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ATP Modulates Load-Inducible IL-13, COX 2,
and MMP-3 Gene Expression in Human Tendon Cells
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Abstract Tendon cells receive mechanical signals from the load bearing matrices. The response to mechanical
stimulation is crucial for tendon function. However, overloading tendon cells may deteriorate extracellular matrix
integrity by activating intrinsic factors such as matrix metalloproteinases (MMPs) that trigger matrix destruction. We
hypothesized that mechanical loading might induce interleukin-Tbeta (IL-1B) in tendon cells, which can induce MMPs,
and that extracellular ATP might inhibit the load-inducible gene expression. Human tendon cells isolated from flexor
digitorum profundus tendons (FDPs) of four patients were made quiescent and treated with ATP (10 or 100 pM) for 5 min,
then stretched equibiaxially (1 Hz, 3.5% elongation) for 2 h followed by an 18-h-rest period. Stretching induced IL-18,
cyclooxygenase 2 (COX 2), and MMP-3 genes but not MMP-1. ATP reduced the load-inducible gene expression but had no
effect alone. A medium change caused tendon cells to secrete ATP into the medium, as did exogenous UTP. The data
demonstrate that mechanical loading induces ATP release in tendon cells and stimulates expression of IL-1, COX 2, and
MMP-3. Load-induced endogenous IL-1B may trigger matrix remodeling or a more destructive pathway(s) involving IL-18,
COX 2, and MMP-3. Concomitant autocrine and paracrine release of ATP may serve as a negative feedback mechanism to
limit activation of such an injurious pathway. Attenuation or failure of this negative feedback mechanism may result in the
progression to tendinosis. J. Cell. Biochem. 89: 556-562, 2003. © 2003 Wiley-Liss, Inc.
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Tendinosis is a common disorder character-
ized by acute or chronic pain and degenerative
change in the matrix [Jozsa and Kannus, 1997;

lagen fibers and necrotic lesions, without white
cell infiltration, acute inflammation, or matrix
remodeling [Jozsa and Kannus, 1997]. How-

Smith, 2000]. The processis a progressive loss of
biomechanical integrity followed by rupture.
Histologic examination of ruptured tendons
reveals a degenerative disorganization of col-
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ever, matrix degeneration may have been
preceded by more subtle changes involving
proinflammatory cytokine release by fibro-
blasts. Although excessive exercise and occupa-
tional repetitive motion have been implicated
as causes [Carpenter et al., 1998, 1999], the
etiology of the disorder and underlying molec-
ular mechanism(s) are unknown. Non-steroidal
anti-inflammatory drugs have been used to
treat the painful symptoms.

Activated matrix metalloproteinases (MMPs)
such as MMP-3 (stromelysin 1), which degrades
aggrecan, and MMP-1 (collagenase 1) and
MMP-2 (gelatinase A), which degrade col-
lagens, are thought to be responsible for matrix
degeneration [Van der Zee et al., 1996; Saito
et al., 1998; Riley et al., 2002]. MMPs are a
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family of at least 16, zinc-dependent enzymes
essential for matrix turnover in physiologic
remodeling and pathological conditions [Birke-
dal-Hansen et al.,, 1993]. Inflammatory cells
including macrophages and monocytes release
MMPs, which can also be induced by cytokines
such as interleukin 1-beta (IL-1B) [Ries and
Petrides, 1995; Saito et al., 1998; Van der Zee
et al, 1996]. We have reported that IL-1f
induced MMP-1, -3, and -13 in tendon cells
in vitro and ex vivo [Archambault et al.,
2002a,b; Tsuzaki et al., 2003]. MMPs are com-
monly secreted into the extracellular matrix as
inactive proenzymes where they are complexed
with specific inhibitors (tissue inhibitors of
metalloproteinases, TIMPs) [Gomez et al.,
1997]. Activation of MMPs involves another
class of enzymes including plasminogen and
plasminogen activator [Saito et al., 1998; Van
der Zee et al., 1996].

IL-1B is a potent proinflammatory cytokine
produced by macrophages and monocytes
[Bankers-Fulbright et al., 1996], and has been
detected at sites of acute and chronic inflamma-
tion in osteoarthritic cartilage [Moos et al.,
1999]. IL-1B is capable of inducing diverse genes
by acting on numerous signaling pathways
[Guy et al.,, 1995; Bankers-Fulbright et al.,
1996]. We have found that IL-1p mRNA is
induced in tendon cells by exogenous IL-1p as
well as mechanical loading, suggesting that
endogenous IL-1p may establish a positive feed-
back loop in triggering fibroblast-mediated
cytokine—MMP matrix destruction [Tsuzaki
et al., 2003].

