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Abstract

Interleukin-1β (IL-1β) induced inflammatory response in arthritic joints include the

enhanced expression and activity of matrix metalloproteinases (MMPs) and their matrix

degrading activity contribute to the irreversible loss of cartilage and may also be associated with

sustained chronic inflammation. We have earlier shown that green tea (Camellia sinensis )

polyphenol epigallocatechin-3-gallate (EGCG) was non-toxic to human chondrocytes (Singh, et

al., 2002. Arthritis Rheum) and inhibits the expression of inflammatory mediators in arthritic

joints (Haqqi, et al., 1999. Proc Natl Acad Sci USA). Here we show that EGCG at micromolar

concentrations was highly effective in inhibiting the IL-1$-induced glycosaminoglycan (GAG)

release from human cartilage explants in vitro. EGCG also inhibited the IL-1$-induced mRNA

and protein expression of MMP-1, and MMP-13 in human chondrocytes. Importantly, EGCG

showed a differential, dose-dependent inhibitory effect on the expression and activity of MMP-

13 and MMP-1. A similar differential dose-dependent inhibition of transcription factors NF-6B

and AP-1 by EGCG was also noted. These results for the first time demonstrate a differential

dose-dependent effect of EGCG on the expression and activity of MMPs and on the activities of

transcription factors NF-6B and AP-1 and provide insights into the molecular basis of the

reported anti-inflammatory effects of EGCG. These results also suggest that EGCG or

compounds derived from it may be therapeutically effective inhibitors of IL-1$-induced

production of matrix degrading enzymes in arthritis. 
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Osteoarthritis and rheumatoid arthritis are a group of diseases with different profiles and

unknown etiology but sustained chronic production of inflammatory mediators is an important

characteristic of both the diseases. The pro-inflammatory cytokine IL-1$, produced in an

arthritic joint by activated synovial cells and infiltrating macrophages, is considered to be one of

the most potent catabolic factors in arthritis (Kraan and van den Berg, 2000). IL-1$ induce the

enhanced production of several mediators of cartilage degradation such as NO and matrix

metalloproteinases (MMPs) by activating a diverse spectrum of signaling cascades in human

chondrocytes (Mengshol et al., 2000; van den Berg, 2000) and by inhibiting the concentration of

inhibitor of MMPs (TIMP) in arthritic joints (Amin and Abramson, 1998 and references therein;

Mengshol et al., 2000). The expression of IL-1 receptor (IL-1r) is high on chondrocytes isolated

from arthritic joints suggesting that they are more sensitive to the action of this cytokine (Martel-

Pelletier, 1992; Ismaiel, 1992). IL-1$ also suppress the biosynthesis of type-II collagen and

aggrecan (Goldring et al., 1994; Gouze et al., 2001) and  proliferation of chondrocytes (Blanco

and Lotz, 1995) thus inhibiting the repair process in the cartilage. Additional evidence pointing

to the involvement of IL-1$ in cartilage degradation emerged from studies showing that intra-

articular administration of IL-1$ into rabbit and mouse joints results in loss of proteoglycans

from the cartilage (Pettipher et al., 1986; Van de Loo et al., 1990) and inhibition of IL-1 action

by IL-1r antagonist or by IL-1 neutralizing antibodies protects cartilage in an arthritic joint

(Oligino et al., 1999; Neidhart et al., 2000).

Matrix metalloproteinases (MMPs) are a large group of enzymes that play a crucial role

in tissue remodeling as well as in the destruction of cartilage and bone in an arthritic joint due to
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their ability to degrade a wide variety of extracellular matrix components (reviewed in Mengshol

et al., 2002).  Production and release of MMPs is microenvironmental and is induced by several

factors including the pro-inflammatory cytokine IL-1β (Kraan and van den Berg, 2000). Among

the various MMPs, MMP-13 is of particular importance as it is found elevated in joint disorders

(Mitchell et al., 1996) and can cleave type-II collagen, the major component of the cartilage

matrix, more efficiently. Studies have documented that in arthritic joints degradation of type-II

collagen is excessive due to increased cleavage by MMPs (Billinghurst et al., 2000). Other

studies have shown that excessive activity of MMP-13 can produce the type of pathology seen in

arthritic joints (Neuhold et al., 2001). Pro-inflammatory cytokine-induced expression of MMP-

13 in human chondrocytes and in animal models of arthritis is dependent on the activation of the

MAPK sub-group JNK and the transcription factor AP-1 (Han et al., 2001; Liacini, et al., 2002).

