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Abstract

The medicinal benefits of green té@amellia sinensis) consumption have been attributed to bioavailable polyphenols, notably
epigallocatechin gallattEGCG). We have assessed the effects of EGCG and its non-esterified counterpart EGC on the expression
of the collagenases, matrix metalloproteinag®MP)-1 and -13, and the stromelysin, MMP-3, in human tendon-derived
fibroblasts. Interleukir(IL)-1f increased MMP-1, -3 and -13 mRNA and output at least 30-fold. EGCG reduced this stimulation,
by 20-30% at 2.5.M and more than 80% at 2pM, and had a smaller effect on MMP-2 mRNA expression, which was not
stimulated by IL-B. In all experiments EGCG was at least 10-fold more potent than EGC. EGCG reduced the stimulation of
p54 JNK/SAPK phosphorylation by ILf but did not affect p38 MAPK phosphorylation, the degradation& or the activating
phosphorylation of NkB. We conclude that EGCG reduces the IL-1-stimulated expression of both collagenase and stromelysin
mMRNA species, an effect which may be mediated by inhibition of the /PK pathway. Taken together with previous reports
of EGCG effects on the expression dnd activity of gelatinases and aggrecanases, our results underline the importance of
extracellular matrix breakdown as a potential target for the actions of green tea polyphenols.
© 2004 Elsevier B.V./International Society of Matrix Biology. All rights reserved.
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1. Introduction

The reported benefits of green t€@amellia sinensis)
consumption include anti-tumour and anti-arthritic
actions (Mukhtar and Ahmed, 2000; Dufresne and
Farnworth, 2001 These have been attributed to a family
of bioavailable polyphenols, of which epigallocatechin
gallate (EGCG) is both the most abundant and one of
the most potent in its antioxidant and biological activi-
ties (Mukhtar and Ahmed, 2000; Dufresne and Farn-
worth, 2001; Lambert and Yang, 200%pigallocatechin
(EGO), lacking the gallate ester moiety, is substantially

Abbreviations: ADAMTS, A Disintegrin And Metalloproteinase
with ThromboSpondin motifs; Ct, threshold cycle; EGC, epigalloca-
techin; EGCG, epigallocatechin gallate; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; IB;1 Interleukin-B; (MT1)-MMP,
(membrane type tmatrix metalloproteinase.
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217838.
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less active than EGCG. Several studies have indicated
that the anti-tumour activity of EGCG may correlate
with an inhibition of the expression, secretion #od
activation of the gelatinases, matrix metalloproteinase
(MMP)-2 and MMP-9, and their activator, membrane-
type (MT)1-MMP (Annabi et al., 2002; Dell'Aica et
al.,, 2002; Maeda-Yamamoto et al., 200EGCG has
also been shown to inhibit the breakdown of both
aggrecan and collagen in a model of cartilage degrada-
tion (Adcocks et al., 2002 Aggrecan breakdown in
this system is mediated by specific aggrecanases, mem-
bers of the ADAMTS(A Disintegrin And Metallopro-
teinase with ThromboSpondin motifs group of
metalloproteinase¢Caterson et al., 2000; Tortorella et
al., 2001. The inhibition by EGCG of aggrecan break-
down may be due to a direct inhibition of these aggre-
canases, since EGCG is a selective inhibitor of
ADAMTS-1, -4 and -5, with sub-micromolar kg (Van-
kemmelbeke et al., 2003

0945-053X/04/$30.0® 2004 Elsevier B.V./International Society of Matrix Biology. All rights reserved.
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Much less is known about the effects of the green tea
polyphenols on other MMPs, notably the collagenases,
MMP-1 and -13, and the stromelysin, MMP-3. Direct
inhibition of the collagenases by EGCG has been report-
ed (Makimura et al., 1993; Vankemmelbeke et al.,
2003, but this was only a partial effect, occurring at
concentrations two orders of magnitude higher than
those which inhibited the aggrecanases in the same
study (Vankemmelbeke et al., 2003This suggests that
any inhibition by EGCG of collagen breakdown may
instead be due to an effect on enzyme expression or
activation. Previous evidence for effects of polyphenols
on MMP-1 expression is limited to two apparently
contradictory studies in human dermal fibroblasts:
EGCG inhibited UV-stimulated MMP-1 mRNA expres-
sion (Kim et al., 2002, whereas EGC stimulated MMP-

1 mRNA expression irrespective of UV treatment
(Soriani et al., 1998 We are interested in the patholog-
ical and pharmacological modulation of matrix turnover
in tendon(Riley et al., 1994, 2002; Corps et al., 2002
and have now compared the effects of EGCG and EGC
on the expression of MMP-1, -2, -3 and -13 mRNA in
human tendon-derived fibroblasts stimulated with inter-
leukin (IL)-1B.

