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INTRODUCTION

elastin, fibronectin and laminin. Although increased expression of MMPs occurs in response to a particular need in a normal biological process, an abnormal regulation of their expression induce the development of several lung diseases. Based on this evidence, the pharmaceutical industry produced several tolerated, orally active MMP inhibitors. Phase III clinical trials initiated in 1997-98 using marimastat (BB-2516), prinomastat (AG3340), tanomastat (BAY 12-9566) and neovastat (BMS-275291) alone or in combination with standard chemotherapy in patients with advance lung cancer have recently been reported [2]. Although no clinical efficacy was clearly demonstrated with MMP inhibitors, this review tries to discuss the therapeutical interest of MMPs/TIMPs balance modulation.

Tissue remodelling usually involves two distinct processes: physiological remodelling or regeneration, with the replacement of injured tissue by parenchymal cells of the same type, and pathological remodelling, which lead to altered restitution of airway structure. Remodelling of lung architecture is a hallmark of many lung diseases, such as loss of alveolar walls in emphysema, subepithelial fibrosis in asthmatics airways, intra-alveolar fibrosis in idiopathic pulmonary fibrosis (IPF), cavity formation in tuberculosis, and bronchiectasis in cystic fibrosis. Furthermore in lung cancer, increased matrix turnover is thought to promote tumour cell invasion. Despite advances in our understanding of their pathogenesis, the currently recommended treatments have limited clinical efficacy in most of lung disorders, and patients often progress to severe respiratory failure and death. All of the pathologic changes involve extensive modifications of lung extracellular matrix (ECM). The interaction of cells with ECM is critical for the normal development and function of organisms. Modulation of cellmatrix interactions occurs through the action of unique proteolytic systems responsible for hydrolysis of a variety of ECM components. By regulating the integrity and the composition of the ECM structure, these enzyme systems play a pivotal role in the control of signals elicited by matrix molecules. The turnover and remodelling of ECM must be highly regulated since uncontrolled proteolysis contribute to abnormal development and to the generation of many pathological conditions characterised by excessive degradation or synthesis of ECM components [START_REF] Woessner | Matrix Metalloproteinases and TIMPs[END_REF]. Matrix metalloproteinase (MMPs) are a major group of enzymes that regulate ECM composition. MMPs have been proposed to be key enzymes in causing these changes because of their capacity to cleave structural proteins such as collagen,

MMPs: STRUCTURES, CELLULAR SOURCES, FUNCTIONS

Metalloproteinases (MMPs), an important family of metal-dependent endopeptidases, are responsible for the degradation of extracellular matrix components. All members of this family have a zinc and a calcium binding catalytic domain, so that they depend on these ions for their activity. Presently, MMPs identified share several common features: signal peptides, prodomain, and catalytic domain. These enzymes are secreted by various human cells as inactive proenzyme (zymogens) and are thought to be activated in the tissue by proteolytic cleavage of the propeptide [START_REF] Woessner | Matrix Metalloproteinases and TIMPs[END_REF]. The MMP family contains at least 28 known members, which are grouped according to their substrate, location, and structure specificities (Table 1). The collagenases (MMP-1, -8, -13) degrade fibrillar forms of interstitial collagen. The gelatinases (MMP-2 and -9) are specific for gelatin and denatured collagens of the basement membrane. Stromelysins (MMP-3, -10, -11) cleave noncollagen components such as fibronectin, laminin, and vitronectin. Metalloelastase (MMP-12) cleaves elastin, and membrane type (MT)-MMP (i.e. MMP-14) cleaves various collagens and noncollagen components [3,4]. MMPs are synthetised and secreted in the extracellular space as a proenzyme where the active site of the protein is inactived through interaction between Zn 2+ ion, sequestrated by histidines on the catalytic domain and a cysteine residue on the prodomain fragment. Disruption of the cysteine-zinc bond by conformational change or limited proteolysis leads to the opening of the switch. Then the autocatalytic cleavage of the propeptide yields the active enzyme. The activation of MMPs may also occur through the cleavage by MT-MMPs [5]. For example, the cleavage of proMMP-2 by MT1-MMP generates an active form of MMP-2 which is then released into the extracellular space. Furthermore, free radicals mostly generated during inflammatory processes, could activate MMP-2 through oxidation reaction [6].

derived collagenase stimulatory factor (TCSF) because it stimulated stromal matrix metalloproteinases production and facilitated the migration of neoplastic cells through the extracellular matrix, suggesting an important role in tumour progression [11,[14][15][16]. EMMPRIN is present in many human tissues including lung, breast, skin, eye, and heart in physiological and pathological conditions [15,[17][18][19][20][21]. Indeed, EMMPRIN is detected in bronchoalveolar lavage (BAL) fluids from normal rats and mice [22,23] and in bronchiolar epithelial cells of normal mice [22]. Moreover, the expression of EMMPRIN in BAL fluids and lung tissue is markedly increased in diverse lung pathologic processes including ventilator-induced lung injury in rats [23] and bleomycin-induced lung fibrosis in mice [22]. In these pathologic conditions, airways epithelial cells and alveolar macrophages appeared to be the cellular sources of EMMPRIN. EMMPRIN is also detected in BAL fluids from healthy subjects and in normal human bronchial cells [17,24]. The increase of EMMPRIN production in smoker's BAL fluids has been highlighted and its expression was observed in alveolar macrophages, bronchial glands and bronchiolar epithelial cells from smoker's lung [24]. Furthermore, several studies have showed a high expression of EMMPRIN in all malignant and stromal cells from lung cancers and pleural mesotheliomas [17,18,25]. However, the mechanisms by which EMMPRIN induces MMP production have not been fully established. Nevertheless, EMMPRIN has been shown to stimulate mesenchymal cell production of MMP-1 (collagenase-1), MMP-2 (gelatinase A), MMP-3 (stromelysin-1), MMP-9 (gelatinase B) and MT1-MMP (MMP-14) which is activator of proMMP-2 [14,17,[26][27][28][29][30].