In chondrocytes, activation of JNK pathway and Cbfa1 are required for the activation of MMP-

13 promoter activity (Mengshol et al., 2001) and indeed physical interaction between

transcription factors Cbfa1 (Runx-2,C/EBP$) and AP-1 was shown to be necessary for the

activation of MMP-13 promoter (D’Alonzo., et al 2002). An important role of JNK in the

pathogenesis of arthritis is also evident from studies showing that in animal models inhibitors of

JNK protect from arthritis  (Han et al., 2001).

Green tea is a rich source of catechins and several epidemiological and animal model

studies have shown that green tea consumption was associated with health benefits including

inhibition of inflammation (Higdon and Frei, 2003 and references therein). Most of the

beneficial health effects of green tea are mimicked by its most prevalent catechin

epigallocatechin-3-gallate (EGCG) at micromolar concentrations. EGCG influence a number of
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cellular mechanisms and has been shown to inhibit the activities of MMP-2 and MMP-9 (Cheng

et al., 2003; Garbisa et al., 2001). In addition, EGCG is also an inhibitor of the metallo-elastase

and serine-elastase activity and downregulate the levels of several markers of oxidative stress

(Benelli et al., 2002; Dona et al., 2003). We have previously shown that EGCG inhibit the

activation of the cytokine-activated JNK and AP-1 pathways in human chondrocytes (Singh, et

al., 2002). In the present study we evaluated the potential of EGCG to protect human cartilage

explants from IL-1$-induced release of cartilage matrix proteoglycans and the induction and

expression of MMP-1 and MMP-13 in human chondrocytes.
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MATERIALS AND METHODS

Reagents. All the culture medium and reagents for molecular biology were obtained from either 

Cellgro (Mediatech Inc., Herndon, VA) or Invitrogen (Carlsbad, CA). EGCG was purchased

from Alexis Biochemicals (San Diego, CA) and recombinant human IL-1$ was purchased from

R & D Systems (St. Paul, MN). 1,9-Dimethylmethylene blue (DMMB) and other chemicals were

purchased from Sigma Chemical Co. (St. Louis, MO). Polyclonal goat anti-human MMP-1 and

polyclonal goat anti-human MMP-13 antibodies were purchased from Santa Cruz Biotechnology 

Santa Cruz, CA. HRP-conjugated anti-goat IgG was purchased from Pierce Biotechnology,

Rockford, IL.

Culture of Human OA Cartilage and Chondrocytes. Human OA cartilage samples were

procured through the Cooperative Human Tissue Network and with prior approval of the

Institutional Review Board of University Hospitals of Cleveland. Full-thickness cartilage slices

(20-25 mg) were dissected from the cartilage using sterile scalpel blade (Feather Safety Razor

Co., Japan).  Four to five cartilage pieces (approximately equal in size and weight) were

transferred to each well of a 24-well, flat bottom plate (Nunc, Denmark) containing DMEM

supplemented with antibiotics and 10% FCS. The cartilage explants were treated with IL-1β

alone or with IL-1β + EGCG or EGCG for 72 hrs. Explants cultured in the absence of IL-1$ and

EGCG were used as controls. Total glycosaminoglycan present in the culture supernatant was

estimated as described below. 
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Quantitation of glycosaminoglycans. At the end of culture period, the culture medium was

collected from each group [Controls, IL-1β only (10 ng/ml), IL-1β+EGCG (100 µM) and IL-

1β+EGCG (200 µM)]. A 50 µl aliquot of the collected supernatant from each sample was

utilized to estimate the total glycosaminoglycan concentration by a colorimetric method

employing DMMB as previously described (Farndale et al., 1986). Color intensity was read

spectrophotometrically at 535 nm and the values were derived from a standard curve prepared

using different concentrations of chondroitin sulfate. Results are expressed as micrograms of

glycosaminoglycan released per milligram of cartilage tissue. 

Chondrocyte Culture. Chondrocytes were prepared by the enzymatic digestion of femoral head

cartilage as previously described (Ahmed et al., 2003). Chondrocytes were plated (1 x 106/ml) in

35mm culture dishes (Becton-Dickinson, Franklin Lakes, NJ) in complete DMEM with 10%

fetal calf serum and were allowed to grow for 72 hours at 37°C and 5% CO2 in a tissue culture

incubator. They were serum starved overnight and then treated with IL-1β (5 ng/ml) and IL-1β +

EGCG (20-100 µM) for time periods indicated in each figure. Chondrocytes cultured without IL-

1$ or EGCG served as controls.   