2. Results
2.1. Effects of EGCG on expression of MMPs

Tendon-derived cells expressed each of the MMP
mMRNA examined. Differences between the Ct values in
the optimised semi-quantitative RT-PCR assays indicat-
ed that, in unstimulated fibroblasts, MMP-2 mRNA was
constitutively expressed at levels at least 100-fold higher
than MMP-1 or MMP-3 mRNA(i.e. a difference of
more than 7 Ct unifs while the level of MMP-13
mRNA was a further 100-fold lower and close to the
detection limit (data not shownh As found previously
(Corps et al., 2002; Tzusaki et al., 200&cubation of
tendon cells with IL-B resulted in an increased expres-
sion of MMP-1 and MMP-3 mRNA(typically 100-fold
and 30-fold, while MMP-2 mRNA was not substantial-
ly affected(Fig. 1a—9. The level of MMP-1 and MMP-

3 mRNA in the stimulated cells was, therefore, within

Fig. 1. Effects of EGCG and EGC on MMP mRNA expression in
tendon-derived cells. Cells were given control pretreatnfeat) or
pretreated with EGC or EGCG at 2.5 or @ for 18 h. IL-18 (filled
columng or vehicle (open columns was added and the incubation
was continued for 24 h before isolating total RNA. MMP mRNA was
normalised to GAPDH mRNA. Values for MMP-1, -3, and -13 mRNA
were expressed as a percentage of those in cells treated with IL-1
after control pretreatment. Values for MMP-2 were expressed as a
percentage of those in control cells. Mea8.E.M. from five inde-
pendent experiments. Significant effects of EGC or EGCG treatment
compared to the 100% values were determined from confidence inter-
vals: *P<0.05; *P<0.01; ***P <0.001.
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Fig. 2. Effects of EGCG and EGC on MMP secretion by tendon-
derived cells. Cell€parallel incubations to those described in Fiy. 1
were given control pretreatmetx) or pretreated with EGC or EGCG
at 2.5 or 25uM for 18 h. IL-1B or vehicle was added and the incu-

bation was continued for 48 h, and supernatant medium was analysed,

by Western blotting fofa) MMP-1, (b) MMP-2, (¢) MMP-3. Similar
results were obtained in four additional experiments.

an order of magnitud€up to 3 Ct unit3 of that of
MMP-2 mRNA. MMP-13 mRNA also showed an
increase of at least 30-fold after stimulati6Rig. 1d),
but was more than 30-foldat least 5 Ct units lower
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with a small proportion of active MMP-1 and MMP-2;
the levels of both proenzyme and active forms were
reduced by EGCG.

2.2. Effects of EGCG on early signalling responses and
NFkB activation

EGCG has been reported to inhibit phosphorylation
responses in signalling cascades and the activation of
transcription factors(see Discussion both of which
might affect the induction of MMP expression by IL-1.
As in other cell types, the addition of ILBlto tendon
cells induced a rapid transient increase in phosphoryla-
tion of p38 MAPK and p54 JNKSAPK, which was
maximal at approximately 15 mitFig. 3) and returned
to near-basal levels by 60 mitnot shown. Neither
EGCG (Fig. 339 nor EGC (not shown affected the
stimulation of p38 MAPK phosphorylation, but EGCG
(25 wM) caused a reduction in the stimulated phospho-
rylation of p54 JNK/SAPK, with no consistent effect
on the total level of p54 JNKSAPK (Fig. 3b. The
reduction in the stimulated phosphorylation of p54 JINK
SAPK was estimated, by scanning the blots, to be

than the others. The ease of detection of the secreted®€tween 50 and 75%. The phosphorylation of (e

MMP proteins was consistent with these differences of
mMRNA levels(see below.

Incubation of the cells with EGCG gave a dose-
dependent reduction in ILgEstimulated MMP-1, -3 and
-13 mRNA expression(Fig. la, ¢ and ¥ typical
reductions of 20—30% in stimulation were obtained at
2.5pM EGCG, while more than 80% reduction occurred
at 25 M EGCG. In each experiment, EGC had either

ERK was neither greatly stimulated by I31nor
reduced by EGCG in these cellsot shown.