Although the healthy adult lung is not a major source of MMPs, inflammatory and parenchymal cells such as alveolar macrophage, airway epithelium, fibroblast, and smooth muscle have the capacity to express active MMPs following stimulation by a variety of agents such as infectious pathogens, environmental toxins, growth factors and cytokines which either induce (IL-1, TNF-α, TGF-α, EGF, FGF and PDGF) or repress (TGF-β, IL-10 and IL-4) transcription of MMP genes [7][8][9]. This suggests that chronic inflammation causes injury to the airways and modulates fibrogenesis and parenchymal destruction. In response to an inflammatory stimulus, alveolar macrophages rapidly release the following: 1) cytokines and chemokines such as IL-8, TNF-α, CCL-18 and MIP-1, which act in further recruiting polymorphonuclears that can, in turn, release more inflammatory mediators; 2) leukotriene B 4 (LTB 4 ), a potent chemoattractant for other inflammatory cells; 3) reactive oxygen intermediates, which can contribute towards enhancing the inflammatory response; and 4) MMPs, which were induce in various cells through numerous intracellular signalling systems involving tyrosine kinase and MAP-kinase, and can degrade the interstitial matrix. However, whether suppressing airway inflammation effectively prevents or reverses airway structural changes is controversial. Indeed, unlike several MMPs expressed or released only in response to injury, disease, or inflammation, MMP-2 and MMP-7 (matrilysin) are expressed by noninjured, noninflamed fibroblast and epithelium respectively, in most, if not all, adult tissues. In adult human lung, whether normal or diseased, matrilysin is expressed by epithelial cells lining peribronchial glands and conducting airways [10]. The expression of MMP-2 and MMP-7 in noninjured, normal cells demonstrates that these enzymes serve a common homeostatic function. Conversely, inflammatory and parenchymal cells also contribute to the resolution of the inflammatory response because they are able of releasing several anti-inflammatory molecules, such as TGF-ß, IL-10 and tissue inhibitors of MMPs (TIMPs).

Indeed several active MMPs are able to activate other proMMPs, indicating positive feedback mechanisms. On top of activation of proMMP-2 by MT1-MMP, it was also shown, for instance, that MMP-3 can activate pro-MMP-9 [31], and MMP-3 and -10 can superactivate procollagenase, generating collagenase with higher specific activity [32,33]. Moreover, multiple enzymes from different families may cooperate in tissue remodelling at the same time and place. For example, metalloelastase, as well as other MMPs, degrades α 1 -antiproteinase inhibitor, and neutrophil elastase, a serine proteinase, degrades TIMPs. These enzymes, by neutralizing each other's natural inhibitors, can thus amplify overall proteolytic activity. This concept was shown in vivo in studies by Liu et al. [34]. A role for MMP-9 in emphysema was not clearly demonstrated. However, metalloelastase (MMP-12) degrades α 1 -antiproteinase inhibitor, in part explaining why metalloelastase deficient mice are totally protected from smoke-induced emphysema, whereas neutrophil elastase deficient mice are only partially protected [35].

Because of the potent bioactivity of MMPs and the potential risk for tissue damage, the MMPs' activity is tightly regulated. Extracellular matrix metalloproteinase inducer (EMMPRIN) is a transmembrane glycoprotein member of the immunoglobulin superfamily [11]. EMMPRIN is also known as CD147, HAb18G and M6 in man, basigin and gp42 in mouse, OX-47 and CE9 in rat, and HT7, neurothelin and 5A11 in chicken [12,13]. EMMPRIN was originally isolated from the LX-1 human pulmonary carcinoma cell line and termed tumour cell-Damaged alveoli during inflammatory lung diseases can be repaired by replacement of injured alveolar cells, restoration of damaged ECM, and clearance of plasma proteins that have leaked into the alveolar space. Plasmin plays an important role in this repair process by being involved in cell migration, modulation of inflammatory activity, and breakdown of fibrin and other ECM. This latter function of plasmin may be important for limiting scar formation by dissolving the provisional matrix on which fibroblasts invade and secrete interstitial collagens. During many acute and chronic inflammatory lung disorders, fibrin accumulates in lung tissue. The fibrinolytic activity is decreased in BALF from patients with the adult respiratory distress syndrome [36], idiopathic pulmonary fibrosis [37], sarcoidosis [37,38], and bronchopulmonary dysplasia [START_REF] Viscardi | [END_REF]. All of the above diseases have been associated with the development of pulmonary fibrosis. In vitro, plasmin directly activates pro-MMP-1, -3, -9, -10, and -13 [40], whereas proMMP-2 is indirectly activated by plasmin [41].

remodelling and repair responses to pathological lung situations. Hautamaki et al. [49] showed that smokeaddicted metalloelastase-MMP-12 knockout mice developed emphysema less readily than wild-type mice. MMPs -2, -7, -9 and -11 have all been shown to contribute to tumour progression in studies using MMP-deficient mice [50]. The association of matrix proteolysis and cancer has also long been recognised, and destruction of the basement membrane is a well-established hallmark of malignancy [51]. MMPs are restrained by their natural inhibitors known as tissue inhibitors of matrix metalloproteinases (TIMP) which are present on the extracellular compartment. Four family members of TIMPs have been characterised so far, designated as TIMP-1, TIMP-2, TIMP-3, and TIMP-4. TIMP-1 and TIMP-2 are capable of inhibiting the activities of all known MMPs (except for TIMP-1, which failed to inhibit MT1-MMP) and as such play a key role in maintaining the balance between extracellular matrix (ECM) deposition and degradation in different physiological processes. However, there are differences in the affinity for specific MMPs (e.g. TIMP-3 is a more potent inhibitor of MMP-9 than other MMPs).