Adenosine 5'-triphosphate (ATP) is released
from many cell types, including chondrocytes
and disc annulus cells, by chemical or mechan-
ical stimuli where it binds to specific cell surface
receptors [El-Moatassim et al., 1992; Bodin and
Burnstock, 1996; Graff et al., 2000; Yagutkin
et al., 2000; Yamazaki et al., 2001]. Tendon
cells express P2Y purinoceptor subtypes and
respond to ATP with an increase in intracellular
calcium ([Ca®'];) [Banes et al., 1995a, 2001].
Purinergic signaling, therefore, may be involv-
ed in mechanoreception and signal transduc-
tion in tendon cells.

We hypothesized that IL-1B may be in-
duced in tendon cells after mechanical load-
ing and precede the gross degenerative changes
by inducing matrix degrading enzymes. In
addition, motion may stimulate release of
ATP from tendon cells to modulate or block a

load response in a proposed signal-dampening
pathway.

MATERIALS AND METHODS
Tendon Cell Isolation and Primary Culture

Flexor digitorum profundus tendons (FDPs)
from four patients (26y o, 27y ¢, 37y &, 50y &',
the UNC Memorial Hospitals) were obtained as
discarded tissue after surgery. Cells were iso-
lated by sequential enzymatic and mechanical
treatment [Banes et al., 1988a,b]. Briefly, tissue
was treated with trypsin (0.25%, 15 min) and
collagenase (0.1%, 10 min), to release matrix
rich in surface epitenon cells (T'SC). After plat-
ing in complete medium below for 1 h, rapidly
adhering T'SC were separated from non-adher-
ent cells. The remaining tissue was debrided of
residual epitenon, minced, and incubated in
collagenase (0.1%, 5 min) to release matrix rich
in internal fibroblasts (TIF). After plating for
1 h, non-adhering cells were replated as the TIF
population. TSC and TIF were grown in com-
plete medium (DMEM with 10% fetal calf serum
(FCS), 20 mM HEPES, pH 7.2, 0.1 mM ascor-
bate-2-POy,, 100 U/ml penicillin and 100 pug/ml
streptomycin) and used at passages 3 to 6.

ATP Pretreatment and Stretching Tendon Cells

A Flexercell® Strain Unit (Flexcell® Inter-
national Co., McKeesport, PA) was used with
31 mm diameter cylindrical loading posts to
apply an equibiaxial cyclic strain. TSC and TIF
from each patient were seeded at 25k cells/cm?
in collagen I-coated flexible-bottomed plates
(BioFlex™ culture plates, Flexcell International
Co.) in complete medium, then growth-arrested
by halving the medium with serum-free DMEM
ondays 3 and 5. On day 6, medium was changed
to fresh serum-free medium, and the quiescent
cells were incubated for 3h at 37°C to allow ATP
in the medium to reach basal levels. Cells then
received ATP (2 pl) at final concentrations of
10 or 100 pM for 5 min before mechanical
loading. Cells were stretched at 1 Hz with
3.5% elongation for 2 h, followed by an 18-h
rest. Replicate cultures included groups of no-
treatment/no-load as a negative control, ATP
(100 uM) alone, mechanical load alone, and
IL-1p alone (100 pM) as a positive control.

RT-PCR

Cell samples were collected (3 wells per
sample) in 4 M guanidinium thiocyanate
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denaturing buffer. Cell lysates were passed
sequentially through shredder and RNA sepa-
ration columns (Qiagen, Valencia, CA) toisolate
total RNA. Total RNA was DNase-digested,
phenol-chloroform purified, and the purity veri-
fied spectrophotometrically (A260/A280 ~1.9).
Oligonucleotide primer sets specific for human
sequences were synthesized for each gene of
interest [Tsuzaki et al., 2003]. Total RNA (1 pg)
was reverse-transcribed, amplified by PCR
conditioned with a hot start, denatured at
94°C, extended at 72°C, and annealed at 52°C
for 20, 25, 30, and 35 cycles (Perkin Elmer,
Branchburg, NJ) to determine the linear range
of the assay. Amplified cDNAs were separated
in 1.8% agarose gels containing ethidium
bromide. The ¢cDNA band with expected size
was digitized and quantified (Image I, Univer-
sal Imaging Co., West Chester, PA), and density
normalized to that of B-actin.