The inhibitory regulatordB, which retains the tran-
scription factor NkB inactive in the cytoplasm,
decreased to almost undetectable levels after 15 min
incubation with IL-13 and began to increase again by
60 min (Fig. 49. Neither EGCG(Fig. 48 nor EGC
(not shown affected either the decrease @&fBl or its

no effect or was less potent than EGCG and, taking the Subsequent re-appearance. In the same samples, the

five experiments together, none of the effects of EGC
was statistically significan¢Fig. 1a, ¢ and g MMP-2
MRNA expression was reduced by 20-40% by EGCG
at the higher dose irrespective of the presence offL-1
(Fig. 1b).

Consistent with the respective mRNA levels, both
MMP-1 and MMP-3 proteins were barely detectable by
Western blotting of supernatant medium from unstimu-
lated cells but were readily detected after stimulation,
while the secretion of MMP-2 was readily detected in
supernatant medium from both unstimulated and f--1
stimulated cells(Fig. 2). Consistent with the much
lower level of MMP-13 mRNA, the level of MMP-13
secretion was below the detection level even after
stimulation (and is, therefore not shownWhen the
cells were pretreated with 2b6M EGCG, the output of
MMP-1 and MMP-3 stimulated by IL{1 was reduced
by more than 90%Fig. 2), while any effect of EGC
was substantially smaller. The output of MMP-2, from
control or stimulated cells, was partly reduced by 25
wM EGCG (Fig. 2). Each of MMP-1, MMP-2 and
MMP-3 were detected mainly as the proenzyme form,

phosphorylation of NkB was reversibly stimulated by
IL-1B, and this was not affected by either EGQHQ.
4b) or EGC (not shown.
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Fig. 3. Effects of EGCG on signalling responses in tendon-derived
cells. Cells were given control pretreatmei) or pretreated with
EGCG at 2.5 or 25uM for 18 h. IL-18 or vehicle was added and the
incubation was continued for 15 min. Cell extracts were analysed by
Western blotting for(a) phosphorylated and total p38 MAPK, and
(b) phosphorylated and total p54 JXNBAPK, as indicated. Similar
results were obtained in two additional experiments.
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Fig. 4. Effects of EGCG on N#B activation in tendon-derived cells.
Cells were given control pretreatmefd) or pretreated with EGCG

at 2.5 or 25uM for 18 h. IL-1B or vehicle was added and the incu-
bation was continued for 15 or 60 min. Cell extracts were analysed
by Western blotting for(a) IkB, and (b) phosphorylated and total
NFkB, as indicated. Similar results were obtained in two additional
experiments.

3. Discussion
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20-30% are, therefore, pharmacologically relevant, and
it is also possible that higher levels of EGCG might
accumulate in the tissue. The cumulative effects over
time of partial reduction of MMP expression in vivo are
not known.

The inhibition of MMP-1 and MMP-13 expression
occurred at lower EGCG concentrations than those
required for partial inhibition of collagenase activity
(Makimura et al., 1993; Vankemmelbeke et al., 2D03
This indicates that inhibition of collagenase expression
rather than direct inhibition of enzyme activity is likely
to be a more significant effect of EGCG in preventing
tissue collagen breakdown, e.g. in cartilddelcocks et
al.,, 2002. By contrast, inhibition by EGCG of tissue
aggrecan breakdown may result principally from the
direct inhibition of aggrecanas€ADAMTS) activity,
which occurred at sub-micromolar EGCG concentrations
(Vankemmelbeke et al., 200&nd is, therefore, among
the more potent of reported responses to EGCG in vitro
(see review by Lambert and Yang, 200Rather higher
concentrations of EGCQsimilar to those affecting
MMP expressioh were required for any effect on
ADAMTS-1, -4 and -5 mRNA expression in tendon
cells or chondrocytes (ANC, unpublished dafa
Although MMP-3 may contribute to proteoglycan break-
down, there are many other potential targets of MMP-3
activity (Cawston, 1998 such that inhibition of MMP-

The beneficial effects of green tea consumption may 3 expression by EGCG may have significantly wider-

involve actions of EGCG against matrix breakdown, by

ranging effects.