Chronic Obstructive Diseases

Asthma, chronic obstructive pulmonary disease (COPD) and emphysema are diseases associated with an inflammation of the airways and lung parenchyma. During the course of asthma, MMP-2, -8, -9 and TIMP-1 are expressed at baseline and the allergen exposure or exacerbations of the disease lead to an increase of MMP-9 secretion being at this time much higher than that of TIMP-1, allowing a temporarily ECM damage, possibly followed by abnormal repair. Animal models suggest a predominant role for MMP-9 and MMP-12 in the pathogenesis of pulmonary inflammation and link an absence of MMP-2 to an increased parenchymal inflammation. It has become clear that the inflammatory process increases in intensity as COPD progresses and there is a complex remodelling process in the peripheral lung, resulting in parenchymal destruction (emphysema) and fibrosis of small airways (chronic obstructive bronchiolitis) [52]. In COPD and emphysema, human studies indicate an over-secretion of MMP-2, -8, -9 and animal models point out MMP-1 and MMP-12 as being key players in the pathogenesis of emphysema [53]. Studies in COPD have reported an abnormal release of IL-8, MMP-1 and MMP-9 by alveolar macrophages in these patients. Alveolar macrophages harvested from patients with COPD release more proinflammatory mediators (LTB 4 , IL-8) and/or less antiinflammatory molecules (TGF-ß 1 , TIMP-1) than those obtained from smokers with preserved lung function [54,55]. Taken together, these data identify specific MMP inhibition as appropriate target for therapeutic intervention in asthma or COPD/emphysema. Regarding EMMPRIN expression in lung of smokers, Betsuyaku et al. [24] have observed that EMMPRIN levels were significantly elevated in smokers' BAL fluid compared with BAL fluid from non smoker subjects, but without differences between smokers with or without emphysema.

The reversion-inducing gene named RECK (reversioninducing-cysteine-rich protein with Kazal motifs) is unique in that it encodes an extracellular protein with protease inhibitor-like domains and its expression is suppressed strongly in many tumours and cells transformed by various kinds of oncogenes. RECK is a membrane-anchored glycoprotein of approximately 110 kDa that contains multiple epidermal growth factor (EGF)-like repeats and serine protease inhibitor-like domains [42], but has no structural homology with TIMPs. The RECK gene is widely expressed in many normal organs, including the lung, and the expression is low or undetectable in many tumourderived cell lines. The RECK-encoded protein acts as a membrane-anchored regulator of matrix metalloproteinases (MMPs), including MMP-2, MMP-9, and MT1-MMP. Previous experimental studies revealed that RECK can inhibit tumour invasion and metastasis. [42][43][44]. These experimental data have suggested a potential importance of RECK in the diagnosis and therapy of malignant tumours. Nevertheless, only a few studies have demonstrated that RECK expression at the mRNA or protein level can be a useful prognostic indicator in cancer patients with hepatocellular carcinoma [45], breast cancer [46], pancreatic cancer [47] and non-small cell lung cancer [48]. RECK negatively regulates MMP-9 in two ways: suppression of MMP-9 secretion from the cells and direct inhibition of its enzymatic activity. These findings suggest that RECK may serve as a negative regulator for MMP-9 in normal cells, and its down-regulation by oncogenic signals therefore would facilitate tumour invasion and metastasis. Hypothetically, the efficacy of nonsteroidal anti-inflammatory drugs (NSAIDs) as antimetastatic and antiangiogenic drugs might be mediated by their induction of RECK expression as described in lung cancer.

Pulmonary Fibrosis

Pulmonary fibrosis is a common response to various injuries to the lung and is characterised by structural changes in the lung parenchyma. An injury to alveolar epithelium appears to be necessary for this lesion to progress to fibrosis. Thereafter, changes include increase in lung matrix and alterations in the numbers and spatial relationships of lung parenchymal cells, mainly the proliferation and activation of fibroblasts and myofibroblasts. Thickening of the alveolar wall can result to matrix deposition within the interstitium and as a result of "mural incorporation" of organised airspace exudates [56]. The fibroproliferative process involves the participation of a variety of cytokines and inflammatory mediators, among MMPs and their specific inhibitors, by

MMPs/TIMPs BALANCE IN LUNG PATHOLO-GICAL PROCESSES

Genetic studies in both mice and men have provided insights into the role of MMPs in lung diseases. There are numerous examples of MMP-null mice that have defective resident and inflammatory cells. Lung tissue and BAL fluids from individuals with pulmonary fibrosis contain high levels of MMP-1, derived from alveolar macrophages and epithelial cells, MMP-2, localised in myofibroblasts, and MMP-9, derived from macrophages and neutrophils [57,58]. On the other hand, the ECM can be degraded, and it is likely that the fibrogenic process may also result from a deficit in ECM degradation. However, the relationship between ECM degradation and fibrogenesis is more complex than initially suspected because abnormal ECM accumulation is often preceded or combined with an increased expression of ECM-degrading enzymes. This increased proteolytic activity is presumably required for degradation of the normal ECM by infiltrating inflammatory and fibroblastic cells and its replacement by abnormal ECM. However, TIMP-1 was found in interstitial macrophages and TIMP-2 in fibroblast foci [59]. TIMP-2 increased in BAL fluids from IPF patients may contribute to the stable ECM deposition [26,59]. EMMPRIN was expressed in experimental bleomycin-induced lung fibrosis in mice, and cellular sources of EMMPRIN was identified as airways epithelial cells and alveolar macrophages [22]. named tumour cell-derived collagenase stimulatory factor (TCSF), is not enough to demonstrate in several cancers, including bronchopulmonary carcinomas [16,20]. Polette et al. [18] related a higher expression of EMMPRIN mRNA in human lung cancers than in normal tissues, suggesting that EMMPRIN was an important factor in cancer progression. It was strongly expressed in all malignant human epithelial cells and was also found in some stroma cells from lung carcinomas close to tumour cells stimulating production of MMPs by these cells [17,30]. EMMPRIN has also been found with a strong immunoreactivity in pleural mesotheliomas [25]. These studies so far suggest that the use of gelatinases, their inhibitors and/or EMMPRIN, as markers of matrix degradation and therapeutical target could be promising in assessing prognosis and therapy in lung cancer patients.

THERAPEUTIC STRATEGIES FOR MODULA-TION OF MMP/TIMP BALANCE

Because MMPs play a role in tissue destruction in numerous lung diseases, such as COPD, asthma and cancer, there is tremendous development in therapeutic strategies that block MMP activity. Indeed we have to consider different processes contributing to decrease MMP activity: inhibition of EMMPRIN, plasmin, cytokines and/or growth factors, but also stimulation of TIMP and/or RECK. However, some other pulmonary pathologies result from an excess of normal components of ECM, such as lung fibrosis. These lead to consider therapeutic strategies that inhibit TIMP, RECK and/or EMMPRIN. The activity/production of MMPs should be regulated at two points -enzyme activation/inactivation and gene expression -and is further controlled by substrate availability and affinities (Fig. 1).