Western Immunoblotting For MMP-1 and MMP-13. Confluent chondrocyte cultures were

washed with Hank’s buffered salt solution and treated with IL-1$ in the serum-free media for 24

hrs. At the end of the experiments, media was removed and 500 µl of it was concentrated using

Microcon concentrators (Millipore, Bedford, MA) for 30 min at 25°C. Concentrated samples
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with equal amount of protein (25 µg) were mixed with 2X reducing sample buffer and resolved

by SDS/ PAGE, transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA) and the blot

was probed with polyclonal goat anti-human MMP-1 and MMP-13 antibodies (Santa Cruz, CA).

Immunoreactive proteins were visualized by enhanced chemiluminescence  using HRP-

conjugated anti-goat IgG (Pierce, IL). Images were captured and the intensities of the protein

bands were analyzed using the Alpha Innotech Imaging System and are expressed as Arbitrary

O. D. Units. 

Determination of TIMP-1, MMP-1 and MMP-13 Activity By ELISA. The activities of

TIMP-1, MMP-1 and MMP-13 were determined in culture supernatant from the above

experiments using commercially available ELISA kits essentially according to the instructions of

the manufacturer (Amersham- Pharmacia, Piscataway, NJ) and expressed as δAbsorbance 405/h2 x

1000.

Quantitative RT-PCR. Total cytoplasmic RNA was prepared from human chondrocytes using a

commercially available kit according to the instructions of the manufacturer (Qiagen, Valencia,

CA). We used real-time quantitative RT-PCR with internal fluorescent hybridization probes

using an ABI Prism 7700 detection system (ABI/Perkin Elmer Biosystems, Foster City, CA) as

previously described (Singh et al., 2002). This allows the sensitive and specific quantification of

targeted mRNA transcripts. The target-specific RT primer sets and their fluorescent probes used

have been  described earlier (Singh et al., 2002). The probes were labeled with 5-carbofluores-
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cein (FAM) at 5’ end and with TAMRA at the 3’ end (ABI/Perkin Elmer Biosystems). The

degradation of the probe during PCR result in increased fluorescence of the probe and allow the

detection of the PCR product by monitoring the increase in fluorescence of the reporter dye. To

quantitate the expression of MMP-1  and MMP-13 mRNA, single-stranded complementary DNA

(cDNA) was synthesized using 100 ng of total RNA prepared from OA chondrocytes as

described earlier (Singh et al., 2002). Concentrations of primers and probes were optimized in

pilot studies to allow accurate quantitation of the target transcript. The PCR conditions were 1

cycle at 50°C for 2 minutes, 1 cycle at 95°C, followed by 40 cycles (95°C for 15 seconds, 60°C

for 1 minute). To ensure the lack of DNA contamination in the RNA samples, a tube of sample

without RT was included as a no template control. Fourfold serial dilutions of sample cDNAs

were used to generate curves of log input vs threshold cycle. Expression of MMP-1 and MMP-

13 mRNA was normalized for levels of β-Actin mRNA and the results are expressed as mRNA

copies of MMP/106 copies of β-Actin mRNA.   

Transient Transfection Studies. To study the effect of EGCG on IL-1β-induced activation of

NF-κB and AP-1, human chondrocytes were transiently transfected with reporter plasmids

available commercially (Mercury Pathway Profiling System, Clontech, Palo Alto, CA). Briefly,

60-80% confluent 1 x 106 cells/35 mm plates were transfected with 1 µg of pNF-κB-SEAP and

pAP-1-SEAP reporter plasmid or the negative control vector pTAL-SEAP according to the

instructions of the manufacturer (Clontech, CA). After transfection, chondrocytes were not

treated (controls), treated with IL-1β alone (5 ng/ml), or treated with IL-1β + different
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concentrations of EGCG. The secreted alkaline phosphatase (SEAP) in the culture medium was

detected using the Great Escape SEAP Chemiluminescence Detection kit (Clontech, CA). The

results were expressed as relative light units (RLU) after subtraction of the values obtained with 

chondrocytes transfected with the negative control vector.   