a combination of effects on the expression and activity —The regulation of MMP mRNA expression by growth
of metalloproteinases. Previous studies have focussedactors and cytokineéincluding IL-18 involves distinct

on the effects of EGCG on the expression of the
gelatinase MMP-2 and its activation by MT1-MMP in
cancer cell{Annabi et al., 2002; Dell’Aica et al., 2002;
Maeda-Yamamoto et al., 20D3ncluding effects on the
expression of these gené&nnabi et al., 2002; Maeda-
Yamamoto et al., 2003 We have found that, at the

MAPK pathways leading to the activation of transcrip-
tion factors including AP-1 and N#B, albeit with some
differences between the different MMP genes and in
different cell-types(Borden and Heller, 1997; Bond et
al., 1999; Mengshol et al., 2000; Liacini et al., 2002;
Reunanen et al., 2002Contrasting inhibitory effects of

higher concentration tested, EGCG also reduced theEGCG on particular MAPK pathways have been report-
expression of MMP-2 in cultured tendon cells. However, ed (Dong et al., 1997; Maeda-Yamamoto et al., 2003;
the principal novel finding of the present study is that Singh et al., 200B In the present experiments, EGCG

EGCG substantially reduced ILBistimulated expres-
sion of the collagenases MMP-1 and MMP-13 and the
stromelysin MMP-3, through an inhibition of stimulated
MRNA expression(Figs. 1 and 2. EGC was substan-
tially less potent than EGCG, consistent with their
relative potency in many other systerfiglukhtar and
Ahmed, 2000; Dufresne and Farnworth, 2001

The inhibitory effects of EGCG occurred over the
range 2.5-25uM, which is similar to that used in
studies of various effects of EGCG on cells in vitro
(Dong et al.,, 1997; Nam et al., 2001; Annabi et al.,
2002; Lambert and Yang, 20D3The reported levels of

had no effect on p38 MAPK or p424 ERK phospho-
rylation, but reduced the stimulation of p54 JNBAPK
phosphorylation (Fig. 3); similar results have been
reported in other cell type€Dong et al., 1997; Singh et
al., 2003. The effect on p54 IJNKSAPK activation
would be expected to reduce AP-1 activity, as found in
tumor-promoter-stimulated epidermal ce{Bong et al.,
1997). Taken together with previous studies indicating
the involvement of AP-1 in stimulated MMP expression
(Borden and Heller, 1997; Mengshol et al., 2000; Liacini
et al., 2002, our results indicate that inhibition of the
JNK/SAPK pathway may at least partly account for the

EGCG found in blood after ingestion of green tea range inhibition by EGCG of MMP expression.

up to 2uM (Yang et al., 19980or 5 uM (Scalbert and
Williamson, 2000. The significant effects of 2.uM
EGCG on the expression of MMP mRNA#&ypically

The transcription factor NEB has also been shown
to be critically involved in the regulation of MMP-1,
MMP-3 and MMP-13 expression, in some cell types but



A.N. Corps et al. / Matrix Biology 23 (2004) 163—-169 167

not others(Bond et al., 1999; Mengshol et al., 2000 fluoroquinolone antibiotic{Pierfitte and Royer, 1996
Activation of NFB involves its release from the inhib- which have been shown to increase the expression of
itory factor kB (which is phosphorylated byB kinase metalloproteinases in tendon cells in vitfa/illiams et
and targeted for destruction at the proteasprfwlowed al., 2000; Corps et al., 2002We are not aware that
by the phosphorylation of the released K EGCG tendon problems have been reported as a side-effect of
has been reported to inhibit both theéBl kinase complex  green tea, but it will be of interest to observe whether
(Yang et al., 2001 and proteasome functiofNam et there is an increased incidence of any such problems
al., 2009, thus preventingdB degradation and N&B with its more widespread use.
activation(Kim et al., 2001; Nam et al., 2001; Yang et
al., 2001; Singh et al., 2002However, although IL-g 4. Materials and methods
induced the expected disappearance B in tendon
cells and the phosphorylation of NB, EGCG did not  4.1. Materials
inhibit either of these effect§éFig. 4). The difference
between this and the earlier reports may reflect the cell- Dulbecco’s modified Eagle’s medium, fetal calf serum
type (normal fibroblasts were more resistant than their (FCS and antibiotics were obtained from Invitrogen
transformed counterparts to effects of EGCG on the (Paisley, UK. EGC and EGCG were obtained from
proteasome: Nam et al., 20QDr the precise conditions  Sigma (Poole, UK), and were freshly dissolved at 10
used, notably the EGCG concentration or incubation mM in water. IL-13 was a gift from Glaxo Wellcome
time. The results presented here were obtained using ar(Stevenage, UK and aliquots(1 wg/ml) were stored
overnight preincubation with EGCG to ensure equilibra- at —70 °C. The anti-MMP-1 antibody was a rabbit
tion with intracellular targets. However, similar results polyclonal antibody(Clark et al., 1992 Antibodies
were obtained in two further experiments in which against signalling kinases, MB and kB were obtained
EGCG was added together with 131 again, EGCG  from Cell Signalling TechnologyNew England Biolabs,
inhibited IL-18-stimulated MMP expression, but did not Hitchin, UK). Other primary and secondary antibodies
inhibit NFkB phosphorylation(data not shownh Our were from TCS Biologicals(Buckingham, UK and
results therefore indicate that, at least in tendon cells, Dako (Ely, UK), and CDP-Star detection reagent was
EGCG can inhibit MMP expression under conditions from Roche DiagnosticéLewes, UK).
where it does not inhibit the activation of NB.