Bronchopulmonary Carcinomas

Lung carcinoma is a common and very aggressive neoplasm including histologically different entities with unfavourable prognosis. The association of matrix proteolysis and cancer has also long been recognised, and destruction of the basement membrane is a well-established hallmark of malignancy [51,60,61]. The number of studies suggesting that MMPs may be involved in lung cancer progression is increasing. Bronchopulmonary carcinomas commonly overexpress the mRNA for MMP-1, -2, -9, -11, MT1-MMP and TIMP-1 to -4, especially when presenting with a malignant phenotype and high tumour stage [62,63]. In animal models, MMPs -2, -7, -9 and -11 have all been shown to contribute to tumour progression in studies using MMP-deficient mice [50]. The MMP-2 and -9 have been associated with increased tumour spread and poor prognosis in lung cancer [64,65]. Several studies have presented an association between the prognosis and the expression of MMP-2 or -9 in the primary tumour in different types of lung carcinoma. Correlation with survival has been reported in lung adenocarcinoma [65]. In non-small cell lung carcinoma (NSCLC), the mRNA for MMP-2, -9 and ecadherin can predict the prognosis [63,66]. Cox et al. [67] have found MMP-9 immunoreactive protein to be a marker of poor outcome in operable NSCLC. The study of Sienel et al. [68] further confirmed the role of MMP-9 as a marker for aggressive behaviour when immunohistochemically homogeneous MMP-9 expression was found to correlate with compromised cancer-related survival in NSCLC. In a recent study of Aljada et al. [69], the immunoreactive protein of TIMP-1 in primary tumours representing NSCLC also correlated with adverse outcome. Patients presenting with a TIMP-1 positive neoplasia were found to have a high (90%) risk of death according to multivariate analyses. It is possible that the MMP status might be worth determining also from blood samples in lung cancer patients. Plasma or serum MMP-9 and serum TIMP-1 levels have both been shown to be prognostic for poor survival in lung carcinoma patients [70]. The tumorigenic potential of EMMPRIN, also Although the TIMPs were considered as potential therapeutics for diseases in which exuberant MMP activity was implicated, they were rapidly surpassed by smallmolecule inhibitors. Several approaches were taken. Pseudopeptides that mimic MMP substrates and nonpeptidic molecules that bind the catalytic zinc were designed, using important insights that were gained from structural studies or by combinatorial chemistry. Original compounds focused primarily on a hydroxamate moiety as the zinc-binding group, but intense competition soon resulted in a repertoire of compounds, which contained various functional groups that were optimised for potency, selectivity and bioavailability.

Activation/Inactivation of MMP

Common Chelators

MMPs are generally inhibited by compounds containing reactive zinc-chelating groups, such as thiol or hydroxamate. MMP should be blocked by the Mg 2+ /Ca 2+ chelator EDTA, the -SH group of cysteine or captopril, an inhibitor of angiotensin converting enzyme, which coordinate to the zinc atom. Several enzymes involved in the metabolism of extracellular matrix components, such as MMP, were also shown to be inhibited by excess (>5 µM) metal ions [71]. It is believed that metal ions, such as Zn 2+ , Cd 2+ and Cu 2+ , interact with amino acid residues causing conformational changes that inactivate the catalytic function of MMPs. AP-1, activator protein-1; MAPK, mitogen activated protein kinase; NF-κB, nuclear factor κB; PAI-1, plasminogen activator inhibitor; PKC, protein kinase C; PKA, protein kinase A; TK, tyrosine kinase.

Antibiotics

market today, and it is used as a treatment for periodontal disease, an inflammatory condition similar to lung diseases, in which MMPs degrade gingival tissues and bone resulting in tooth loss [76].

A number of natural antibiotics have been used as inhibitors of MMPs; in most cases these seem to act by chelation. Doxycycline and other derivatives of tetracycline are potent MMP inhibitors. Inhibition of MMPs by doxycycline occurs independently of antimicrobial activity [72]. The beneficial effect of doxycycline on ECM degradation in animal models and human has been attributed to the inhibition of MMPs [73]. Doxycycline may reduce airway inflammation and hyperresponsiveness through phosphatidylinositol 3-kinase pathway in a murine model of TDI-induced asthma [74]. Furthermore tetracycline 3, a potent inhibitor of neutrophil MMPs and neutrophil elastase with minimal toxicity, prevent lung injury in porcine endotoxin-induced airway respiratory distress syndrome (ARDS) model [75]. The tetracycline derivative, doxycycline, is the only active site MMP inhibitor on the

Propeptide Domain

The propeptide domain from MMP, containing a conserved sequence in which the cysteine is coordinated to the zinc atom at the active site, was able to inhibit activated MMP. Indeed the loss of this profragment converts the latent proenzyme species into a stable active enzyme species. Free cysteine was also an effective inhibitor, whereas reduced glutathione was a less effective inhibitor. Stetler-Stevenson et al. [77] were the first to pursue this idea. They prepared a peptide of 14 residues matching the MMP-2 propeptide and demonstrated this conserved prosegment sequence is an inhibitor of active MMP-2.

A novel class of cyclic peptides containing an HWGF motif was described. They are specific inhibitors of MMP-2 and MMP-9. Although the inhibitory mechanism of the CTTHWGFTLC peptide is still unclear, it is tempting to speculate that the tryptophan residue in the HWGF motif may bind to the hydrophobic pocket of the substrate cleft in the enzyme and that the histidine residue may act as a ligand for the catalytic zinc ion. Novel gelatinase inhibitors such as CTTHWGFTLC specifically inhibit MMP-2 and MMP-9 [78].

processes, including inflammation, chronic degenerative diseases and tumour invasion. It seems logical to use MMPs inhibitors in the treatment of asthma and COPD, both diseases being characterised by an excess in proteolytic activity, resulting from an increase in MMPs [86]. TIMPs bind tightly to the active sites of nearly all MMPs and block their activity. However, under disease states, these endogenous inhibitors often become saturated with MMPs, resulting in elevated levels of active MMPs. Initially, enzyme inhibitors were designed to mimic MMP substrates, blocking the active sites of MMPs [50]. Although numerous inhibitors have shown promise early on, unfortunately, most have been plagued by adverse reactions and side effects. Because the catalytic domains of MMPs are highly conserved, active site inhibitors typically block a broad spectrum of MMPs, and side effects may be caused by the inhibition of MMPs required for normal physiology [87].

