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ABSTRACT
Matrix metalloproteinases (MMPs) are a group of proteolytic enzymes collectively
responsible for the metabolism of extra cellular matrix components. Disturbance of the
physiological balance between MMPs and their endogenous inhibitors, tissue inhibitors of
metalloproteinases (TIMPs), is implicated in several inflammatory diseases characterized by
tissue degradation. Enhanced expression of MMPs including MMP-1 and MMP-3 is
demonstrated in gingival connective tissue of individuals with periodontal diseases, but the
underlying mechanisms are not well understood.

The general aim of this thesis was to investigate the expression and regulation of MMP-1
and MMP-3 as well as their inhibitor TIMP-1 in human gingival fibroblasts in response to cell
interactions with monocytes or to inflammatory mediators.

The effect of cell interactions between gingival fibroblasts and monocytes on the
expression of MMP-1 and TIMP-1 was studied using a co-culture model, where the cells were
cultured either in direct cell-to-cell contact or separated by a membrane to prevent cell
contact. Cell interactions of fibroblasts and monocytes stimulated the expression of MMP-1
and TIMP-1 in the fibroblasts as well as in the co-culture medium. The stimulatory effect of
cell interactions of fibroblasts and monocytes on the expression of MMP-1 was partly
dependent on cell-to-cell contact as well as on the number of fibroblast and monocytes in the
co-cultures. The increased expression of MMP-1 in the fibroblasts was mediated partly by the
adhesion molecule inter-cellular adhesion molecule-1 (ICAM-1) and the signal pathway p38
mitogen activated protein kinase (p38 MAPK). Furthermore, the expression of MMP-1 was
reduced in the presence of dexamethasone and doxycycline.

The effect of cytokines on the expression of MMP-1 and MMP-3 was investigated by
culturing the gingival fibroblasts in the absence or presence of interleukin-1β (IL-1β), tumor
necrosis factor α (TNFα) or epidermal growth factor (EGF). These cytokines stimulated the
expression of MMP-1 as well as MMP-3 in a time-dependent manner. Furthermore, the
stimulatory effect of IL-1β and TNFα on MMP-1 and MMP-3 expression was mediated
partly by the signal transduction pathways tyrosine kinase and p38 MAPK.

The expression of MMP-1 and TIMP-1 in gingival fibroblasts was also stimulated by the
protein kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA). The PMA
stimulated MMP-1 expression was synergistically upregulated by IL-1β as well as by the
Ca2+-ionophore A23187. However, the expression of TIMP-1 was not upregulated by the
cytokine IL-1β and reduced by the Ca2+-ionophore.

In summary, this thesis demonstrates that cell interactions between gingival fibroblasts and
monocytes result in enhanced expression of MMP-1 and TIMP-1 in human gingival
fibroblasts and that ICAM-1 and p38 MAPK are involved in the stimulated MMP-1
expression.  Expression of MMP-1 and MMP-3 in gingival fibroblasts is also stimulated by
the cytokines IL-1β, TNFα and EGF and partly regulated by p38 MAPK, tyrosine kinase and
PKC. The stimulatory effect of monocytes and inflammatory mediators on the expression of
MMP-1 and MMP-3 in gingival fibroblasts may contribute to tissue degradation in
periodontal diseases.

Keywords: matrix metalloproteinases, tissue inhibitor of metalloproteinases, gingival
fibroblasts, monocytes, periodontal diseases
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ABBREVIATIONS

BIS Bisindolylmaleimide
BME Eagle´s basal medium
COX-2 Cyclooxygenase-2
DAB Diaminobenzidine
DMEM Dulbecco´s modified Eagle´s medium
DNA Deoxyribonucleic acid
ECM Extracellular matrix
EDTA Ethylenediaminetetraacetic
EGF Epidermal growth factor
ELISA Enzyme linked immunosorbant assay
FACS Fluorescence activated cell sorter
FCS Foetal calf serum
FITC Fluorescein isothiocyanate
GAPDH Glyceraldehydes-3-phosphate dehydrogenase
HRP Horse radish peroxidase
HSS-HRP High sensitivity streptavidine HRP
ICAM-1 Intercellular adhesion molecule-1
IL-1β Interleukin-1β
MAPK Mitogen activated protein kinase
MFI Mean fluorescence intensity
MMP-1 Matrix metalloproteinase-1
MMP-3 Matrix metalloproteinase-3
PBMC Peripheral blood mononuclear cells
PBS Phosphate buffered saline
PE Phycoerythrin
PGE2 Prostaglandin E2

PKC Protein kinase C
PMA Phorbol 12-myristate 13-acetate
PTK Protein tyrosine kinase
RNA Ribonucleic acid
mRNA Messenger RNA
RT-PCR Reverse transcription polymerase chain reaction
TIMP-1 Tissue inhibitor of metalloproteinase-1
TNFα Tumor necrosis factor α
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INTRODUCTION
Maintenance of the extracellular matrix (ECM) is critical for the normal development

and function of the tissues. The integrity of the ECM requires a balance between the

amount and activity of matrix-degrading enzymes and their associated tissue

inhibitors. In this context, the matrix metalloproteinases (MMPs) are of major

importance. The MMPs are a group of zinc- and calcium-dependent endopeptidases

capable of degrading almost all constituents of the extracellular matrix and the

basement membrane (Egeblad and Werb, 2002). In addition, MMPs have the ability

to cleave other molecules including cytokines, growth factor precursors, cell adhesion

molecules as well as MMPs themselves (McCawley and Matrisian, 2001). Because of

this broad substrate specificity, MMPs may be regarded as a group of multifunctional

enzymes involved in physiological processes such as embryogenesis, normal tissue

remodelling, wound healing and angiogenesis (Birkedal-Hansen, 1993a; Kähäri and

Saarialho-Kere, 1997; Nagase, 1997; Rundhaug, 2005). However, MMPs are also

involved in pathological conditions, such as rheumatoid arthritis, atherosclerosis,

cancer and periodontal diseases (Nagase, 1997; Lijnen, 2002; Egeblad and Werb,

2002; Vincenti and Brinckerhoff, 2002; Ejeil et al., 2003). With respect to oral

diseases, correlations between tissue degradation and MMPs have been investigated

most intensively in periodontal diseases, but MMPs have also been detected in

dentinal caries, inflamed dental pulps, periapical lesions, lichen planus lesions and

oral squamous cell carcinomas (Sutinen et al., 1998; Tjäderhane et al., 1998; Shin et

al., 2002; Sorsa et al., 2004).

PERIODONTAL DISEASES

Periodontal diseases, ranging in severity from gingivitis to periodontitis, are

inflammatory conditions of the periodontium, which comprises four principal

components: gingiva, periodontal ligament, alveolar bone and cementum. The

primary sequence of events in periodontal diseases is the initiation of an

inflammatory-immune response in the gingiva to the bacterial biofilm at the tooth

surface. This highly-regulated response involves neutrophils, macrophages, epithelial

cells, endothelial cells, fibroblasts and the complement system (Genco and Slots,

1984; Bartold et al., 2000).

Bacterial compounds in the bacterial biofilm, including lipopolysaccharides

(LPS) and lipoteichoic acids, interact with toll-like receptors on epithelial cells,



2

leukocytes and fibroblasts and stimulate the production of cytokines such as

interleukin-1β (IL-1β), tumor necrosis factor α (TNFα), interleukin-6 (IL-6), IL-8,

macrophage inflammatory protein-1a, monocyte chemotactic protein-1, -5, and

prostaglandin E2 (PGE2) (Page, 1991; Madianos et al., 2005). These mediators, as

well as bradykinin and kallidin, stimulate the extravasation of neutrophils and

monocytes from the blood vessels by increasing the vascular permeability as well as

the expression of adhesion molecules such as intercellular adhesion molecule -1

(ICAM-1) and P-selectin on endothelial cells (Gemmel et al., 1994; Nedbal et al.,

2002; Madianos et al., 2005). In order to accommodate the infiltrate of leukocytes,

fibroblasts stimulated by IL-1β and TNFα secrete MMPs that degrade ECM

molecules, including collagen (Madianos et al., 2005).

Although the above-described immuno-inflammatory response is intended to

eliminate the infection, it may also result in tissue destruction. The increased

expression of inflammatory mediators, including IL-1β and TNFα, as well as

bacterial products, including LPS, stimulates the expression of MMPs in fibroblasts,

epithelial cells, keratinocytes, endothelial cells, mast cells, macrophages, neutrophils

and lymphocytes (Makela et al., 1994; Tervahartiala et al., 2000; Dahan et al., 2001;

Naesse et al., 2003). Several MMPs, including MMP-1, -2, -3, -7 -8, -9, -13, have

been detected in gingival tissue and in gingival exudates, the gingival crevicular fluid

(GCF) (Aiba et al., 1996; Kubota et al., 1996; Nomura et al., 1998; Tervahartiala et

al., 2000; Alpagot et al., 2001; Séguier et al., 2001; Ejeil et al., 2003).