ATP Luciferin-Luciferase
Bioluminescence Assay

Quiescent tendon cells were washed with
PBS, the medium replaced with serum-free,
phenol red-free DMEM and incubated for 3 h in
the baseplate of the strain unit without stretch
to allow extracellular ATP to decrease to base-
line levels. One hundred microliters of the
supernatant fluid of each culture were collected
at times, 0, 1, 2, 5, 10, 15, and 30 min after
onset of cell stretching without stirring the
culture or touching the cells. Samples from UTP
(100 pM)-stimulated cells were collected at the
same times. Cells were pretreated with GdCls
(20 uM) to block stretch-activated channels
[Naruse et al., 1998] or suramin (100 uM) to
block purinoceptors [Ostrom et al., 2000] for
30 min. Samples were placed immediately on
ice, heated at 70°C for 5 min to inactivate
ATPases, and stored at —20°C. ATP concentra-
tionsin the samples ([ATP]) were determined by
a luciferin—luciferase bioluminescence assay in
a96-well, white microtiter plate using a series of
ATP standards, plus medium and chemical
reagent blanks. A luciferin—luciferase reagent
was added to each well and 562 nm emission
was read using a luminometer (Labsystems,
Helsinki, Finland) and spectrophotometry pro-
gram (Fluoroskan Ascent, FL).

Statistical Analysis

Statistical analyses were performed using
SigmaStat software (SPSS Scientific, Chicago,

IL). Significance (P < 0.05) was determined by
one way repeated measures analysis of variance
(ANOVA) with Dunnett’s method or #-tests.

RESULTS

Normal quiescent human tendon cells, TSC or
TIF, did not express detectable IL-1p, COX 2,
MMP-1 or -3 mRNA by RT-PCR analysis, while
100 pM IL-1B stimulated robust expression
(Fig. 1). ATP (100 uM) alone did not induce
any of these genes (Fig. 1). Based on the initial
result from determination of optimal PCR con-
ditions by incrementing the cycle numbers and
assessing cDNA band strength, up to 30 PCR
cycles were used to detect each gene induction
within the linear range of the amplification. In
addition, we examined mRNA expression of
TIMPs (Fig. 1). TIMP-1 and -2 were constitu-
tively expressed in tendon cells, and IL-1p did
not alter their expression.

Stretching tendon cells with 3.5% elongation
at 1 Hz for 2 h induced expression of IL-18, COX
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Fig. 1. Effect of mechanical load and ATP on inflammatory
gene expression in human tendon cells. Representative mRNA
expression of IL-18, COX 2, MMP-1, -3, and TIMP-1, -2 in
quiescent TSC. Mechanical loading for 2 hinduced IL-1B, COX 2,
and MMP-3 mRNA expression in human tendon cells. ATP alone
had no effect, but reduced the subsequent load induction of these
genes. C, no-treatment/no-load control; 100 pM IL-1p is the
positive control; ATP + Load, mechanical loading for 2 h with 0,
10, or 100 pM ATP treatment. PCR cycle numbers used for each
target mRNA were; 30 cycles for IL-18, COX 2, MMP-1 and -3,
20 cycles for TIMP-1 and -2; and 25 cycles for B-actin.
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2, and MMP-3 mRNA, but not MMP-1 mRNA
(Fig. 1). Treatment of cells with ATP at 10 or
100 uM for 5 min reduced the subsequent load-
induction of IL-1f, COX 2, and MMP-3 mRNA
expression. Mechanical stretching did not in-
crease TIMP-1 or -2 mRNA expression.

In ATP-treated and loaded cultures, IL-15
mRNA expression was decreased by 10 or
100 uM ATP treatment to approximately 50
and 30%, respectively, of the level induced by
stretching alone (Fig. 2). Down-regulation of
COX 2 and MMP-3 mRNA expression by ATP
and load was similar to that for IL-18 (Fig. 2).
Message levels for the P2Y, and IL-1 R1
receptors were not affected by ATP (1, 10, or
100 uM) (data not shown).