The autocatalytic processing of MT1-MMP on the cell surface leading to the release of a major 44-kDa membranetethered degradation form lacking the catalytic domain and, concomitantly a fragment of the catalytic domain is released into the extracellular space as an inactive 18-20-kDa soluble form [79]. The non-autocatalytic shedding leads to the release of the entire ectodomain by a yet unknown protease. The autocatalytic shedding is inhibited by the natural MT1-MMP inhibitors, TIMP-2 and TIMP-4, and high affinity synthetic MMP inhibitors like marimastat. Consequently, these inhibitors stabilise active MT1-MMP on the cell surface.

TIMP-1 and TIMP-2 can inhibit tumour growth, invasion, and metastasis in experimental models which has been associated with their MMP inhibitory activity. Recent developments in TIMP research suggest that TIMP-1 and TIMP-2 are multifunctional proteins with diverse actions. Both inhibitors exhibit growth factor-like activity and can inhibit angiogenesis. Structure-function studies have separated the MMP inhibitory activity of TIMP-1 from its growth promoting effect. TIMP-3 is the only member of the TIMP family which is found exclusively in the extracellular matrix (ECM). It is regulated in a cell cycle-dependent fashion in certain cell types and may serve as a marker for terminal differentiation. The most recently discovered TIMP, TIMP-4, may function in a tissue-specific fashion in extracellular matrix hemostasis. TIMPs are important in malignancy, regulation of cell morphology and organ morphogenesis, and all sorts of tissue remodelling.

Macroglobulins

Human α 2 -macroglobulin is a large plasma glycoprotein that binds nonspecifically to active proteinases and inactivates them [80,81,82]. Alpha2-macroglobulins inactivate susceptible proteinases by entrapment following cleavage of the bait region [83,84]. The proteinase cleaves one or more bonds in the 40 residue bait region and thereby initiates a conformational change that lead to entrapment of the proteinase. Although the catalytic activity of the MMPs is not inhibited per se, their physical entrapment keeps the enzyme from interacting with natural substrates, and the α2macroglobulin/MMP-2 complex is eventually endocytosed and permanently cleaved [84].

An interesting approach would be to administer the endogenous antiproteases TIMPs by viral vector gene delivery or as recombinant proteins. However, viral vector gene delivery is unlikely to provide sufficient protein and the production of large amounts of recombinant protein is most probably not cost effective. For this reason, there is an increased interest in the development of synthetic MMP inhibitors.

Plasminogen Activator Inhibitor-1

Plasminogen activator inhibitor (PAI)-1 is the main inhibitor of the fibrinolytic system and is known to play an essential role in tissue remodelling. PAI-1 inhibits fibrinolysis by blocking the conversion of plasminogen to plasmin [85]. PAI-1 also plays a role in the control of MMP activation. PAI-1 promotes collagen deposition in the airways of ovalbumin-challenged mice by inhibiting the activity of MMP-9. After ovalbumin challenge, MMP-9 activity was approximately 3-fold higher in lung tissue and BAL fluids from PAI-1-deficient mice than wild-type mice. This suggests that PAI-1 may promote ECM deposition by inhibiting fibrinolysis and MMP-9 activity [40].

Synthetic Inhibitors of MMPs

The first synthetic MMP inhibitors (MMPIs) were developed in the early 1980s. These were pseudopeptide derivatives based on the structure of collagen molecule at the site of initial cleavage by interstitial collagenase. The inhibitor binds reversibly at the MMP active region utilising a zinc-binding group. Several zinc-binding groups have been tested, with hydroxamates appearing to be the most useful and being employed in the majority of inhibitors currently in development. If a hydroxamate inhibitor is first bound to MMP, this occludes the active centre and TIMP cannot bind [89].

Tissue Inhibitors of MMPs

In the extracellular matrix, specific tissue inhibitors of MMPs (TIMPs) control the enzyme activity by forming a stoichiometric enzyme-inhibitor complex with the activated enzyme. The endogenous inhibitors of MMPs maintain a physiologic balance between active and inactive MMPs in the body. Natural inhibitors of MMP activity were originally considered for clinical development. The major function of the TIMPs is the inhibition of proteolytic activity. All TIMPs inhibit all MMPs. Accelerated breakdown of ECM occurs in various lung pathological Synthetic inhibitors were used in animal models in 1988, when a broad-spectrum MMPI called SC-44463 blocked experimental metastasis in mice [90]. An important advancement in the clinical development of MMPIs occurred in 1992, when batimastat (BB-94), a broad-spectrum hydroxamic-acid derivative based on the structure of collagen, became the first MMPI to be tested in humans but its development was hampered by poor bioavailability [87]. The barrier of poor solubility was overcome by using intraperitoneal and intrapleural administration, which creates a depot of compound and sustained plasma levels. Chemical modification of this compound resulted in the synthesis of marimastat (BB-2516) which retains the activity of its predecessor but has excellent oral bioavailability. Furthermore, a large amount of preclinical data suggests that marimastat and other MMP inhibitors could have important role in the treatment of malignancy [91,92]. Some of the synthetic MMP inhibitors have been evaluated in preclinical and clinical trials, mainly as a treatment option for cancer, including cancer of lung [2], and rheumatoid arthritis [93]. Periostat is the only inhibitor of MMPs that is licensed in the US for the treatment of periodontal disease. Other inhibitors are under investigation: marimastat for the treatment of pancreatic, gastric and lung cancer, prinomastat (AG-3340) for prostate and non small cell lung cancer, tanomastat for pancreatic and small cell lung cancer and neovastat for renal cell carcinoma and non small cell lung cancer [2]. However, most, if not all, synthetic MMP inhibitors lack specificity and the development of several of these drugs has been stopped owing to a lack of efficacy or to unwanted side effects such as musculoskeletal toxicity. It was reported that sustained treatment with marimastat resulted in crippling pain in the joints, starting with the hands and moving through the extremities. Prinomastat, a hydroxamic-acid derivative, is a potent and selective oral inhibitor of matrix metalloproteinase-2, -9, -13 and -14 and is relatively selective for gelatinase as compared with collagenase. Disappointingly it showed similar side-effects to marimastat. By contrast, BAY12-9566, a butanoic-acid analogue with a similar selectivity profile to prinomastat showed no musculoskeletal side effects, but has not been clinically effective. Identification of the enzymes responsible for the joint pain that is induced by MMPIs remains a high priority, as this activity limits the doses of compound that can be administered to patients [80]. This particular selectivity should represent an advantage for prinomastat in terms of efficacy/tolerability. Moreover, the combination of prinomastat and several chemotherapeutic agents was shown to induce additive effects. The drug is currently in phase III clinical trials for patients with non-small cell lung cancer in combination with paclitaxel and carboplatin, as well as in advanced hormone refractory prostate cancer in combination with mitoxantrone. The most common side effects are musculoskeletal pain and stiffness. These side effects generally stop with treatment interruption. persistent problems of specificity for the targeted MMP, and the need for assays to verify inhibition of target enzymes in vivo.