The activity of MMPs is tightly controlled by their endogenous inhibitors, tissue

inhibitors of metalloproteinases (TIMPs), especially TIMP-1 and TIMP-2, produced

by fibroblasts, endothelial cells, keratinocytes, mast cells and macrophages (Kubota

et al., 1997; Naesse et al., 2003). In periodontal diseases, there is an imbalance

between MMPs and TIMPs, primarily due to increased MMPs, but also as a result of

decreased expression of TIMPs. Several reports have demonstrated an imbalance of

MMP-1 and MMP-3 with their inhibitor TIMP-1 in periodontal diseases (Soell et al.,

2002; Tüter et al., 2002; Tüter et al., 2005). Furthermore, the increased expression of

MMP-1 and MMP-3 detected in gingival tissue correlates to increased collagen

degradation in the gingival tissue (Séguier et al., 2001; Ejeil et al., 2003).  Gingival

fibroblasts, the predominant cell type in gingival connective tissue, in response to

inflammatory response, are believed to contribute to the enhanced levels of MMP-1

and MMP-3 detected in periodontal disease.
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MATRIX METALLOPROTEINASES (MMPS)

Functional and structural properties of MMPs

The first MMPs were discovered in 1962, on a frog tail undergoing resorption (Gross

and Lapière, 1962). Since then a number of additional MMPs have been identified. At

present, the MMP family comprises 23 members, numbered in order of discovery,

beginning with MMP-1. The MMPs are structurally related membrane or soluble

endopeptidases. Despite overlapping substrate specificity, the MMPs are classified

into five main subgroups, according to substrate specificity: collagenases, gelatinases,

stromelysins, membrane-type MMPs and other MMPs (Table 1) (Kelly and Jarjour,

2003). The collagenases are primarily responsible for degradation of collagen fibers.

The gelatinases are capable of cleaving gelatin, as well as some collagen molecules,

especially type IV collagen. The stromelysins have a broad substrate spectrum,

including collagen, elastin, laminin, and proteoglycans. The membrane-type MMPs

cleave proteoglycans, fibronectin, laminin and collagen (Brinckerhoff et al., 2000;

McCawley and Matrisian, 2001; Kelly and Jarjour, 2003; Chakraborti et al., 2003).

Most cell types have the ability to produce one or several MMPs, as

demonstrated in Table 1. The MMPs are synthesized as inactive proenzymes

(proMMP) and most are activated extracellularly, with the exception of MMP-11,

MMP-23, MMP-28 and the membrane-type MMPs that can be activated

intracellularly. The inactive proMMPs have a characteristic multidomain structure

common for most MMPs, including MMP-1 and MMP-3. Starting from the N-

terminus, MMPs consist of (i) the signal peptide (prepeptide), (ii) the propeptide, (iii)

the catalytic domain, (iv) the hinge region and (v) the hemopexin-like domain in the

C-terminus (Fig. 1). The signal peptide guides the MMP in the cell and is cut off

during transit from the cell. The propeptide domain maintains the latency of the

proMMP through a cysteine residue that ligates a zinc atom in the active site of the

catalytic domain. During activation of proMMP, which is a stepwise process

involving several proteinases, the linkage between the cysteine residue in the

prodomain and the catalytic zinc in the catalytic domain is disrupted and the

prodomain is eventually cut off. The catalytic domain contains the zinc-containing

active site as well as additional zinc and calcium ions, which contribute to the

maintenance of the three-dimensional structure of MMP. The hinge region that links

the catalytic domain to the hemopexin-like domain mediates interactions with its

endogenous inhibitors TIMPs. The hemopexin-like domain plays a key role in
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substrate specificity as well as in the maintenance of the structure of MMP (Lijnen,

2002; Egeblad and Werb, 2002).

MMP-1 and MMP-3

The first human collagenase to be purified was collagenase-1 (MMP-1), also referred

to as interstitial collagenase or fibroblast collagenase (Brinkerhoff and Matrisian,

2002; Pardo and Selman, 2005). This enzyme was designated MMP-1 and has served

as a prototype for the collagenases. Like many MMPs, it is undetectable in normal

resting tissue, although in vitro it is produced by a variety of cells such as fibroblasts,

keratinocytes, endothelial cells, epithelial cells and monocytes (Table 1) (Pardo and

Selman, 2005). MMP-1 is situated on chromosome 11 and the protein comprises an

unglycosylated form of ~52 kDa as well as a glycosylated form of 61 kDa. After

activation extracellularly, which involves proteinases including plasmin, chymase,

kallikrein and other MMPs such as MMP-3, the size is reduced to ~43 kDa (Murphy

et al., 1987; Woessner and Nagase, 2000; Kerkelä and Saarialho-Kere, 2003).

Active MMP-1 initiates the degradation of fibrillar collagen (Brinckerhoff and

Matrisian, 2002). Additionally, other matrix molecules are substrates for MMP-1,

including aggrecan, versican, perlecan and gelatin. MMP-1 can also cleave cell

surface molecules and other non-matrix molecules such as IL-1β, proTNFα and

insulin growth factor binding proteins (McCawley and Matrisian, 2001; Chakraborti

et al., 2003).

Stromelysin-1 (MMP-3), previously also known as collagenase-activating

protein, is produced by a variety of cells, e.g. fibroblasts, monocytes, epithelial cells,

endothelial cells, keratinocytes, vascular smooth muscle cells and chondrocytes

(Table 1). MMP-3 and MMP-1 have many characteristics in common. For example

MMP-3 is also located on chromosome 11 and comprises an unglycosylated form of

52 kDa and a glycosylated form of 64 kDa. After activation extracellularly by

Fig.1. Schematic arrangement of the domain structures of MMP-1 and MMP-3.
Modified from Woessner and Nagase 2000.
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Substrate specificity MMP-number Source

Collagenases MMP-1 fibroblasts, endothelial cells, epithelial cells, 
hepatocytes, keratinocytes, monocytes, osteoblasts,

MMP-8 fibroblasts, endothelial cells, monocytes, neutrophils, 
B-cells, T-cells

MMP-13 fibroblasts, bone cells

Gelatinases MMP-2 fibroblasts, endothelial cells, macrophages, 
neutrophils, T-cells

MMP-9 fibroblasts, dentritic cells, endothelial cells, 
eosinophils, epithelial cells,  keratinocytes, 
macrophages, neutrophils, osteoblasts, T-cells

Stromelysins MMP-3 fibroblasts, endothelial cells, epithelial cells, 
monocytes, vascular smooth muscle cells, 
keratinocytes, chondrocytes

MMP-10 fibroblasts, epithelial cells, keratinocytes, T-cells,
monocytes

MMP-11 fibroblasts, epithelial cells, B-cells

Membrane-type MMPs MMP-14 fibroblasts, epithelial cells, macrophages, 
vascular smooth muscle cells, osteoblasts

MMP-15 fibroblasts, macrophages, T-cells
MMP-16 vascular smooth muscle cells, brain, placenta, T-cells
MMP-17 monocytes, B-cells, brain, reproductive tissues
MMP-24 T-cells, brain
MMP-25 neutrophils, monocytes

Other MMPs MMP-7 epithelial cells, monocytes, T-cells, B-cells, 
mesangial cells

MMP-12 macrophages
MMP-19 monocytes, T-cells
MMP-20 dental enamel
MMP-21 epithelial cells, keratinocytes, monocytes, B-cells, 

T-cells
MMP-23 monocytes, B-cells, T-cells, ovarium
MMP-26 B-cells, keratinocytes
MMP-27 B-cells
MMP-28 T-cells, cartilage

Ahokas et al., 2003; Kelly and Jarjour, 2003; Bar-Or et al., 2003; Momohara, 2004; 
Ahokas  et al., 2005; Pardo and Selman, 2005

Table 1. The subgroups of the MMP family members  and their source
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proteinases such as plasmin, tryptase, kallikrein, chymase and MMP-3 itself

(autoactivation), MMP-3 is reduced in size to 43 kDa (Woessner and Nagase, 2000;

Kerkelä and Saarialho-Kere, 2003; Chakraborti et al., 2003). Active MMP-3 has a

wide variety of substrates, including ECM molecules such as collagen III-V and IX,

gelatin, elastin, proteoglycans and osteonectin. MMP-3 also cleaves non-matrix

molecules such as proIL-1β, proTNFα, MMP-1, MMP-9 and MMP-13 (McCawley

and Matrisian, 2001; Chakraborti et al., 2003; Kelly and Jarjour, 2003).