Statistical analysis. Each experiment was performed three times using cartilage samples from

age and sex matched donors. Data obtained was pooled and the level of significance between

untreated chondrocytes, chondrocytes treated with IL-1$ alone and chondrocytes treated with IL-

1$ + EGCG or chondrocytes treated with EGCG alone is based on Dunnett’s t test followed by

analysis of variance (ANOVA). P values of less than 0.05 were considered significant.
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RESULTS

EGCG inhibited the IL-1β-induced cartilage matrix degradation in vitro. The effect of

EGCG on IL-1β-induced cartilage degradation is shown in Figure-1. Treatment with IL-1β

induced the cartilage degradation, measured as the release of glycosaminoglycan in culture

medium from cartilage explants, in the culture medium as previously shown (Adcocks, et al

2002). However, the IL-1$-induced release of GAG was inhibited in a dose-dependent manner

by the green tea catechin EGCG (Figure-1). The difference in the amounts of glycosaminoglycan

released from cartilage explants treated with IL-1$ alone and in the two groups treated with IL-

1$ in the presence of 100 :M and 200 :M EGCG was statistically highly significant (n=3,

p<0.005). Untreated cartilage explants also showed a basal level of glycosaminoglycan release

but this was also blocked by EGCG indicating that EGCG on its own did not contributed to the

enhanced glycosaminoglycan release detected in the group treated with IL-1$ alone (Figure-1).

Thus, the critical observation of the present studies is that EGCG appeared to be an effective

agent for blocking the IL-1$-induced release of glycosaminoglycan from human cartilage

explants, at least in vitro.

EGCG inhibited the IL-1β-induced expression of MMP-1, MMP-13 and TIMP-1 in human

chondrocytes. To evaluate the effect of EGCG on IL-1$-induced expression of MMPs protein in

human chondrocytes, we treated human chondrocytes with IL-1β alone and with IL-1$ + 100

µM EGCG for 24 hrs. As shown in Figure-2, stimulation of human chondrocytes with IL-1β

induced the expression and release of MMP-1 and MMP-13 in the culture supernatant as
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determined by Western immunoblotting. Analysis of the immunoblot image revealed that the

levels of the MMPs detected in the supernatant of chondrocytes treated with IL-1$ alone were

4.6 folds higher for MMP-1 and 6.2 folds higher for MMP-13, when compared to the levels

detected in untreated chondrocytes (compare Lane 1 & Lane 2 in each blot). Importantly,

cytokine-stimulated increase in the expression of MMP-1 and MMP-13 in the presence of EGCG

was inhibited to less than the basal level detected in untreated chondrocyte cultures (p<0.005).

Since MMPs are bound to TIMP-1 as a proenzyme, the production of MMPs may also contribute

to the enhanced expression of TIMP-1 and inhibition of MMPs may downregulate the expression

of TIMP-1. To address this possibility, we analyzed the effect of EGCG on IL-1β-induced

production of TIMP-1 in culture supernatant. As shown in Figure-3, IL-1β enhanced the

production of TIMP-1 in culture supernatant by 36 % when compared to the levels detected in

untreated chondrocytes (p<0.05). Prophylactic treatment of chondrocytes with EGCG (100 µM)

significantly (p<0.001) inhibited the IL-1β−induced production of TIMP-1 in culture

supernatant. Similarly, treatment with EGCG alone also reduced the endogenously released

TIMP-1 in chondrocytes cultures as well (p<0.05).Thus, these data correlate with the down-

regulation of IL-1$-induced expression of MMPs in human chondrocytes (Figure-2) and indicate

that the effect of EGCG on TIMP-1 expression may not be direct but most likely reflect the

inhibitory effect of EGCG on the expression of MMPs. 

EGCG down-regulated the activities of MMP-1 and MMP-13 in human chondrocytes.  We

also determined the effect of EGCG on the activities of MMP-1 and MMP-13 using an ELISA
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kit. To rule out the possibility of detecting cysteine and serine proteinases activity, their

inhibitors were added to the conditioned culture medium to abolish their activity prior to the

assay. Both MMP-1 and MMP-13 were constitutively active in untreated, control human

chondrocytes with the activity level of MMP-1 being at least 3 fold higher than that of MMP-13

(Figure-4). However, treatment of chondrocytes with IL-1β up-regulated the activities of both

the MMP-1 and MMP-13 by 110 % and 522 % (p<0.001) when compared to their respective

control values (Figure-4). In this experiment we also analyzed the dose-dependent effect of