Both tendon surface-derived TSC and more
internal fibroblasts (TIF) constitutively secret-
ed ATP into the medium at a basal level (0.5—
1 nM). Secretion increased in response to
changing the medium, and this remained high
at the initiation of the experiment (time 0)
(Fig. 3). Stretching cells caused ATP concentra-
tion to decline with time. The values for the
mechanical load effect on ATP release were
significantly greater than the baseline at 30 min
(P <0.05), though they were not significantly so
when compared to those at time 0 (Fig. 3). UTP
(100 pM) induced a rapid and robust increase
in ATP release in both cell types (Fig. 3). UTP-
stimulated ATP secretion was suppressed by
suramin (P < 0.05), an inhibitor of purinocep-
tors, and load-stimulated ATP secretion was
totally blocked by Gd3* (P<0.05), a stretch-
activated channel blocker (Fig. 4). Intracellular
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Fig. 2. ATP inhibits load-inducible IL-1p, COX2, and MMP-3
mMRNA expression in human tendon cells. Data are expressed as
relative densities of the cDNA PCR amplimer band to that of
B-actin (n=4 for four cultures, each from a different patient).
Values are mean=+SD, *significantly different from control,
+ significantly different from load only (P < 0.05).
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Fig. 3. ATPsecretionin restinghumantendon cellsis decreased
by load and by UTP. Data are concentration of ATP in the
medium assayed at various times in cells (TSC, tendon surface
cells; TIF, tendon internal fibroblasts) that have been stretched
equibiaxially (Load) or following a treatment with 100 uM UTP.
Values are mean=+SD (n=3-6), *significantly different from
time O control (P < 0.05).

[ATP] of resting human tendon cells was
approximately 1 mM.

DISCUSSION

Cyclic loading induced expression of IL-14,
COX 2, and MMP-3 in human tendon cells, as
has been reported for other connective tissues
such as cartilage [Fujisawa et al., 1999] and
periodontal ligament [Shimizu et al., 1994,
1998]. Recently, Archambault and coworkers
have shown that fluid flow can induce MMP-3 in
rabbit tendon cells in vitro [Archambault et al.,
2002b]. These responses may be mediated by
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Fig. 4. ATP release from TSC in response to load or UTP.
Inhibition by Gd*" or suramin. Tendon cells (TSC) were
incubated for 30 min with GdCl3 (20 uM) or suramin (100 pM)
in the medium before stretching or UTP (100 uM) treatment,
respectively. Suramin inhibited ATP release in response to UTP
(P<0.05). Gadolinium completely blocked ATP secretion from
stretched tendon cells (P < 0.05).
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membrane receptors to autocrine/paracrine
factors, ion channels, cell-matrix contacts, and
other mechanisms [Banes et al., 1995a, 2001].
Extracellular ATP is a candidate molecule in-
volved in load-induced responses since it is
released by cells subjected to mechanical sti-
mulation [Hamada et al., 1998; Yellowley et al.,
1999; Ostrom et al., 2000].

IL-1pB induction in tendon cells by mechanical
strain suggests that endogenous IL-1p may play
a role in tendon pathogenesis caused by re-
petitive loading. Tendon cells express IL-1 R1
receptor for IL-1f [Bankers-Fulbright et al.,
1996; Tsuzaki et al., 2003]. The IL-1 R1 oc-
cupation activates numerous PKC-dependent
signal transduction pathways, including p38
mitogen-activated protein kinases (MAPK)
such as c-Jun N-terminal kinase (JNK) and
stress-activated protein kinase (SAPK), in
various cell types and tissues [Guy et al., 1995;
Bankers-Fulbright et al., 1996]. IL-1 signaling
induces mRNA and protein expression of COX
2, MMP-1, and -3. IL-1p induced PGE, release
in tendon cells [Tsuzaki et al., 2003]. However,
additional studies are required to test the
hypothesis that load-induced IL-1f, COX 2,
and PGE, are responsible for increased expres-
sion of MMPs resulting in tendon pathogenesis.

Tendinosis or tendon pain is often preceded
by an episode of extensive exercise or injury
[Carpenter et al., 1998]. Overloading in con-
junction with injury results in more severe
damage causing a loss of mechanical properties
similar to that observed in the supraspinatus
tendon in a rat overuse model [Carpenter et al.,
1998; Soslowsky et al., 2000]. Mechanical
induction of IL-1p may establish a positive
feedback loop of local cytokine and MMP-3
expression by tendon cells. Moreover, MMP-3
can superactivate MMP-1 and accelerate the
degradation of the collagen-rich matrix [Ries
and Petrides, 1995]. Mechanical loading or
IL-1pB treatment did not change TIMP-1 or -2
expression, thus the imbalance between MMP
and TIMP could favor MMP activity and matrix
weakening [MacNaul et al., 1990; Tsuzaki et al.,
2003]. With time, this may result in fibroblast-
mediated matrix destruction. Microscopic in-
juries may also cause release of factors such as
plasmin that can activate latent MMPs [Saito
et al., 1998; Van der Zee et al., 1996].

We found that human tendon cells release
ATP in vitro. Moderate stretching did not
significantly increase [ATP] in the medium.