REGULATION OF MMP-1 AND MMP-3

Regulation of MMP-1 and MMP-3 expression is dependent on both the cell type

producing the MMP and the location of the cell (Chakraborti et al., 2003). In general

MMPs are regulated at three levels: (i) gene transcription, (ii) activation of the latent

proform and (iii) inhibition by the endogenous inhibitors TIMPs (Kelly and Jarjour,

2003). The promoters of MMP-1 and MMP-3 have many similarities (Wenk et al.,

1999), containing sites for the transcription factors ETS and activator protein-1 (AP-

1) (Westermarck and Kähäri, 1999; Chakraborti et al., 2003; Pardo and Selman,

2005). At transcriptional level, both MMP-1 and MMP-3 are regulated by cell-to-cell

interactions, cell-matrix interaction and by cytokines such as IL-1β, TNFα, epidermal

growth factor (EGF), interferon γ (IFNγ), IL-6, IL-4, prostaglandins including PGE2,

and vitamin A derivatives (Ravanti et al., 1999; Westermarck and Kähäri, 1999;

Wassenaar et al., 1999, Martelli-Junior et al., 2003; Jenkins et al., 2004; Ruwanpura

et al., 2004; Sakaki et al., 2004; Maldonado et al., 2004). These extracellular signals

transduce their signals in the cells through different intracellular signal transduction

pathways that activate or repress the expression of MMP-1 and MMP-3 (Fig 2).

Cell-to-cell interactions

Several in vitro studies have demonstrated that the expression of MMPs can be

stimulated by cell-to-cell interactions between structural cells including fibroblasts

and endothelial cells and leukocytes including monocytes/macrophages and

lymphocytes (Huybrecht-Godin et al., 1979; Burger et al., 1998; Hojo et al., 2000;

Zhu et al., 2001a). In periodontal disease fibroblasts are in close contact with

monocytes/macrophages that are heavily distributed in the gingival tissue (Lo et al.,

1999). Interaction between fibroblasts and monocytes may involve several adhesion

molecules such as the integrin family and the family of cellular adhesion molecules
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(CAM). The expression of ICAM-1 on gingival fibroblasts is upregulated in inflamed

gingival tissue and may facilitate interactions between fibroblasts and leukocytes

(Hayashi et al., 1994). ICAM-1 is a member of the immunoglobulin superfamily,

expressed on the cell surface of fibroblasts as well as on endothelial cells and

leukocytes (Anderson and Siahaan, 2003). ICAM-1 interacts with leukocyte function-

associated antigen-1, a member of the β2-integrin family, which is usually expressed

on leukocytes. The intracellular effect of the interaction of ICAM-1 with its ligand is

not well documented (Anderson and Siahaan, 2003; Witkowska and Borawska,

2004), although the expression of ICAM-1 is known to be stimulated by cytokines

such as IFNγ, IL-1 and TNFα (Hayashi et al., 1994).

Fig 2. Schematic drawing of signal pathways involved in the regulation of
the expression of MMP-1 and MMP-3. Protein kinase C (PKC), mitogen
activated protein kinase (MAPK), protein tyrosine kinase (PTK).
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Cytokines

Cytokines are soluble proteins that mediate cellular effects through interaction with

their receptors on the cell membrane. Cytokines are denoted as pro- or anti-

inflammatory mediators depending on their role in the inflammatory response. The

effects of the cytokines depend on the local environment in which they are expressed,

the presence of competing or co-operating elements, and the expression of their

receptors on the target cell, as well as the status of the intracellular signal pathways

processing the cytokine signal in the target cell. In this study the cytokines IL-1β,

TNFα and EGF were used to simulate the inflammatory response.

IL-1β is a pro-inflammatory cytokine that together with IL-1α and IL-1Ra

constitutes the IL-1 gene family. It is produced primarily by monocytes, synthesized

as inactive proIL-1β that is converted to active IL-1β  in the presence of interleukin-

1-converting enzyme and specific cellular proteases, including MMPs (Dinarello,

1996). IL-1β  is a potent inflammatory mediator that inter alia has the capability to

induce the production of cytokines, prostaglandins and MMPs (Dinarello, 1997,

Wassenaar et al., 1999). Through its two membrane-bound and soluble receptors, IL-

1RI and IL-1RII, IL-1β transduces intracellular signals, partly by mitogen activated

protein kinase (MAPK), protein kinase C (PKC) and tyrosine kinase and activates or

induce transcription factors including nuclear factor-κΒ (NF-κΒ), AP-1 and ETS

(Schütze et al., 1994; Matthews et al., 1999; Vincenti and Brinckerhoff, 2002; Siwik

and Colucci, 2004; Maldonado et al., 2004; Kida et al., 2005).

TNFα is a pleiotropic cytokine with strong pro-inflammatory and

immunomodulary properties. TNFα induces production of cytokines, prostaglandins

and MMPs (Papadakis and Targan, 2000). While monocytes/macrophages are the

major source of TNFα, other cells, such as lymphocytes, keratinocytes and fibroblasts

also produce TNFα (Baud and Karin, 2001).  TNFα-induced responses are mediated

through either of its two receptors, TNFR1 and TNFR2, which transduce intracellular

signals partly through MAPK and tyrosine kinase promoting transcription or

activation of transcription factors such as AP-1, NF-κΒ and ETS (Baud and Karin,

2001, Liacini et al., 2003; Siwik and Colucci, 2004).

Epidermal growth factor (EGF) is a polypeptide involved in inflammatory

conditions (Chang et al., 1996). In consistens with IL-1β and TNFα, EGF also

stimulates the production of cytokines and prostaglandins as well as MMPs (Hiraoka

et al., 1992; Modéer et al., 1993; Yucel-Lindberg et al., 1999a). EGF mediates its
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intracellular signals through its receptors, the EGF receptors, which are members of

the family of receptor tyrosine kinase (Wells, 1999). Subsequently signal pathways

including MAPK and PKC and transcription factors, including NF-κΒ, AP-1 or ETS

are activated (Wells, 1999; Venook, 2005).

Signal transduction pathways

There are vast numbers of intracellular signaling messengers, which in co-operation

transduce extracellular signals, resulting in stimulation or repression of gene

transcripts of proteins, including MMPs (Fig. 2). The studies in this thesis included

investigations of the involvement of the protein kinases tyrosine kinase, p38 MAPK

and PKC on the expression of MMP-1 and MMP-3. Protein kinases modify other

proteins by phosphorylation, causing activation of the protein, changes in cellular

location of the target protein or association with other proteins (Davies et al., 2000).

Protein tyrosine kinase is a group of kinases that phosphorylate tyrosine residues

in a target protein. There are 90 tyrosine kinases in the human genome: 58 are

transmembrane receptors and 32 are non-receptor proteins. Src-family is a subgroup

of nonreceptor tyrosine kinases that are expressed ubiquitously in vertebrate cells

(Roskoski, 2005). Aberrations in tyrosine kinase signaling occur in inflammatory

diseases and in cancer (Roskoski, 2005; Venook, 2005). Tyrosine kinase play key

roles in cell differentiation, proliferation, mobility and survival and are controlled by

growth factors, integrins, cytokines and steroids (Venook 2005; Thomas and Brugge,

1997). The tyrosine kinases transduce their signals through co-operation with other

kinases and activate several transcription factors including AP-1 and NF-κΒ and ETS

(Geng et al., 1993; Pankov et al., 1994; Jalali et al., 1998).

MAPK including p38 MAPK are a family of serine and threonine protein kinases

that are activated by phosphorylation. Four subgroups of p38 MAPKs are described:

α and β which are widely expressed, δ which is expressed in lung and kidney, and γ

which is limited to skeletal muscle (Antonescu et al., 2005). All four p38 MAPKs are

activated by upstream kinases in response to inflammatory cytokines, growth factors

and osmotic stress (Antonescu et al., 2005). The p38 MAPK is involved in

transcriptional control of MMPs by promoting transcription or activation of AP-1,

ETS and NF-κΒ (Guha and Mackman, 2001; Chase et al., 2002; Vincenti and

Brinckerhoff, 2002; Kida et al., 2005).
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PKC represents a family of more than 11 calcium and phospholipid-dependent

enzymes, which play a pivotal role in cell signaling systems (Cataisson et al., 2003)

The PKC family is divided into three groups: conventional PKC that requires calcium

and diacylglycerol (DAG) for activation, novel PKC that requires only DAG for

activation and atypic PKC that requires neither calcium nor DAG for activation

(Huang, 1989; Mellor and Parker, 1998; Cataisson et al, 2003). Furthermore, PKC is

also reported to be activated by phorbol esters as well as cytokines, including IL-1β

and TNFα (Schütze et al., 1994). PKC, in co-operation with other kinases such as

MAPK and tyrosine kinase, activates the transcription factors AP-1, ETS and NF-κΒ,

resulting in transcription of various proteins, including MMPs (Schütze et al., 1994;

Mellor and Parker, 1998; Naito et al., 2002; Ding et al., 2005).

Inhibitors of MMPs

Tissue inhibitors of metalloproteinases (TIMPs)

The activity of MMPs is controlled unspecifically by α2macroglobulins and

specifically by their endogenous inhibitors: tissue inhibitors of metalloproteinases

(TIMPs) (Hornebeck, 2003; Kelly and Jarjour, 2003; Pardo and Selman, 2005).