EGCG on the activity of MMP-1 and MMP-13. Importantly, treatment of human chondrocytes

with IL-1$ in the presence of different doses of EGCG (20, 50 or 100 µM) also inhibited the

activities of MMP-1 and 13. Compared to human chondrocytes treated with IL-1$ alone, the

range of percent inhibition by different doses of EGCG was 20-97 % for MMP-1 and 75-93 %

for MMP-13. Interestingly, this differential inhibitory effect was most pronounced on the

activity of MMP-13 when chondrocytes were treated with 20 :M EGCG (Figure-4) indicating

that low doses of EGCG have a marked selective inhibitory effect on the activity of MMP-13

compared to MMP-1, at least in vitro. It is interesting to note that epicatechin or sodium gallate

alone or in combination had no inhibitory effect on the activity of either MMP-1 or MMP-13 in

this assay (not shown). Additionally, IC50 values for inhibition by EGCG deduced from

regression analysis of the dose response curve for MMP-1 was 27 :M and for MMP-13 it was

16.5 :M which is within the physiologically achievable range.
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Inhibition of IL-1$-induced up-regulation of MMP-1 and MMP-13 mRNA expression by

EGCG in human chondrocytes. The results of the effects of EGCG on the transcription of

MMP genes in human chondrocytes are shown in Figure-5. The level of MMP-1 and MMP-13

mRNAs was quantified by highly sensitive and specific quantitative RT-PCR method and the

values obtained were normalized to the level of $-Actin mRNA in the samples. Our results

showed that human chondrocytes treated with IL-1β had different levels of the MMP-1and

MMP-13 mRNA (Figure-5). In all of the samples analyzed, levels of MMP-1mRNA were higher

compared to the level of MMP-13 mRNA in IL-1$-stimulated human chondrocytes (Figure-5).

However, mRNA levels showed a marked decline in the samples treated with IL-1$ in the

presence of EGCG and this decline was dose-dependent. Interestingly, and in line with the above

results, EGCG was most effective against the induction of MMP-13 even at the lowest dose

studied while higher doses were needed to have an impact on the expression of MMP-1 mRNA.

This is a novel observation and has not been previously reported.

Transcription factors NF-κB and AP-1/c-Jun are differentially sensitive to EGCG.  In

chondrocytes, the gene expression of MMP-13 is tightly regulated by transcription factors NF-

κB and c-Jun, and that inhibition of any one or both could result in the attenuation of MMP-13

(Mengshol et al., 2000). In earlier studies we have shown that EGCG inhibited the IL-1β-

induced increase in the nuclear levels of transcription factors NF-κB and AP-1/c-Jun in human

chondrocytes by blocking their nuclear translocation and activation(Singh et al., 2002; 2003,

Ahmed, et al., 2003). Induction and expression of MMP-13 has been shown to be regulated by
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the activation of both the transcription factors NF-6B and AP-1 (Mengshol, 2000). Using

transient transfection with reporter plasmids, we studied whether the inhibition of MMP-1 and

MMP-13 mRNA observed in above experiments could be due to the inhibition of activation and

promoter binding activity of NF-6B and AP-1 by EGCG. As shown in Figure-6 (A & B), IL-1β

preferentially and strongly stimulated the NF-κB pathway (approximately 20 times higher) than

AP-1 pathway in transiently transfected chondrocytes. Importantly, our results also showed that

EGCG differentially inhibits the promoter activation activity of NF-6B and AP-1 and identifies

that the activity of transcription factor NF-6B was more sensitive to the effect of EGCG, even to

the lower doses. Treatment with EGCG inhibited the activity of NF-6B by 56-94 % in a dose

dependent manner (Figure-7A). In contrast, EGCG at lower dose (20 µM) had no inhibitory

effect on promoter activation by AP-1 and higher concentrations of EGCG (50 and 100 µM)

were needed to obtain a 49 % to  72 % inhibition of AP-1 activity (Figure-7B). These results

correlate with the inhibition of the expression of MMP-1 and MMP-13 mRNAs to the inhibition

of NF-6B and AP-1. However, the differential dose-dependent effect on the activity of the two

transcription factors analyzed in this study suggests that the AP-1-dependent gene expression

may not be substantially affected by the physiological concentrations of EGCG. These are also

novel findings and have not been reported previously. 
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DISCUSSION

Previous work from our laboratory has shown that green tea inhibits the development of

arthritis in a mouse model (Haqqi, et al., 1999), inhibits the degradation of human cartilage

proteoglycan and type-II collagen (Adcocks, et al., 2002) and selectively inhibits the ADAMTS-

1, -4 and -5 (Vankemmelbeke, et al., 2003). This study addresses the induction of MMP-1 and