However, mechanical stimulation by medium
changing caused ATP release prior to stretching
as reported by others [Watt et al., 1998; Ostrom
et al., 2000]. Recent data from our group have
shown that human tendon cells express pur-
inoceptors (P2Y5) and respond to extracellular
ATP or UTP in vitro with an increase in [Ca®"];.
[Francke et al., 1998]. We also observed that
prolonged ATP stimulation caused tendon cells
and intervertebral disc annulus cells to become
transiently unresponsive to mechanical stimu-
lation failing to propagate a calcium wave
[Francke et al., 1998; Minchew et al., 1999].
The mechanism underlying this phenomenon is
not clear. ATP-catalyzed extracellular phos-
phorylation of the receptor does not contribute
to the desensitization. Therefore, it may involve
a certain intracellular pathway(s) [Nobles and
Abbott, 1998]. ATP could also alter the phos-
phorylation status of proteins by activating
protein kinase cascades such as MAPK pathway
[El-Moatassim et al., 1992]. Purinergic signal-
ing and receptor desensitization may intersect
with mechanotransduction at pathways such as
JNK/SAPK [Hamada et al., 1998]. Neverthe-
less, ATP modulated the subsequent load signal
and load-inducible gene expression in tendon
cells, resulting in the reduction of IL-15, COX 2,
and MMP-3 expression. We observed that UTP
stimulated tendon cells to release ATP robustly.
ATP may stimulate more ATP release in a posi-
tive feedback loop, since UTP and ATP share
certain P2Y class purinoceptors including
P2Y, [Ralevic and Burnstock, 1998]. Although
the concentrations of extracellular UTP and
pyrimidine nucleotides are not established,
UTP may act as a second effector by inducing
or amplifying ATP release to transduce signals.
Blocking purinoceptors with suramin greatly
reduced UTP-stimulated ATP release, implicat-
ing a positive feedback loop may be part of
the mechanism. Moreover, the stretch-acti-
vated channel blocker, Gd®>", completely ab-
rogated load-stimulated release of ATP,
implicating stretch-activated channels in the
response [Yang and Sachs, 1989; Naruse et al.,
1998].

Response to mechanical stimulation is impor-
tant for cell survival and growth as well as
various tissue-specific functions, especially in
tissues subjected to continuous mechanical for-
ces such as in muscle, bone, cartilage, tendon,
and ligament [Banes et al., 1995b, 2001].
Tendon healing is significantly improved by
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motion therapy both biochemically and bio-
mechanically [Koob et al.,, 1992]. Loss of
mechanical stimuli causes atrophy [Hannafin
et al., 1995], but overloading may lead to repe-
titive motion disorder including tendinosis
or tendinopathy [Almekinders et al., 1995;
Carpenter et al., 1999]. A mechanical signal
transduced via ion channels and receptor
signaling may activate either catabolic or ana-
bolic pathways, or both at the same time [Banes
et al., 1995a,b, 2001; Hannafin et al., 1995].
Therefore, the quality and quantity of mechan-
ical loading may affect the microenvironment of
tendon cells to stimulate healing or drive tissue
destruction. Alternatively, motion may stim-
ulate ATP release from tendon cells, and the
secreted ATP may act in an autocrine/paracrine
fashion as a compensatory load-blockade mech-
anism. Chondrocytes secrete a basal level of
ATP (0.2—-0.4 nM) and ATP release is increased
by cyclic compression [Graff et al., 2000]. Rabbit
and human annulus fibrosus cells secrete a
basal level of ATP (~1 nM) and release more
ATP by vibratory loading at 6 Hz [Yamazaki
et al., 2001]. Extracellular ATP can retard
collagen gel contraction by MC3T3 E1 osteo-
blast-like cells in a 3D culture model (Qi and
Banes, unpublished).

Ecto-NTPase-catalyzed hydrolysis results in
the inactivation of ATP [Zimmermann, 2000].
However, the breakdown products of purine
nucleotides, ADP, AMP, and adenosine, are
pharmacologically active. Therefore, the action
of extracellular ATP in connective tissues may
be even more complex. At present, knowledge
regarding the receptor sites for the nucleotide
ligands in tendon is limited. Our data indicate
that connective tissue cells express purinocep-
tors and respond to ATP by increasing [Ca®*];,
but then are refractory to a subsequent load
stimulation and are blocked in gene expression.
Taken together, these data indicate that ATP
acts as a pulse dampening mechanism to mod-
ulate excess load stimuli. Use of ATP and reg-
ulation of the P2 class of purinoceptors may be
an option in the treatment of tendon disorders.
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