TIMPs comprises a family of four members (TIMP-1, -2, -3, -4), which firmly

controls MMP activity by forming a 1:1 complex with the catalytic zinc at the active

site of MMP (Brinckerhoff and Matrisian, 2002). TIMP-1 and TIMP-2 are expressed

in periodontal tissue and are capable of inhibiting the activities of most MMPs

(Gomez et al., 1997; Brew et al., 2000) although MMP-1 and MMP-3 are preferably

regulated by TIMP-1. The inhibitor TIMP-1 is located at chromosome 11 and has a

molecular weight of 20.6 or 28.5 kDa, depending on glycosylation (Hornebeck,

2003). Normally, TIMPs including TIMP-1 are found only in tissues undergoing

remodelling or breakdown (Woessner, 1991). To balance the action of MMP under

physiological conditions, the same cell producing MMP usually produces TIMP-1

upon stimulation. In gingival tissue affected by periodontitis, TIMP-1 is expressed by

fibroblasts, endothelial cells, keratinocytes, mast cells and macrophage-like cells and

is frequently found in extracellular matrix, often along fibrous structures (Naesse et

al., 2003). TIMP-1 expression is stimulated by several factors including tumor growth

factor β1, EGF and phorbol esters (Gomez et al., 1997). Despite the firm regulation of

MMPs, an imbalance between MMPs, e.g. MMP-1 and MMP-3 and their inhibitor
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TIMP-1 has been detected in pathological conditions, such as arthritis and

periodontitis (Reynolds, 1996; Soell et al., 2002; Tüter et al., 2005).

Synthetic inhibitors

Agents that modulate the expression or activity of MMPs have been proposed for the

treatment of various MMP-associated diseases, including periodontal diseases

(Peterson, 2004; Salvi and Lang, 2005).

The tetracycline doxycycline has traditionally been recognized for its antibiotic

properties. More recently, doxycycline has been shown to have a number of anti-

inflammatory effects, reducing the production of several inflammatory cytokines as

well as nitric oxide (Peterson, 2004). Furthermore, doxycycline has been shown to

decrease the production as well as the activity of MMPs (Solomon et al., 2000;

Peterson, 2004).

The glucocorticoids, including dexamethasone, are another group of agents with

well-known anti-inflammatory effects. The hydrophobic agent dexamethasone

diffuses through the cell membrane and is transported by its glucocorticoid receptor

in the cytosol and nucleus, where it interacts and inhibits several transcription factors,

including AP-1 and NF-κB involved in the transcription of MMPs as well as in the

transcription of inflammatory mediators (De Bosscher et al., 2001).

The non-steroidal anti-inflammatory drugs (NSAIDs) are known to inhibit the

synthesis of PGE2 via cyxlooxygenase (COX-1 and COX-2) isoenzymes.

Furthermore, NSAIDS have also been shown to reduce the expression of MMPs in

tissue affected by periodontal disease (Lee et al., 2004). The inhibitory effect of

NSAIDs on MMP expression may be due to inhibition of the inflammatory induced

COX-2, which in cooperation with kinases including tyrosine kinase and PKC

(Yucel-Lindberg et al., 1999a; Yucel-Lindberg et al., 1999b) may regulate the

transcription of MMPs.

Excess production of MMPs including MMP-1 and MMP-3 is associated with tissue

degradation in inflammatory conditions including periodontal diseases (Séguier et al.,

2001; Ejeil et al., 2003; Pay et al., 2005). Gingival fibroblasts, the major constitutents

in the gingival tissue, are believed to play a major role in the production of MMP-1

and MMP-3 in gingival tissue. However, the expression and regulation of these

MMPs in gingival fibroblasts is not well studied. The present study was therefore

designed to test the hypothesis that the expression of MMP-1 and MMP-3 in gingival

fibroblasts is regulated by monocytes and inflammatory cytokines.
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AIMS OF THE THESIS

•  To investigate the effect of cell interactions between human gingival fibroblasts

and monocytes on the expression of MMP-1 and its inhibitor TIMP-1 in gingival

fibroblasts, using a co-culture model.

•  To study the expression of MMP-1 and TIMP-1 in human gingival fibroblasts in

cell-to-cell contact with monocytes; to investigate the involvement of the

adhesion molecule ICAM-1 and the signal transduction pathway p38 MAPK in

the expression of MMP-1 and TIMP-1.

•  To investigate the effect of the cytokines IL-1β, TNFα or EGF on the expression

of MMP-1 and MMP-3 in human gingival fibroblasts; to study the involvement of

the signal transduction pathways p38 MAPK and tyrosine kinase in the regulation

of MMP-1 and MMP-3.

•  To study the effect of the PKC activator PMA, in the absence or presence of the

cytokine IL-1β and the calcium-ionophore A23187, on the expression of MMP-1

and TIMP-1 in human gingival fibroblasts.
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MATERIALS AND METHODS
The methods are briefly described in this section. The detailed descriptions of the

methods are found in each individual paper. The methods used in the analysis of

MMP expression are summarized in Figure 5.

CELLS

Fibroblasts

Cultures of gingival fibroblast were established from gingival biopsies obtained from

ten healthy individuals between 3 and 18 years of age with no clinical signs of

periodontal disease. The plan to take gingival tissue biopsies was approved by the

Ethical Committee of Huddinge University Hospital. Minced pieces of the tissue

were explanted to 25-cm2 Nunc tissue cultures containing 5 ml of Eagle´s basal

medium (BME). The fibroblasts were obtained by trypsinisation of the primary

outgrowth of cells as described previously (Modéer et al., 1982) and grown in

Dulbecco´s modified Eagle´s medium (DMEM) supplemented with foetal calf serum

(FCS) (5%). The fibroblasts were incubated at 37oC in a humidified incubator aerated

with 5% CO2 in air and routinely passaged using 0.025% trypsin in PBS containing

0.02% EDTA. Cells used for the experiments proliferated in logarithmic phase

between the 7th and 12th passages.

Monocytes

Peripheral blood mononuclear cells (PBMC) were isolated from healthy donors by

gradient centrifugation (1000 x g for 30 min) on Lymphoprep (density: 1.077 g/ml).

The PBMC were washed with DMEM and remaining erythrocytes were lysed with

1.5 M ammonium chloride containing 0.1 M potassium hydrogen carbonate and 0.9

mM EDTA. Monocytes were then purified from the PBMC fraction by gradient

centrifugation; The PBMC were resuspended in 60% percoll (density 1.131, diluted

1:9 with 10% PBS) in DMEM. Subsequently 47.5% and 34% percoll in DMEM were

layered upon the cell suspension. After centrifugation (1700 x g for 40 min), the low-

density fraction representing monocytes were collected and washed with DMEM.
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CULTURES

Cultures of fibroblasts

Gingival fibroblasts were seeded in wells with DMEM containing 5% FCS. After

incubation, the cell layer was rinsed three times with DMEM and the cells were

thereafter incubated in DMEM supplemented with 1% FCS with or without various

substances including the cytokines IL-1β, TNFα, EGF or the phorbol ester phorbol

12-myristate 13-acetate (PMA) in the absence or presence of the calcium ionophore

A23187, the glucocorticoid dexamethasone, as well as inhibitors of signal pathways

including the p38 MAPK inhibitor SB203580, the tyrosin kinase inhibitor herbimycin

A, the PKC inhibitor bisindolylmaleimide (BIS) or the COX-2 inhibitor NS-398.

Co-cultures of fibroblasts and monocytes

Fibroblasts and monocytes were co-cultured by adding newly purified monocytes, in

DMEM supplemented with 5 % FCS, to the cell layer of fibroblasts. The co-culture

experiments were carried out in two ways: (1) co-cultures with cell-to-cell contact

with monocytes layered onto fibroblasts, (2) co-cultures separated with a microporous

membrane (pore size 0.4 µm) separating fibroblasts in the lower compartment from

the monocytes in the upper compartment (Fig. 3). In some experiments

dexamethasone, doxycycline, the p38 MAPK inhibitor SB203580 or an anti-ICAM-1

antibody was added to the co-cultures.

Fig. 3. The co-culture model with fibroblasts and monocytes in direct
cell-to-cell contact (A) or separated by a microporous membrane (B).

fibroblasts monocytes

A B

microporous 
membrane

fibroblasts monocytes

A B

microporous 
membrane
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ENZYME LINKED IMMUNOSORBANT ASSAY (ELISA)

At the end of incubation, the medium was withdrawn, monocytes present were

removed by centrifugation, and the medium was stored at -80°C for analysis.

In the experiments where the intracellular levels of MMP-1 and MMP-3 were to be

detected (study III), the cells were washed with ice-cold PBS, detached by 0.25%

trypsin-versen, washed with PBS, and resuspended in Tris-HCl. The cells were lysed

by repeated freeze thawing and ultrasonication.

The protein levels of MMP-1 and MMP-3 and TIMP-1 in the co-culture medium or in

the lysed cell suspension were analysed by commercially available ELISA-kits.