Regulation of MMP Gene Expression

An alternative approach is blocking the synthesis of MMPs at the level of gene expression. This strategy may allow for the targeted inhibition of these enzymes involved in a particular disease.

Pro-Inflammatory Cytokines

Blocking the action of inflammatory cytokines could have downstream effects on the expression of specific MMPs involved in inflammatory diseases, eliminating nonspecific effects on MMPs required for normal physiology. Biologic therapies directed against inflammatory cytokines have shown efficacy in pulmonary diseases. For example, antibody therapies directed against TNF-α, infliximab and etanercept, reduce severe asthma [94] and idiopathic pulmonary fibrosis (IPF) [95]. In addition, targeting IL-1 with the recombinant human IL-1 receptor antagonist anakinra, improves interstitial lung disease symptoms [96]. Because IL-1 and TNF-α induce MMP-1, MMP-2, MMP-3 and/or MMP-9 expression during lung injury, it is likely that these therapies also reduce expression of these critical collagen-degrading enzymes [97][98][99]. However, the broad anti-inflammatory effects of these agents may suppress immune functions, leading to increased susceptibility to infections [100] and even lymphoproliferative disorders.

Signalling Pathways

Another strategy for blocking or activating MMP gene expression is to target the signalling pathways regulating these genes. It is, therefore, important to consider growth and/or invasion specific signalling cascade that could serve as targets for chemical regulators or dominant negative kinase mutants and antisense oligonucleotides. Although synthesis of MMPs shows a general, albeit differential, sensitivity to growth factors and cytokines [7,101], and specific tyrosine kinase- [102], protein kinase C- [103,104], protein kinase A- [99] and Src- [102] dependent mechanisms have been identified, the control of these enzymes by extracellular stimuli is largely unknown. A role for extracellular regulated kinase (ERK) in matrix remodelling has been shown using human fibroblasts, in which ERK was associated with inhibition of collagen type I expression [28]. Recently, Mercer et al. [105] have demonstrated a central role for ERK in cigarette smoke-induced MMP-1 activity in lung epithelia and in emphysema-associated pathologies. Regarding inhibition of MMP expression at the level of kinase pathways, it is possible that selective chemical inhibitors for distinct pathways (e.g. MAPK, PKC) will, hopefully, soon be available for initial clinical trials. Underwood et al. [106] have shown that the p38 inhibitor SB203580 reduces neutrophilia, inflammatory cytokines, MMP-9 and fibrosis in lung. In the same way, the selective inhibitor of JNK, SP600125, reduces neutrophil influx into the lungs and proinflammatory gene products, such as MMP-9 expression in bronchoalveolar lavage fluid stimulated with LPS [107]. Although these agents have shown some efficacy in pulmonary diseases models, it is evident that multiple signalling pathways regulate MMP In 2000, virtually all the main pharmaceutical companies had MMPIs in clinical development. Now, in early 2006, the scene has cooled considerably owing to the failure of several phase III clinical trials to show any survival benefit of MMPI treatment, and, in the case of BAY12-9566, alarming reports that patients who were treated with an MMPI fared worse than their placebo-treated counterparts [2]. Several factors probably contributed to the failure of these early clinical trials, and these must be investigated before we can conclude that MMP inhibition has no therapeutic benefit. Side effects could be reduced by increasing selectivity for specific MMPs or by targeting delivery to the lung parenchyma. Among these are the expression. Therefore, combination therapies targeting multiple pathways might optimise the inhibition of MMP gene expression.

interacting with other transcription factors [117]. These receptors have been implicated in diseases such as cancer and remodelling-associated pathologies. Recent efforts have focused on identifying their target genes and developing selective ligands to modulate the activity of these genes. MMPs are regulated by a number of nuclear hormone receptors and their ligands. Although the promoters of MMP genes lack hormone response elements, a number of nuclear receptors and their ligands regulate the transcription of these genes through protein-protein interactions between nuclear receptors and other transcription factors, such as AP-1 [118] and NFκB [119]. Although glucocorticoids are potent inhibitors of MMP gene expression, these compounds also have broad anti-inflammatory effects and are associated with numerous side effects in vivo, limiting their use for longterm therapy. Similarly, vitamin A derivatives, such as naturally occurring all-trans retinoic acid regulate expression of MMPs. Retinoids interact with retinoid acid receptors (RARs) and retinoid X receptors (RXRs), which form heterodimers [118]. MMP-1 and MMP-2 are repressed by retinoids, through RAR/RXR interactions and suppression of c-Jun transcriptional activity [120]. However, like glucocorticoids, retinoids also are associated with side effects, and their clinical use has been limited to skin diseases such as acne and psoriasis, and to the chemotherapy of some cancers, such as bronchial carcinoma [121,122]. More recently, novel synthetic retinoid derivatives have been synthesised, and these may reduce toxicity and inhibit MMP gene expression through more selective pathways, representing new designer retinoids for the future [121,122]. A RARα antagonist suppressed MMP-1 and MMP-2 synthesis in the melanoma cell line [123]. The retinoids represent still another group of related compounds with clinical potential since they bind specifically to RXRs and not to RARs, thereby conferring specificity in terms of target genes [121,124].