While this paper was in preparation, Ahmed et al. 4.2. Cell isolation and incubation
(2004 reported the inhibition by EGCG of ILg-
induced MMP-1 and MMP-13 in human chondrocytes.  Tendon specimens were obtained from tissue discard-
In these cells, EGCG20 nM) had significantly greater ed during surgery for chronic Achilles tendinopathy,
inhibitory effects on the expression of MMP-13 than on with informed patient consent and local ethical commit-
that of MMP-1, and reduced MB activity more mark-  tee approval. Cells isolated by outgrowth from four
edly than that of AP-1. Hence, although tendon cells separate tendon explants were maintained and passaged
and chondrocytes both show inhibition of MMP expres- in DMEM containing 10%(v/v) FCS, penicillin, strep-
sion by EGCG, the two studies differ in both the details tomycin and 25 mM HEPES, and were used between
of the inhibition and the pathways involved, supporting passages 4 and 10. Cells were seeded 3tvi€ll in 6-
the suggestion(above that there may be cell-type- well plates and were incubated for 3 days before the
specific differences in the actions of EGCG. experiment. They were rinsed with serum-free medium

While the inhibition of matrix breakdown may be containing insulin, transferrin and selenium, and were
beneficial in degenerative diseases such as osteoarthritisncubated in 2 ml of the same medium with or without
or in cancer where local degradation of the matrix may EGCG or EGC for 18 h, before adding IL31(1 ng/
enable tumour metastasis or angiogenesis, it may beml: approx 60 pM. Control cultures received equivalent
disadvantageous elsewhere. For example, in tendon theradditions of medium. The cells were then incubated for
is histopathological, biochemical and molecular evi- a further 24 h or 48 h, after which the medium was
dence for a balance between the synthesis and breakremoved and stored at20 °C, and the cells were
down of matrix components, which is disrupted in rinsed with balanced salts solution and solubilised in
patients suffering chronic tendinopathfy)kannus and  TRI-Reagent(Sigma; 1 mfwell). Parallel plates were
Jozsa, 1991; Riley et al., 1994, 2002hanges in MMP- incubated for 15 or 60 min after the addition of 113-1
3 expression and activity have been associated withthen placed on ice, rinsed with ice-cold balanced salts
tendon degeneration and ruptutieeland et al., 2001; solution and lysed in extraction buffdd0 mM Tris—
Riley et al., 2002. Furthermore, tendon problems have HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM
been experienced both by patients treated with broad-EGTA, 1 mM Ng VQ,, 50 mM NaF, 10 mM Na P © ,
spectrum metalloproteinase inhibit@iBrummond etal., 1 mM PMSF, 1ug/ml leupeptin, 1pg/ml aprotinin,
1999, and by a proportion of patients treated with 1% NP-40 for analysis of signalling proteins.
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4.3. RNA isolation and analysis by RT-PCR rabbit antibody and CDP-Star reagdiail according to
the suppliers’ recommendations

RNA was isolated from the TRI-Reagent extracts by
phenol-chloroform phase separation followed by precip- Acknowledgments
itation with isopropanol and ethanol. RNA was checked
by agarose gel electrophoresis, showing no evidence of Supported by Cambridge Arthritis Research Endeav-
breakdown and no gross differences in relative levels our, the Arthritis Research CampaidiProject Grants
that would account for the changes observed with B0662, R0561, R0574 and R0603he Isaac Newton
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