WESTERN BLOTTING

Fibroblasts were cultured with PMA in the absence or presence of BIS, the medium

was withdrawn and the protein concentrations were determined according to the

Bradford method using bovine serum albumin as the standard. Equivalent amounts of

protein were separated by electrophoresis on a 4-15 % gradient SDS PAGE gel and

transferred thereafter to a nitrocellulose membrane. The membrane was then blocked

in 5% dry milk for 1 h, incubated at 4ºC overnight with polyclonal primary antibody

for MMP-1 and thereafter with secondary horseradish rabbit peroxidase-conjugated

antibody (1 h). The membranes were developed using enhanced chemiluminescence

(ECL) and exposed to hyperfilm-ECL.

IMMUNOHISTOCHEMISTRY

Fibroblasts were cultured in 4-well glass slides with DMEM supplemented with 5%

FCS. The monocytes in DMEM containing 5% FCS were added to the fibroblasts and

the cells were co-cultured with cell-to-cell contact. The cells adhering to the glass

slides were washed twice with PBS and fixed with ice-cold methanol for 10 min,

followed by 10 seconds in ice-cold acetone. Thereafter, the cells were stained for

immunohistochemistry by the avidin–biotin–peroxidase method, using the HSS-HRP

immunostaining kit according to the manufacturer's directions. The cells were

incubated at 4°C overnight with primary antibodies for MMP-1 (polyclonal) or

TIMP-1 (monoclonal). The peroxidase reaction was disclosed with 0.3% (v/v)

diaminobenzidine (DAB) in DAB buffer containing 0.1% (v/v) hydrogen peroxide.

Finally, the cells were washed with distilled water, dehydrated through an ethanol

series and xylene, mounted, and photographed using a Zeiss light microscope.
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FLOW CYTOMETRY

The cell suspensions of fibroblasts and monocytes, cultured alone or co-cultured,

were fixed in 2% paraformaldehyde and washed with PBS prior to permeabilization

with PBS containing 0.1% Saponin (SAP buffer). Thereafter, the cells were stained

for surface and intracellular MMP-1, TIMP-1, CD14, CD90 and ICAM-1 (CD54) in

the dark for 30 min at room temperature using phycoerythrin (PE)-labeled

monoclonal antibodies for MMP-1, TIMP-1, or CD14 and fluorescein isothiocyanate

(FITC)-labeled antibody for CD54 and CD90. After washing with SAP-buffer, the

cells were resuspended in PBS and analyzed in a FACSCaliburTM flow cytometer

using CellQuest software. To analyze the expression of MMP-1, TIMP-1, ICAM-1,

CD14, CD54 and CD90 a gated area (Fig. 4) was selectively determined for the cells

using forward vs scatter parameters in order to discriminate the fibroblasts and

monocytes.

RNA ISOLATION AND RT-PCR

In cultures of fibroblasts alone (study IV), the fibroblasts were washed with ice-cold

PBS and frozen immediately in liquid nitrogen and stored at -80oC for isolation of

total RNA. Total RNA was isolated from fibroblasts by phenol-chloroform extraction

and ethanol precipitation according to the method described by Durnam and Palmiter

(1983).

In co-cultures of fibroblasts and monocytes (study I), the monolayer of

fibroblasts was washed with ice-cold PBS, frozen immediately in liquid nitrogen and

stored at -80oC for isolation of total RNA. The monocytes in the co-cultures were

isolated with repeated washing with ice-cold PBS and by a short period of

trypsinisation. Thereafter, the monocyte fraction was centrifuged and the pellet with

fibroblasts

monocytes

Fig. 4. Cell populations,
fibroblasts and monocytes,
based on forward (FSC) and
side scatter (SSC)
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monocytes was frozen immediately in liquid nitrogen and stored at -80oC for isolation

of total RNA. Total RNA was obtained using a Qiagen RNA-isolating mini kit.

The amounts of total RNA, obtained by either method, were quantified by

spectrophotometry at 260/280 nm (Sambrook et al., 1989).

To obtain first strand cDNA, 1.0 µg of total RNA was reverse transcribed using

Superscript II in a total volume of 20 µl. The cDNA (2 µl) obtained was used in a

final reaction volume of 50 µl for PCR amplification. The PCR reactions were

performed, using specific primers and positive controls for MMP-1, TIMP-1 and

GAPDH, according to the manufacturer's recommendation. For each experiment,

PCR amplification was also performed without cDNA to check for contamination. 10

µl of each PCR reaction product was run on 2 % agarose gel next to 1kb DNA-ladder

standard and visualised with ethidium bromide.

CONFOCAL LASER SCANNING MICROSCOPY

Fibroblasts were cultured in 4-well glass slides with DMEM containing 5% FCS.

The monocytes in DMEM containing 5 % FCS were added to the fibroblasts and co-

cultured with cell-to-cell contact. After co-culture incubation, the medium was

withdrawn and the adhered cells were washed with PBS, fixed with 4%

paraformaldehyde and incubated overnight at 4oC with CD90 FITC-labeled mAb,

recognized on fibroblasts and CD14 PE-labeled mAb, recognized on monocytes. The

cells were thereafter washed with PBS and mounted with fluorescent mounting

medium. The cells were viewed in a Leica TCS-NT confocal laser scanning

microscope equipped with an Argon-Krypton laser.

Fig 5. Summary of the methods used to detect MMP
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RESULTS
Study I. Cell interactions between human gingival fibroblasts and monocytes

stimulate the production of MMP-1 in gingival fibroblasts

The effect of cell interactions between human gingival fibroblasts and human

monocytes on the production of MMP-1 was studied in a co-culture model. The

fibroblasts were cultured in either cell-to-cell contact with monocytes, or in separated

co-cultures, using a microporous membrane to prevent cell-to-cell contact. Images of

cell-to-cell contact during co-culture were captured by confocal laser scanning

microscopy. Co-culturing gingival fibroblasts with monocytes in cell-to-cell contact

increased the mRNA expression of MMP-1 in both fibroblasts and monocytes.

Furthermore, the protein levels of MMP-1 also increased in the culture media of the

co-cultures in a time dependent manner (4-24 h) and correlated to the number of

fibroblasts as well as to the number of monocytes. In separated co-cultures the mRNA

expression of MMP-1 in fibroblasts as well as the protein levels in the medium

increased, although the protein levels of MMP-1 in the separated co-cultures were

lower than when the cells were co-cultured with cell-to-cell contact. In addition,

MMP-1 production in fibroblasts was also stimulated by conditioned medium from

monocytes. Moreover, the levels of the MMP-1 inhibitor TIMP-1 increased in co-

cultures with cell-to-cell contact, but not in fibroblasts of separated co-cultures. The

glucocorticoid dexamethasone and the tetracycline doxycycline reduced the enhanced

level of MMP-1 in the co-cultures with cell-to-cell contact. The results of this study

show that interactions of fibroblasts and monocytes, both by cell-to-cell contact and

soluble factors stimulate the production of MMP-1, suggesting that interactions of

fibroblasts and monocytes contribute to increased MMP-1 expression seen in

inflammatory processes.

Study II. Cell expression of MMP-1 and TIMP-1 in co-cultures of human gingival

fibroblasts and monocytes; the involvement of ICAM-1

This study is a continuation of study I investigating the intracellular protein

expression of MMP-1 and TIMP-1 in co-cultures of fibroblast and monocytes with

cell-to-cell contact and the possible mediating role of the adhesion molecule ICAM-1.

Co-culturing fibroblasts and monocytes for 16 h increased the levels of both active

and total MMP-1 as well as the level of TIMP-1 in the co-culture medium. In co-

cultures, the expression of MMP-1 and TIMP-1 markedly increased in gingival
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fibroblasts. The monocytes, on the other hand, did not show increased expression of

MMP-1 or TIMP-1, although the number of MMP-1+ and TIMP-1+ adhered

monocytes increased in the co-cultures. In the presence of an anti-ICAM-1 antibody,

the expression of MMP-1 in the co-cultured fibroblasts was reduced. In contrast to

MMP-1, the expression of TIMP-1 in the fibroblasts was not affected by anti-ICAM-

1 treatment. However, the number of TIMP-1+ adhered monocytes increased in co-

cultures treated with anti-ICAM-1 antibody. Moreover, co-culturing fibroblasts with

monocytes markedly increased the expression of ICAM-1 in the fibroblasts as well as

in the adhered monocytes. Treatment of the co-cultures with the p38 MAPK inhibitor

SB203580 reduced the expression of MMP-1 and ICAM-1 in the fibroblasts and the

expression of ICAM-1 in the adhered monocytes. These results suggest that the

resident cell fibroblast is stimulated by monocytes resulting in enhanced cellular

expression of MMP-1, TIMP-1 and ICAM-1. Furthermore, the enhanced MMP-1

expression, in contrast to TIMP-1, is partly mediated by the adhesion molecule

ICAM-1 and the p38 MAPK signal pathway.

