MMP-13. All these
factors could participate in mechanical loading-induced development of tendinopathy by
initiating matrix destruction. Finally, the molecular mechanisms that are responsible for the
modulation of IL-1β induced inflammatory gene expression by repetitive mechanical
stretching conditions in HPTFs should be investigated.
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Fig. 1.
A. A representative RT-PCR result showing COX-2 mRNA expression levels of HPTFs in
response to various doses of IL-1β. HPTFs were cultured on microgrooved silicone surfaces
and were treated with five doses of IL-1β (5, 10, 25, 50, and 100 pM) for 4 h. Cells without
IL-1β were used as the control. B. IL-1β dose-dependent COX-2 gene expression. IL-1β at 10
pM induced a significantly higher expression level of COX-2 mRNA levels compared to non-
treated cells and it appears to be in the linear range of COX-2 gene expression in response to
IL-1β treatment.
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Fig. 2.
A. A representative RT-PCR result showing the effect of IL-1β treatment and mechanical
stretching on mRNA expression of COX-2 in HPTFs. B. The effect of cyclic mechanical
stretching on COX-2 gene expression. COX-2 expression levels in the 4% stretched group had
an 83% increase over non-stretched cells and 8% stretched cells had an 188% increase. (N=6;
*p<0.05; N. S.: non-stretched cells). C. The effect of IL-1β and mechanical stretching on
COX-2 gene expression. Compared to the IL-1β treated, non-stretched fibroblasts, COX-2
mRNA expression levels decreased by 27% in the 4% stretched fibroblasts but increased by
38% in the 8% stretched fibroblasts. (N=6, *p<0.05).
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Fig. 3.
A. A representative RT-PCR result showing the effect of IL-1β treatment and mechanical
stretching on MMP-1 gene expression in HPTFs. B. The effect of cyclic mechanical stretching
on MMP-1 gene expression. In response to 4% stretching, HPTFs slightly increased MMP-1
mRNA expression levels as well as 8% stretch, compared to non-stretched cells. C. The effect
of IL-1β and mechanical stretching on MMP-1 gene expression. Compared to the IL-1β treated,
non-stretched fibroblasts, MMP-1 mRNA expression level decreased by 18% in the 4%
stretched fibroblasts, whereas it slightly increased by 17% in the 8% stretched fibroblasts (N.S.:
non-stretched cells; N=5; *p<0.05). D. Semi-quantitative RT-PCR results were further
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confirmed by real-time PCR using the same RNA samples that were used for the semi-
quantitative RT-PCR data (Fig. 3A). The results from both analyses were consistent.
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Fig. 4.
A. PGE2 production of HPTFs in response to cyclic mechanical stretching. There was a 37%
increase in 8% stretched fibroblasts compared to non-stretched cells, but 4% stretched cells
showed little effect. (N=4; *p<0.05). B. PGE2 production of HPTFs in response to both
IL-1β (10 pM) treatment and 4% or 8% stretching. It is shown that compared to those cells
treated with IL-1β alone, 4% stretching decreased PGE2 levels by 25%, whereas 8% increased
PGE2 levels by 15%. (N =4; *p < 0.05).
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Table 1

Primer sequence for RT-PCR

Genes Primer sequences (forward/reverse)

PCR
product size
(bp) Annealing temperature (°C) Reference

COX-2 5′-TTCAAATGAGATTGTGGGAAAT-3′
5′-AGATCATCTCTGCCTGAGTATCTT-3′

305 51 (Nakatani et al.,
2002)

MMP-1 5′-CACAGCTTTCCTCCACTGCTGCTGC-3′
5′-GGCATGGTCCACATCTGCTCTTGGC-3′

395 63 (Orlando et al., 1998)

MMP-1 for real-
time PCR

5′-AGTGACTGGGAAACCAGATGCTGA-3′
5′-GCTCTTGGCAAATCTGGCCTGTAA-3′

160 62

GAPDH 5′-TCACCATCTTCCAGGAGCG-3′
5′-CTGCTTCACCACCTTCTTGA-3′

570 56 (Adam et al., 1999)

GAPDH for real-
time PCR

5′-TCGACAGTCAGCCGCATCTTCTTT-3′
5′-GCCCAATACGACCAAATCCGTTGA-3′

148 62
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