Over-expression of selective dual MAPK phosphatases have been shown to prevent MMP promoter activation [108][109][110] which could also be used as a novel strategy to prevent activation of activator protein-1 (AP-1) and nuclear factor κB (NF-κB) transcription factors and MMP promoter in vivo. Both IL-1β and TNF-α, regulate the synthesis and activation of AP-1, through mitogen-activated protein kinase (MAPK) signalling pathways [111]. For example, the c-Jun Nterminal kinase (JNK) phosphorylates c-Jun and generates an active DNA-binding AP-1 complex. In response to inflammatory stimuli, AP-1 also induces the synthesis of c-Fos and c-Jun mRNAs. Another MAPK, p38, activates factors required for the synthesis and activation of AP-1 [111]. NF-κB activation seems to be an important mechanism underlying both LPS-induced NO production, and also MMP-9 activity and resulting neutrophil recruitment [97,112]. Then, the activation of NF-κB binding to various gene promoter regions appears to be a key molecular event in the initiation of LPS-induced pulmonary disease. Therefore, MAPK pathways are critical signalling mediators of inflammatory cytokines, and these pathways target factors required for the expression of MMPs.

Natural Products

Natural products have been characterised for their effects on MMP gene expression. Green tea catechins reduce MMP-2 and MMP-9 levels [113]. Curcumin lowers MMP-1 and MMP-13 expression through mechanisms involving NFκB and AP-1 pathways, [97,114]. Extracts from the plant tripterygium wilfordii Hook F (TWHF) also suppress the expression of these genes in chondrocytes [115]. Therefore, synthetic and natural product inhibitors of MMP gene expression might serve as therapeutic agents to reduce parenchyma destruction.

Transcriptional Regulation of MMP Genes Another class of compounds that can decrease MMP gene expression are the triterpenoids, naturally occurring plant compounds formed by the cyclisation of squalene. Triterpenoids contain 30 carbon molecules arranged into rings, and their structures are reminiscent of steroid hormones. Oleanolic acid and its isoform, ursolic acid, are abundant triterpenoids isolated from plants such as ginseng, eucalyptus, and rosemary. Thousands of triterpenoids have been isolated from various plant species, and these compounds may be involved in host-defense mechanisms by protecting plants from pathogens. Triterpenoids have been critical components of Asian folk medicine for centuries, suggesting that they have beneficial properties, even though scientific studies indicate that naturally occurring triterpenoids lack potency. Numerous studies have shown beneficial activities of these compounds in animal models of cancer, liver disease, and atherosclerosis, suggesting that these interesting compounds may lead to the development of novel therapeutics [116].

Matrix metalloproteinases are expressed in a tissuespecific manner, and their synthesis is tightly regulated at the level of gene expression. Understanding these regulatory mechanisms should be from the rationale for developing gene-specific therapies to suppress MMP gene expression. In several tissues including lung, some MMPs are expressed constitutively (MMP-2, MT1-MMP), although others (MMP-1, MMP-3, MMP-9, and MMP-13) are induced by inflammatory cytokines such as IL-1 and TNF-α. The promoters of the MMP genes have been well characterised, and AP-1 was demonstrated as a key regulator of MMP transcription. AP-1 is a transcription factor complex composed of c-Fos/c-Jun heterodimers or c-Jun/c-Jun homodimers [80]. The MMP-1, MMP-3, MMP-9, and MMP-13 promoters contain a proximal AP-1 enhancer element at -70bp, and this site is critical for expression [80]. AP-1 proteins cooperate with other transcription factors, such as erythroblastosis 26 transformation-specific (Ets) proteins, to cooperatively activate transcription of these genes [125]. Newly characterised Ets target genes such as tenascin-C and collagen type I suggest their role in diseases characterised by aberrant collagen deposition (i.e. lung fibrosis). Ets factors may function as activators or as repressors via association with specific cofactors depending on the promoter context. The role of Ets factors in tumour

Nuclear Hormone Receptors and their Ligands

Many compounds that inhibit MMP gene expression act through nuclear hormone receptors, a large family of ligandactivated transcription factors that regulate the expression of genes by binding to specific promoter sequences or invasion is mainly related to transcriptional activation of enzymes that are involved in ECM degradation such as serine proteases, MMPs and TIMPs. Recent studies suggest that the function of Ets factors may not be limited to regulating genes involved in the degradative pathways [126]. 138]. TIMP-1 expression by lung parenchymal cells and inflammatory cells seems to be crucial in limiting the response to acute injury. However, TIMP-1-deficient phenotype in response to acute lung injury was not found in TIMP-2-deficient mice [139]. These results underline TIMP-1 functions in pathogenesis of some lung diseases. So TIMPs, and especially TIMP-1, should represent a potential target for therapeutic intervention aimed at the modification of lung pathology by restoring the physiological balance between MMPs and TIMPs. NF-κB is another cytokine-induced transcription factor with an important role in the regulation of MMP expression. NF-κB is composed of p50 and p65 subunits, which translocate into the nucleus upon phosphorylation of the inhibitor of NF-κB (I-κB) [80]. MMP-1, MMP-3, and MMP-9 promoters contain binding sites for NF-κB, and activation of NF-κB is required for transcriptional induction of these genes [97,112,114]. However MMP-2 promoter seems to be very different from other MMPs promoter. MMP-2 is constitutively expressed and not regulated by AP-1 and NF-κB. No NF-κB site has been identified in MMP-2 as in MT1-MMP promoters, but recently a p53 binding site has been reported, which can mediate MMP-2 transactivation after DNA damage [127]. NF-κB can also transactivate p53 [128] and would be able to indirectly induce MMP-2 transcription.

Regulation of Activity and Expression of EMMPRIN

The capacity of EMMPRIN to stimulate MMPs production and expression is clearly demonstrated in several studies concerning in vivo and in vitro models of lung pathological processes such as cancer, emphysema [24] and pulmonary fibrosis [22]. Inhibition of EMMPRIN-induced activation of MMPs should generate a great deal of therapeutical interest.