Study III. Signal pathways involved in the production of MMP-1 and MMP-3 in

human gingival fibroblasts

The production and regulation of MMP-1 and MMP-3 in human gingival fibroblasts

challenged with the cytokines IL-1β, TNFα or EGF was studied. The results showed

that gingival fibroblasts constitutively produce MMP-1 and MMP-3 and that the

cytokines IL-1β, TNFα and EGF stimulate the production of MMP-1 as well as

MMP-3. Time-course studies showed that the stimulated MMP-1 and MMP-3

production was apparent at 8 h of incubation and increased continuously during 48 h

of incubation. The IL-1β and TNFα stimulated production of MMP-1 and MMP-3

was reduced by the tyrosine kinase inhibitor herbimycin A, the p38 MAPK inhibitor

SB203580 and the COX-2 inhibitor NS-398. In addition, the production of MMP-1

and MMP-3 stimulated by IL-1β, TNFα or EGF, was markedly inhibited by the

presence of the glucocorticoid dexamethasone. These findings demonstrate that the

cytokines IL-1β, TNFα and EGF, respectively, enhance both MMP-1 and MMP-3

production in human gingival fibroblasts, and that the signal pathways p38 MAPK

and tyrosine kinase are partly involved in the production of MMP-1 and MMP-3.
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Study IV. MMP-1 and TIMP-1 production in human gingival fibroblasts: the role of

protein kinase C

The production and regulation of MMP-1 and its inhibitor TIMP-1 in gingival

fibroblasts were studied with special reference to the enzyme PKC. The results

showed that the PKC activator PMA stimulated the production of both MMP-1 and

TIMP-1 in 24 h cultures. The PMA stimulated MMP-1 and TIMP-1 production was

abolished by the PKC inhibitor BIS. Furthermore, treatment of the cells with IL-1β or

the Ca2+-ionophore A23187 synergistically upregulated the stimulatory effect of

PMA on the production of MMP-1. This synergistic up-regulation was abolished in

the presence of the PKC inhibitor BIS. In contrast to MMP-1, TIMP-1 production

was unaffected by IL-1β and reduced by the Ca2+-ionophore A23187.

To further elucidate intracellular signal pathways regulating the PMA stimulated

MMP-1 and TIMP-1 production, the involvement of p38 MAPK and tyrosine kinase

was also studied. The tyrosine kinase inhibitor herbimycin A reduced the PMA-

stimulated MMP-1 production whereas the p38 MAPK inhibitor SB203580

synergistically upregulated the stimulatory effect of PMA on both MMP-1 and TIMP-

1 production. Taken together, these findings indicate that MMP-1 and TIMP-1

production is regulated differently by IL-1β and calcium in human gingival

fibroblasts and that this difference is markedly amplified in the presence of the PKC

activator PMA.
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DISCUSSION
MMP-1 EXPRESSION IN FIBROBLASTS IN CELL INTERACTIONS WITH

MONOCYTES

The endopeptidases MMP-1 and MMP-3 are key enzymes involved in the

pathogenesis of several inflammatory diseases including periodontal diseases (Soell

et al., 2002; Vincenti and Brinckerhoff, 2002; Pay et al., 2005). Enhanced expression

of MMPs including MMP-1 and MMP-3 is demonstrated in GCF as well as gingival

connective tissue of individuals with periodontal diseases and relates to increased

degradation of collagen in the gingival tissue (Séguier et al., 2001; Soell et al., 2002;

Ejeil et al., 2003). The mechanisms whereby the inflammatory response stimulates

the expression of MMPs is not clear, although, leukocytes including monocytes,

which infiltrate the gingival tissue, produce pro-inflammatory cytokines that may

stimulate the expression of MMP-1 and MMP-3 in gingival fibroblasts (Lo et al.,

1999; Dahan et al., 2001). The overall objective of this study was therefore to

investigate the in vitro expression and regulation of MMP-1 and MMP-3 in human

gingival fibroblasts in response to cell interactions with monocytes and to

inflammatory mediators.

The effect of cell interactions between gingival fibroblasts and monocytes on the

expression of MMP-1 was studied using a co-culture model. The fibroblasts and

monocytes were either co-cultured with direct cell-to-cell contact or in transwell co-

culture where the cells were separated by a membrane that only allowed soluble

factors to pass. Co-culturing fibroblasts and monocytes with direct cell-to-cell contact

resulted in enhanced expression of MMP-1 in the fibroblasts, indicating that cellular

adhesion between fibroblasts and monocytes stimulates the expression of MMP-1 in

fibroblasts. The levels of MMP-1 in the co-culture medium also increased and

correlated to the number of both fibroblasts and monocytes in the co-cultures. In this

context, it is of interest to note that in vivo studies have demonstrated that increased

number of monocytes/macrophages in the gingival tissue correlates to degradation of

collagen and that gingival fibroblasts at inflammatory sites in the gingival tissue

express MMP-1 (Uden et al., 1998; Dahan et al., 2001; Séguier et al., 2001).

The stimulatory effect of monocytes on the expression of MMP-1 in fibroblasts

may be mediated by adhesion molecules and/or by soluble factors. Several adhesion

molecules, including integrins and their ligands CAMs, are involved in interactions

between fibroblasts and monocytes. This present investigations show that the
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expression of ICAM-1 is upregulated in co-cultured fibroblasts as well as in co-

cultured monocytes adhered to fibroblasts. Furthermore, this study provides evidence

that the adhesion molecule ICAM-1 is involved in the cell-to-cell stimulated MMP-1

expression by fibroblasts. The involvement of ICAM-1 in the expression of MMP-1

was verified by treatment of the co-cultures with an anti-ICAM-1 antibody, which

reduced the expression of MMP-1 in fibroblasts. The involvement of ICAM-1 in the

expression of MMP-1 in gingival fibroblasts is well compatible with in vivo studies

demonstrating that gingival fibroblasts at inflammatory sites express MMP-1 as well

as ICAM-1 (Hayashi et al., 1994; Dahan et al., 2001).

Taking into account that p38 MAPK stimulates ICAM-1 expression (Blaber et

al., 2003), the involvement of p38 MAPK in the ICAM-1 mediated MMP-1

expression was investigated in co-cultures of fibroblasts and monocytes with cell-to-

cell contact. Treatment of the co-cultures with the p38 MAPK inhibitor SB203580

reduced the expression of both MMP-1 and ICAM-1 by fibroblasts as well as ICAM-

1 by monocytes adhered to fibroblasts. These findings suggest that p38 MAPK may

be involved in the ICAM-1 stimulated MMP-1 expression in fibroblasts. However, it

should be noted that the inhibitory effect of the p38 MAPK inhibitor SB203580 on

the expression of MMP-1 may also be due to reduction of other adhesion molecules

involved in cell adhesion between fibroblasts and monocytes (Shang et al., 1998).

The involvement of soluble factors in the monocyte-stimulated MMP-1

expression in gingival fibroblasts was investigated by co-culturing fibroblasts and

monocytes in transwell co-cultures where the cells were separated by a membrane

that only allowed soluble factors to pass. The expression of MMP-1 in the fibroblasts

was stimulated in separated co-cultures, indicating that soluble factors, such as

cytokines, may stimulate the expression of MMP-1 in fibroblasts. This assumption

was also supported by the findings that conditioned medium from monocytes

stimulated the expression of MMP-1 in fibroblasts. Notably, MMP-1 expression in

monocytes was not stimulated by fibroblasts in separated co-cultures or by treatment

with conditioned medium from fibroblasts, indicating that the expression of MMP-1

in the monocytes was not affected by soluble factors from fibroblasts. In fact, with

respect to the monocytes, MMP-1 expression was stimulated only in those adhered to

fibroblasts: there was a slight increase in the number of such monocytes expressing

MMP-1.
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THE EFFECT OF CYTOKINES ON MMP-1 AND MMP-3 EXPRESSION

The effect of the cytokines IL-1β, TNFα and EGF on the expression of MMP-1 and

MMP-3 in gingival fibroblasts was investigated. The pro-inflammatory cytokines IL-

1β and TNFα, produced by monocytes/macrophages, are increased in gingival

crevicular fluid and in gingival tissue during periodontal diseases (Rossomando et al.,

1990; Page et al., 1997; Roberts et al., 1997; Salvi et al., 1998; Lo et al., 1999;

Holmlund et al., 2004).

The findings demonstrated in this study, showing that IL-1β and TNFα

coordinately stimulate the expression of MMP-1 and MMP-3 are in line with

previous studies in gingival fibroblasts (Wassenaar et al., 1999; Tewari et al., 1994)

and implicates that the production of MMP-1 and MMP-3 is stimulated by the

cytokines IL-1β and TNFα in gingival fibroblasts at inflammatory sites in the

gingival tissue (Birkedal-Hansen, 1993b; Howells, 1995; Giannobile et al., 2003).