MMP-13 in human chondrocytes by IL-1β and demonstrates the ability of EGCG, the most

abundant and biologically active catechin of green tea, to inhibit the IL-1$-induced cartilage

proteoglycan degradation and expression of MMP-1 and MMP-13 in human chondrocytes. Our

results not only confirm the previous results (Adcock, et al., 2002) that EGCG blocked the IL-

1$-induced cartilage proteoglycan release in vitro but extends these further by showing that

micromolar concentrations of EGCG effectively inhibit the IL-1$-induced up-regulation of

MMP-1 and MMP-13 in the human chondrocytes. Almost complete inhibition of both the MMP-

1 and MMP-13 enzyme activity was observed at a concentration of 100 :M EGCG. Although

this concentration of EGCG may not be achieved physiologically through oral consumption but

may readily be achieved through local administration. Our results showing that the two matrix

metalloproteinases, MMP-1 and MMP-13, known to be associated with cartilage degradation in

an arthritic joint were differentially inhibited by EGCG is an important and novel finding. These

results show that MMP-13 was more sensitive to the inhibitory effect of even lower

concentrations of EGCG as determined by an ELISA method (Figure-4). Additionally, and as

previously reported (Vankemmelbeke, et al., 2003), the inhibitory effect apparently was not via

direct inhibition of the activity of MMP-1 or MMP-13 but most likely reflected the inhibition of
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IL-1β-induced expression of their mRNAs suggesting that the effect was at the transcriptional

level. This aspect was not addressed in the previous studies (Vankemmelbeke, et al., 2003).

These findings assign a novel property to EGCG, adding to the anti-cancer and anti-

inflammatory properties previously described for this compound (Higdon and Frei, 2003; Lin,

2002).Thus, in addition to blocking the release of proteoglycans from cartilage matrix by

inhibiting the ADAMTS (Vankemmelbeke, et al., 2003), EGCG also inhibits the IL-1β-induced

up-regulation of collagenase’s expression and activity in physiologically achievable doses in

human chondrocytes. Therefore, consumption of green tea or EGCG may inhibit the activities of 

MMPs involved in the degradation of native collagen and this may have suppressive effect on

cartilage degradation in arthritic joints.

MMPs are a family of proteolytic enzymes that are normally required for the timely and

controlled breakdown of the ECM under normal physiological conditions (Brinckerhoff and

Matrisian, 2002). However, their uncontrolled regulation and enhanced expression has been

closely associated with the progression of arthritis (Murphy et al., 2002). Earlier studies have

shown that EGCG inhibited gelatinase subgroup of MMPs (MMP-2 and MMP-9) in various

cancerous cell lines when stimulated with ultraviolet B radiations, reactive oxygen species

(ROS) and pro-inflammatory cytokines like IL-1β and TNF-α, thereby inhibiting tumor

metastasis (Cheng et al., 2003; Garbisa et al., 2001). However, this is the first elaborative study

to evaluate the effect of EGCG on collagenase subgroup of MMPs. Screening of potential

molecules possessing possible therapeutic efficiency toward the inhibition of MMPs has recently
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gained considerable attention (Skiles et al., 2001). Limitations of synthetic MMP inhibitors due

to their monomodal nature, lack of specificity and greater side-effects suggest a need to develop

therapeutic strategies focusing on the prophylactic agents or supplements that could modify or

reverse the progression of cartilage degradation in the affected joints. Recent studies have

proved the ability of botanicals in targeting multiple down stream events, alone or with current

modalities of treatment to provide higher efficacy and minimal toxicity for an effective

intervention (Qui and Kao, 2003). The catechins are bioavailable following the consumption of

green tea with a half life of a few hours (Yang, et al., 1998). Therefore, it is likely that

consumption of green tea may have a prophylactic effect on cartilage homeostasis. In this regard,

as shown in the present study, green tea catechin EGCG certainly holds promise as it

consistently and reproducibly inhibited the IL-1$-induced up-regulation of MMPs in human

chondrocytes-the only cell type present in the cartilage. 