HAb18G is a new hepatoma-associated antigen recently cloned by hepatoma monoclonal antibody HAb18 screening from human hepatocellular carcinoma cDNA library [140]. Like CD147/EMMPRIN, HAb18G is a highly glycosylated transmembrane protein of 60 kDa with an ectodomain consisting of two regions exhibiting the characteristics of the immunoglobulin superfamily [140]. Effectively, the amino acid sequence of HAb18G is identical to that of CD147/EMMPRIN and it was demonstrated that HAb18G stimulates fibroblast cells and PMA differentiated THP-1 to produce elevated levels of several MMPs including MMP-1, MMP-2, and MMP-9 [140,141]. In the light of these findings, a HAb18G/CD147 antagonistic peptide, AP-9, was developed. The elevated expression and activation of MMPs from THP-1 cells were blocked by AP-9 [141]. Recently, metuximab, a murine HAb18 F(ab')2 fragment specific for EMMPRIN, has been developed in the iodine 131 -labeled form and is being tested for safety and clinical efficacy in hepatocellular carcinoma in China [13].

Transforming Growth Factor-

Transforming growth factor β (TGF-β) is another regulator of MMP expression, which may be a therapeutic target. It is expressed in mesenchymal airways cells and in inflammatory cells, where it could have both stimulatory and repressive effects [99,129]. TGF-β signals through the TGF-β receptor complex and activates smads, which in turn translocate into the nucleus and regulate gene expression [130]. Smad complexes consist of receptor-activated smads (smad2, smad3) that are phosphorylated by the TGF-β receptor, and co-smads (smad4) that dimerise with the phosphorylated smads. TGF-β signalling is inhibited by smad7, which binds to the TGF-β receptor and blocks the phosphorylation of receptor-activated smads [130]. In response to TGF-β, smads regulate the expression of MMPs, either by binding directly to promoter elements or through interactions with other transcription factors [131]. The MMP-1 and MMP-3 promoters contain a TGF-β inhibitory element responsible for repression by TGF-β [125]. Smad3 represses MMP-1 expression [132]. Smad3 null mice (knockout) develop progressive age-related increases in the size of alveolar spaces, associated with high spontaneous presence of matrix metalloproteinases (MMP-9 and MMP-12) in the lung [133]. Furthermore interactions between smads and AP-1 regulate MMP-13 [134]. In summary, AP-1, Ets, NF-κB, and smad proteins play important roles in the regulation of MMP gene expression, and modulation of these transcription factors may alter the levels of MMPs and impact lung disease processes.

The abnormally high levels of EMMPRIN in cancer cells have also been attributed to dysregulation of epithelial growth factor receptor (EGFR) signalling. Indeed EMMPRIN synthesis and MMP induction are upregulated by the activation of the EGFR signalling pathways [142]. The signalling events downstream of EMMPRIN interactions that result in stimulation of MMP production are not yet established but MAPK p38 has been implicated in induction of MMP-1 production [28] and activation of 5lipoxygenase and phospholipase A2 in MMP-2 production [143]. In addition, a disruptive role for EMMPRIN in calcium mobilisation through G-protein sensitive pathways has been demonstrated in tumour cells, and it suggested that this effect of EMMPRIN enhances the metastatic potential of hepatocarcinoma cells [13]. The possibility of developing EMMPRIN inhibitors for treatment of cancer should be a future consideration.

Regulation of Activity and Expression of TIMPs

Members of the TIMP gene family may make important contributions to the response to lung injury. Levels of TIMP-1 are increased in the BAL fluid recovered from patients with ARDS [135]. Increased TIMPs immunoreactive protein levels have been identified in the lung biopsies of patients with ARDS or IPF [59,136]. Experimental models also suggest a potential role for TIMPs in the response to lung injury, showing a significant and durable increase in TIMP-1 expression in bleomycin-induced lung injury [137,

CONCLUSION

The expression, production and activity of MMPs have interesting implications for the use of MMP regulators as therapeutic agents. A better understanding of the molecular mechanism regulating the induction and repression of specific MMP may provide valuable insights for developing therapeutic agents. Endogene regulators such as TIMP, EMMPRIN or RECK, and inducers of MMP expression such as inflammatory cytokines, as well as signalling pathways involved, should be targeted to modulate MMP expression. The expression of some MMPs can be blocked by TGF-β, glucocorticoid hormones and the vitamin A analogues, retinoids. However, all of these compounds act on many genes and result in undesirable side effects and toxicities. The emergence of targeted ligands for specific retinoid receptors has begun to resolve these difficulties, as has the appearance of plant derivatives that could selectively inhibit one MMP over another. Insights might be gained as to the preference for a general MMP inhibitor as opposed to an inhibitor designed to be specific for certain MMP family members. The generation of mice that are deficient for many MMPs, and their use in sophisticated genetic models of disease will provide important information about which MMP family members or regulators to target for therapeutic applications. Although the role of MMPs as mediators of biology and pathology, and as targets for lung diseases therapies is clearly underline, all the possibility of regulation for MMPs expression, production and activation have not been discovered, and it will be essential to understand the many ways in which these enzymes can influence complex biological and pathological processes.
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 1 Fig. (1). Overview of regulation of MMPs expression, production and activity. Plasmin, extracellular matrix metalloproteinase inducer (EMMPRIN) and MMPs themselves occur as endogenous MMPs inducers and activators. In pathological conditions proinflammatory cytokines, such as IL-1β and TNF-α, should increase MMPs level through signalling pathway and transcription factors activation whereas some anti-inflammatory cytokines, such as IL-10 and TGFβ, decrease MMPs expression. Inhibition of MMPs should also occurs through endogenous tissue inhibitors of MMPs (TIMPs) and reversion-inducing-cysteine-rich protein with Kazal motifs (RECK) as well as propeptide domain, common chelators, plasminogen activator inhibitor and macroglobulins. Furthermore, antibiotics and glucocorticoids are also known to have properties of inhibition of MMPs. Therapeutical benefit of MMPs inhibition involved the development of several synthetic inhibitors that binds reversibly at the MMP active region utilising a zinc-binding group.