Although the role of EGF in the pathogenesis of periodontal disease is not clear,

increased levels have been detected in the saliva of patients with aggressive

periodontitis (Hormia et al., 1993) and increased expression of EGF receptor has been

detected in inflamed gingival tissue (Chang et al., 1996). Thus the present study also

investigated the expression of MMP-1 and MMP-3 by gingival fibroblasts challenged

with the growth factor EGF. In accordance with IL-1β and TNFα, EGF stimulated the

expression of both MMP-1 and MMP-3 in gingival fibroblasts. This is in agreement

with previous findings reported in gingival and synovial fibroblasts (Hiraoka et al.,

1992; Ravanti et al., 1999). The stimulatory effect of EGF on MMP-1 and MMP-3

expression suggests that EGF may be involved in the degradation of ECM in gingival

tissue. This assumption is supported by previous findings demonstrating that EGF

synergistically enhances IL-1 stimulated collagen degradation (van der Zee et al.,

1996).

Altogether, the results of these experiments showed that expression of MMP-1

and MMP-3 in gingival fibroblasts is stimulated by the cytokines EGF, IL-1β and

TNFα, suggesting that these cytokines participate in tissue degradation by inducing

MMP-1 and MMP-3 expression in gingival fibroblasts.
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SIGNAL PATHWAYS IN THE REGULATION OF MMP-1 AND MMP-3

Cell-adhesion and cytokines induce gene transcription through several signal

pathways, including tyrosine kinases, MAPK and PKC. Tyrosine kinases are

implicated as signal pathways transducing the response of growth factors and

cytokines, including EGF, IL-1β, and TNFα (Vincenti et al., 1996; Yucel-Lindberg et

al., 1999a). In the present study the involvement of tyrosine kinase in the cytokine

stimulated expression of MMP-1 and MMP-3 was investigated by treatment of the

fibroblasts with the src tyrosine kinase inhibitor herbimycin A (Vincenti et al., 1996).

Herbimycin A reduced the stimulatory effect of IL-1β and TNFα on MMP-1 and

MMP-3 production, implicating the involvement of tyrosine kinase in the cytokine

stimulated MMP-1 and MMP-3 production in gingival fibroblasts. This suggestion is

in accordance with previous studies demonstrating that tyrosine kinase is involved in

the expression of MMP-1 and MMP-3 in synoviocytes and dermal fibroblasts

(Vincenti et al., 1996; Lambert et al., 2001). Moreover, there is also evidence that

other kinases such as p38 MAPK and PKC, signal pathways downstream of tyrosine

kinase, may also regulate the expression of MMP-1 and MMP-3 in fibroblasts

(Westermarck and Kähäri, 1999; Ravanti et al., 1999; Watanabe et al., 2004, Kida et

al., 2005).

The p38 MAPK has the ability to transduce signals induced by cytokines,

including IL-1β and TNFα, as well as by cell-adhesion molecules, such as ICAM-1

(Matthews et al., 1999; Baud and Karin, 2001; Wang and Doerschuk, 2001; Kida et

al., 2005). In the present study the possible role of p38 MAPK in cytokine stimulated

expression of MMP-1 and MMP-3 was investigated using the p38 MAPK inhibitor

SB203580, which inhibits the p38 MAPK subgroups α and β (Davies et al., 2000;

Antonescu et al., 2005). SB203580 reduced IL-1β and TNFα stimulated MMP-1 and

MMP-3 production indicating that p38 MAPK is involved in cytokine induced MMP

production in gingival fibroblasts, which is in line with previous findings reported in

dermal fibroblasts (Ridley et al., 1997).

The involvement of PKC in the production of MMP-1 was studied using the PKC

activating phorbol ester PMA. PKC are a family of calcium and phospholipid-

dependent enzymes, which exhibit increased activity in inflammatory diseases

(Mellor and Parker, 1998; Cataisson et al., 2003). PMA strongly stimulated the

expression of MMP-1 in gingival fibroblasts, and this response was inhibited in the

presence of the PKC inhibitor BIS. The PMA stimulated MMP-1 production was
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synergistically upregulated by IL-1β, which has the capability to activate PKC

(Yucel-Lindberg et al., 1999b; Schütze et al., 1994). In addition, the PMA stimulated

MMP-1 production was also enhanced in the presence of the calcium-ionophore

A23187, suggesting that calcium-dependent PKC isoforms are involved in the

stimulation of MMP-1 production (Mellor and Parker, 1998). However, as calcium is

reported to stimulate the production of MMP-1 in dermal fibroblasts (Woessner,

1991; Lohi et al., 1994), the stimulatory effect of A23187 on MMP-1 expression in

gingival fibroblasts disclosed in the present study may also be attributable to the

presence of calcium.

The kinase PKC is reported to be upstream of p38 MAPK and both upstream and

downstream, depending on stimuli, of tyrosine kinase (Westermarck and Kähäri

1999; Watanabe et al., 2004). The coeffect of PKC and these kinases in the

expression of MMP-1 and MMP-3 was investigated. Interestingly, the tyrosine kinase

inhibitor herbimycin A reduced PMA stimulated MMP-1 production, demonstrating

that PKC mediated MMP-1 production was partly mediated by tyrosine kinase.

However, simultaneous treatment of the cells with PMA and the p38 MAPK inhibitor

SB203580 stimulated the production of MMP-1, indicating that the kinase p38

MAPK may inhibit the PMA stimulated MMP-1 production in gingival fibroblasts.

This assumption is in line with a previous study showing that activation of p38α

MAPK inhibits PMA elicited MMP-1 promotor activation (Westermarck et al.,

2001).

Prostaglandin E2 is reported to exert divergent effects on the expression of MMP-

1 and MMP-3. For instance, PGE2 stimulates the expression of MMP-1 in gingival

fibroblasts, but inhibits collagenase production in synoviocytes (Dibattista et al.,

1994; Sakaki et al., 2004). Furthermore, PGE2 reduces MMP-3 expression in

fibroblasts from healthy gingiva, but stimulates MMP-3 expression in fibroblasts

from gingiva affected by periodontitis (Ruwanpura et al., 2004). One of the key

enzymes in prostaglandin synthesis, COX-2, is upregulated in inflamed gingival

tissue (Morton and Dongari-Bagtzoglou, 2001, Zhang et al., 2003) and in gingival

fibroblasts stimulated with the cytokines IL-1β, TNFα and EGF (Yucel-Lindberg et

al., 1999a; Yucel-Lindberg et al., 1999b). In the present study, the COX-2 inhibitor

NS-398 reduced IL-1β and TNFα stimulated MMP-1 and MMP-3 production,

implicating the enzyme COX-2 in the production of both MMP-1 and MMP-3. These

findings also suggest that PGE2, the result of COX-2 activity, exerts a stimulatory
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effect on the expression of MMP-1 and MMP-3 in gingival fibroblasts, a suggestion

further supported by recent studies in gingival fibroblasts (Sakaki et al., 2004;

Ruwanpura et al., 2004).

In contrast to IL-1β and TNFα, EGF stimulated production of MMP-1 and

MMP-3 was not affected by p38 MAPK, tyrosine kinase or COX-2 inhibitors,

suggesting that EGF stimulated production of MMP-1 and MMP-3 is independent of

these enzymes. These findings are contradictory to the fact that EGF mediates its

intracellular signals through its receptor that belongs to the tyrosine kinase family

(Venook, 2005) and that EGF activates COX-2 as well as p38 MAPK (Yucel-

Lindberg et al., 1999a; Eguchi et al., 2001). However, it should be noted that the

signal pathways transducing signals in the cells are numerous and the findings of the

present study are based on investigation of only one enzyme in each of the three

different signal pathways.

TIMP-1, THE ENDOGENOUS INHIBITOR OF MMP

The activity of MMP-1 and MMP-3 is firmly controlled by endogenous inhibitors

known as TIMPs (TIMP-1, -2, -3, -4). TIMP-1 and -2 are found in periodontal lesions

(Kubota et al., 1997). TIMP-1 preferably inhibits fibroblasts-derived MMPs including

MMP-1 and MMP-3, whereas TIMP-2 preferably inhibits polymorphonuclear

granulocyte derived MMPs including MMP-8 (Choi et al., 2004). To balance the

activity of MMPs, the same cells that express MMP-1 and MMP-3 usually also

express TIMP-1 (Chakraborti et al., 2003).

In the present study, analysis of the cellular expression of MMP-1 and TIMP-1

revealed that the number of fibroblasts expressing MMP-1 greatly exceeded the

number of fibroblasts expressing TIMP-1. In healthy conditions, there is a balance

between MMP and TIMP levels, to maintain the structure and components of ECM.

However, in conditions characterized by tissue destruction, such as periodontal

diseases, a shift in balance between MMP and TIMP in favour of MMP has been

reported (Reynolds, 1996; Séguier et al., 2001; Soell et al., 2002). Investigation of the

expression and regulation of TIMPs, including TIMP-1, is important in furthering our

understanding of the regulation of MMPs.