Although these MMPs collectively act in a synchronized manner to degrade articular

cartilage, the collagenase subgroup (especially MMP-1 and 13) has been shown to perform a

salutary role in chewing the native type II collagen in ECM (Billinghurst et al., 2000). The

proteolytic activities of MMPs are precisely regulated during activation from their precursors

and inhibition by endogenous inhibitors of metalloproteinases (TIMPs) (Visse and Nagase,

2003). IL-1β−induced factors have been shown to activate the MMPs by the disruption of Cys-

Zn2+ interaction (Brinckerhoff and Matrisian, 2002). Different MMPs have been implicated in

different disease conditions, such as gelatinases in cancer metastasis and collagenases in arthritis

(Brinckerhoff and Matrisian, 2002). Although, EGCG has been shown to inhibit tumor growth/
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invasion by inhibiting the gelatinase activity (Garbisa et al., 2001; Cheng et al., 2003),  this is the

first study showing the effect of EGCG on collagenase gene expression and activity.

There are a number of studies documenting the beneficial health effects of green tea

consumption. Most of these studies place emphasis on the anti-cancer properties of green tea

which have now been attributed, at least in part, on the ability of green tea polyphenols to inhibit

the gelatinases (Garbisa et al., 2001; Cheng et al., 2003). To this, based on our results, we can

add that EGCG in a dose-dependent manner is a potent inhibitor of  IL-1β-induced induction of

collagenases (MMP-1 and MMP-13) and markedly inhibits collagenase-3 (MMP-13) at a

physiologically achievable concentration (20 :M) while higher concentrations (beyond the

concentrations that can be attained simply by drinking green tea) were needed to inhibit the

induction and expression of MMP-1 to a meaningful extent. We therefore conclude that

inhibition of arthritis following green tea consumption in an animal model (Haqqi, et al., 1999)

and inhibition of cartilage degradation by EGCG (this study, Adcock, et al., 2002;

Vankemmelbeke, 2003) may be the result of direct inhibition of some of the matrix degrading

enzymes/factors by EGCG through preserving the Cys-Zn2+ interaction or in combination with

down-regulation of these enzymes/factors at the mRNA level through inhibition of transcription

factors. Therefore, it is tempting to suggest that green tea polyphenol EGCG or compounds

derived from it may serve as lead agents in the design of more potent and effective inhibitors of

collagenases for use therapeutically to block the pathogenesis of arthritis.
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LEGENDS FOR FIGURES

Figure-1. EGCG inhibited the IL-1$-induced release of GAG from human cartilage

explants in vitro. Approximately equal size and weight cartilage pieces were incubated in

medium alone or medium containing either IL-1$ (10 ng/ml) alone, or IL-1$ + EGCG (100µM)

or IL-1$ + EGCG (200µM) for 72 hrs. Total GAG released from cartilage explants in culture

supernatant was quantified using a colorimetric method and the values were derived from a

standard curve. This experiment was repeated  with age and sex matched cartilage samples to

ensure for the reproducibility. (Wp<0.005 when compared to controls; **p<0.005 compared to

IL-1$ alone treated group; #p>0.05 compared to controls; wp<0.05 compared to controls and

p<0.005 compared to IL-1$ alone treated group).  

Figure-2. EGCG inhibited the IL-1$-induced expression of MMP-1 and MMP-13 in human

chondrocytes. Human chondrocytes were not treated (lane-1), treated with IL-1$ alone (lane-2),

treated with IL-1$ + EGCG (100µM) (lane-3), or treated with EGCG alone (100µM) (lane-4) for

24 h. Culture supernatant was concentrated and total proteins (25µg) were resolved by SDS-

PAGE and transferred to nitrocellulose. The Western blot was probed with polyclonal antibodies

specific for the human MMP-1 and MMP-13 protein.  Results shown are representative of two

independent experiments. 

Figure-3. EGCG inhibited the IL-1$-induced production of TIMP-1 in human

chondrocytes. Human chondrocytes (80% confluent) were (1) not treated; (2) treated with IL-1$
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alone; (3-4) treated with IL-1$ + EGCG; or (5) treated with EGCG alone for 24 hr and the

TIMP-1 released in the culture medium was measured using an ELISA kit (Biotrak, Amersham).

Human chondrocytes stimulated with IL-1$ in the presence of EGCG had decreased levels of

TIMP-1 (*p<0.05; **p<0.001) compared to cultures treated with IL-1$ alone. Treatment with

EGCG alone decreased the constitutive levels of TIMP-1 (#p<0.05) when compared to the

control values. Values shown are Mean + SD of three independent experiments, each performed

in triplicate using age and sex matched samples.

Figure-4. EGCG inhibited the IL-1$-induced upregulation of (A) MMP-13 and (B) MMP-1

activity in human chondrocytes.  Human chondrocytes were not treated, treated with 5 ng/ml

of IL-1$ alone, or treated with IL-1$ (5 ng/ml) in the presence of different concentrations of

EGCG or with EGCG alone for 24 h and then the supernatant was collected and used to assay for

the MMP activity was using MMP-1 and MMP-13 Biotrak ELISA kits (Amersham).Results

showed that co-treatment with EGCG significantly inhibited the IL-1$-induced up-regulation of

both the MMP-13 and MMP-1 activity in a dose-dependent manner (*p<0.05, **p<0.001).

Treatment with EGCG alone showed a marked reduction in the constitutive activity of both the

MMPs when compared to the activity levels detected in untreated chondrocytes (#p<0.005).

Results shown are Mean ± SD of three independent experiments performed with age and sex

matched samples.

Figure-5. EGCG inhibited the IL-1$-induced expression of MMP-1 and MMP–13 mRNA

in human chondrocytes. Chondrocytes (2 x 106) were stimulated with IL-1$ (5 ng/ml) alone or
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in combination with different concentrations of EGCG for 24 h. Total RNA was prepared and

the expression of MMP-1 and MMP-13 mRNA was determined by real-time quantitative RT-

PCR. Values were expressed relative to the levels of $-Actin mRNA.

Figure-6. Differential sensitivity of the DNA binding activity of transcription factors NF-κB

and AP-1 to the effects of EGCG in human chondrocytes. Human chondrocytes (60-80%

confluent) were transiently transfected with 1 µg each of (A) pNF-κB-SEAP and (B) pAP-1-

SEAP reported plasmids (Clontech, CA) using the Lipofectamine reagent. Tranfected

chondrocytes were then treated with IL-1$ alone and in the presence of 20, 50 or 100 µM of

EGCG for 24 h. The secreted alkaline phosphatase (SEAP) was measured in culture supernatant

using Chemiluminescence Detection kit. (*p<0.05; **p<0.001 v/s IL-1$) and the values are

expressed as Relative Light Units (RLU). Results shown are Mean ± SD of two independent

experiments performed with age and sex matched samples.  (IL = IL-1$; E = EGCG).

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 4, 2003 as DOI: 10.1124/jpet.103.059220

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


G
A

G
 R

el
ea

se
 (

µg
/m

g
 C

ar
ti

la
g

e)

0

2

4

6

8

**

#

IL-1β (10 ng/ml)
EGCG

_ +_ + + _ _
_ 100 µM 200 µM 100 µM 200 µM

u

w
w

W

Figure-1

JPET 59220

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET 59220

MMP-1

MMP-13

1 2 3 4

O. D.                          1.0                4.6           0.32           0.0  

1              2                3              4

O. D. 1.0             6.2 0.1           0.0

Figure-2

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET 59220

T
IM

P
-1

 (
n

g
/m

l)

0

50

100

150

200

_ + + + _
_ _ 50 100 100

IL-1β (5ng/ml)
EGCG (µM)

*

** #

Figure-3

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET 59220

δA
b

so
rb

an
ce

40
5 

/h
2   x

 1
00

0

0

50

100

150

200

250

300

350

IL-1β (5 ng/ml)
EGCG (µM)

_ + + + + _
_ _ 20 50 100 100

**

**
**

#

Figure-4A

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET 59220

δA
b

so
rb

an
ce

40
5/

h
2  x

 1
00

0

0

50

100

150

200

250

300

350

IL-1β (5 ng/ml)
EGCG (µM)

_ + + + + _
_ _ 20 50 100 100

**
#**

*

Figure-4B

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET 59220

m
R

N
A

 C
o

p
ie

s/
10

6  β
-A

ct
in

 m
R

N
A

0

10000

20000

30000

40000

50000

MMP-1
MMP-13

IL-1β (5ng/ml)
EGCG (µM)

_ + + + + _
_ 20 50 100_ 100

Figure-5

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET#59220

R
el

at
iv

e 
L

ig
h

t 
U

n
it

s
(x

 1
00

0)

0

1000

2000

3000

4000

IL-1β (5ng/ml) + + + +
EGCG (µM) _ 20 50 100

Figure-6A

NF-κB

**

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET#59220

R
el

at
iv

e 
L

ig
h

t 
U

n
it

s
(x

 1
00

0)

0

20

40

60

80

100

120

140

160

180

IL-1β (5ng/ml) + + + +
EGCG (µM) _ 20 50 100

AP-1

*

**

Figure-6B

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on N

ovem
ber 4, 2003 as D

O
I: 10.1124/jpet.103.059220

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/