The expression and regulation of TIMP-1 in gingival fibroblasts was investigated

in response to cell-interaction with monocytes. In co-cultures with cell-to-cell contact,

the expression of TIMP-1 increased in the fibroblasts, but not in the monocytes.
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However, of monocytes adhered to fibroblasts, the number of monocytes expressing

TIMP-1 increased. The stimulated expression of TIMP-1 in fibroblasts seemed to be

dependent on cell-to-cell contact, as co-culturing the cells in separate co-cultures

failed to stimulate the expression of TIMP-1 in the fibroblasts. In contrast to MMP-1,

treatment of the co-cultures with an anti-ICAM-1 antibody did not reduce TIMP-1

expression in fibroblasts, indicating that the adhesion molecule ICAM-1 is not

involved in the stimulated TIMP-1 expression. On the contrary, the number of

adhered monocytes expressing TIMP-1 increased in the presence of anti-ICAM-1

antibody, indicating a divergent role of ICAM-1 in the stimulation of MMP-1 and

TIMP-1 in interactions between fibroblasts and monocytes.

The effect of the pro-inflammatory cytokine IL-1β was also investigated on the

expression of TIMP-1 in gingival fibroblasts. In contrast to the stimulatory effect of

IL-1β on MMP-1 and MMP-3 expression, IL-1β did not stimulate the expression of

TIMP-1 in gingival fibroblasts. While similar findings have been reported in dermal

fibroblasts (Dasu et al., 2003), previous reports in gingival fibroblasts demonstrate a

stimulatory effect of IL-1β on TIMP-1 expression (Gogly et al., 1998; Wassenaar et

al., 1999). The apparently contradictory results with respect to gingival fibroblasts

may be attributable to the duration of exposure of the cells to IL-1β. In this study,

demonstrating that IL-1β did not affect TIMP-1 expression, the incubation time was

shorter (24 h) than in studies demonstrating that IL-1β stimulate the expression of

TIMP-1 (36-72 h) (Gogly et al., 1998; Wassenaar et al., 1999).

The involvement of PKC in the regulation of TIMP-1 was also investigated. The

expression of TIMP-1 was increased in the presence of the PKC activator PMA, an

effect reduced in the presence of the PKC inhibitor BIS. The involvement of PKC in

TIMP-1 expression is in accordance with previous findings reported in synovial

fibroblasts and endothelial cells (Hanemaaijer et al., 1993; Cornelius et al., 1995).

Furthermore, in accordance with MMP-1, the p38 MAPK inhibitor SB203580

synergistically upregulated the PMA stimulated TIMP-1 expression, indicating that

p38 MAPK inhibits both PMA stimulated TIMP-1 and MMP-1 expression in gingival

fibroblasts. However, in contrast to MMP-1, the PMA stimulated TIMP-1 production

was reduced in the presence of the calcium-ionophore A23187. The inhibitory effect

of calcium may be explained by the fact that calcium down-regulates TIMP-1

production (Halverson et al., 1998; Bai et al., 2001). Thus, it seems that calcium and

IL-1β, which are increased during inflammation, exert divergent effects on MMP-1
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and MMP-3 compared to TIMP-1 production, creating an imbalance of these MMPs

and TIMP-1 in favour of MMP-1.

CLINICAL ASPECTS

MMPs including MMP-1 and MMP-3 are key enymes in tissue degenerative diseases

including periodontal diseases. Therefore, attempts to control the expression and

activity of MMPs have gained much attention in treatment of periodontal diseases.

Increased knowledge of the expression and regulation of MMP-1 and MMP-3 may

lead to the development of new strategies for MMP inhibition. The in vitro model

used in this thesis allows investigation of the regulation of MMP-1 and MMP-3 in

gingival fibroblasts in inflammatory conditions mimicked by the presence of

monocytes and cytokines.

The findings in this thesis, that the anti-inflammatory drugs tetracycline

doxycycline and the glucocorticoid dexamethasone reduces the monocyte or cytokine

induced expression of MMP-1 or MMP-3, suggests that dexamethasone and

doxycycline may encounter beneficial effects in reducing tissue degradation in

periodontal diseases. This assumption is in line with the findings that dexamethasone

reduces collagen degradation, and that doxycycline, known to inhibit the transcription

as well as the activity of MMPs, is suggested to prevent tissue degradation during

periodontal diseases (Zhu et al., 2001b; Peterson et al., 2004; Gapski et al., 2004; Lee

et al., 2004). In addition, the findings of this thesis also suggest that regulation of

MMP-1 and MMP-3 in gingival fibroblasts may be achieved by modulation of extra

cellular signals such as interactions with monocytes or cytokines as well as

modulation of intracellular signals such as signal transduction pathways.

Interestingly, previous reports have shown that IL-1β and TNFα antagonists block

the progression of inflammatory cell infiltrate as well as periodontal attachment and

bone loss in animal models with periodontal diseases (Salvi and Lang, 2005).

Furthermore, the results in this thesis, that the signal pathways PKC, MAPK, tyrosine

kinase as well as the enzyme COX-2 regulate MMP expression, highlight these signal

pathways as therapeutic targets in treatment of inflammatory conditions, which has

also been discussed in previous reports (Chakraborti et al 2003, Westermarck et al.,

1999; Saklatvala et al., 2004; Salvi and Lang, 2005).

The results from this thesis may be of importance for future treatment strategies

of periodontal disease.  However, caution should be exercised in the extrapolation of
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the results in this study, since the in vivo conditions are more complex than strictly

controlled laboratory conditions. Therefore, future studies are needed to investigate

the in vivo expression of MMP-1, MMP-3 and their inhibitors TIMPs in gingival

tissue in individuals with periodontal diseases.
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CONCLUSIONS

•  The expression of MMP-1 in gingival fibroblasts is stimulated by direct cell-to-cell

contact with monocytes as well as by soluble factors derived from monocytes in

separated co-cultures. Furthermore, the expression of TIMP-1 increased in co-

cultures with cell-to-cell contact, but not in fibroblasts in separated co-cultures.

•  Cell-to-cell contact between gingival fibroblasts and monocytes stimulates the

expression of MMP-1 and TIMP-1 as well as ICAM-1 in gingival fibroblasts. The

stimulated MMP-1 expression is, in contrast to TIMP-1, mediated partly by the

adhesion molecule ICAM-1 and the p38 MAPK signal pathway.

•  The cytokines IL-1β, TNFα and EGF stimulate the expression of MMP-1 and

MMP-3 in gingival fibroblasts. The stimulatory effect of IL-1β and TNFα on

MMP-1 and MMP-3 expression is mediated partly by the signal transduction

pathways p38 MAPK and tyrosine kinase.

•  The PKC activator PMA stimulates both the expression of MMP-1 as well as the

expression of TIMP-1. However, PMA stimulated MMP-1 and TIMP-1 expression

in gingival fibroblasts is regulated differently by IL-1β and calcium.



31

ACKNOWLEDGEMENTS
I am indebted to many people for the encouragement and support I have received
while working on this thesis.

In particular I would like to thank:

Thomas Modéer, my supervisor, for introducing me to the world of research, for
guidance and constructive criticism and for sharing your vast knowledge, ideas and
enthusiasm for science.

Tülay Yucel-Lindberg, my co-supervisor, for sharing your vast knowledge, for
generous support and guidance in the scientific writing process as well as skilful
guidance in the laboratory process.

Hernán Concha Quezada, my co-author, for sharing your great knowledge, for
encouragement, enthusiasm and stimulating discussions.

Present and former members of the research group, with special thanks to:
Gustaf Brunius, Tove Olsson, Anna Kats, Tomomi Kawakami and Hiroko Matsumoto,
for encouragement, stimulating scientific discussions and research support.
Ingegerd Andurén for sharing with me her knowledge of cell culture procedures and
for all support and assistance.
Blanca Silva-Lopez for teaching me immunohistochemistry techniques, for
thoughtfulness, encouragement and assistance.
Manal Mustafa for generous support and great times at congresses.

Ingrid Modéer for kindness and support during congresses.

Present and former members of the research department, with special thanks to:
Agneta Gustavsson, Lena Johansson and Karin Trollsås for all assistance, practical
help and valuable support over the years.
Lars Fredriksson, Per Alstergren, AnnSofi Johannsen, Anna-Kari Hajati, Sofia
Tranœus, Malin Ernberg, Britt Hedenberg-Magnusson, Silvi Nordahl, Anna Persson
and Kamal Mustafa for your support and thoughtfulness.

Manuel Patarroyo, Frederica Nobre-Leitâo, Kåre Buhlin, Wondossen Sime, Ülle
Voog, Gezahegn Gorfu, Zenebech Wondimu, Tomoyuki Kawataki and Stella Airila-
Månsson for company during evenings and weekends as well as for support and
stimulating discussions.

Kerstin Smedberg for always being kind and helpful.

Present and former members of the pedodontic department, especially:
Göran Dahllöf, Biniyam Wondimu, Majid Mirabdolbaghi and Monica Barr Agholme
for providing a friendly atmosphere in the department
Ylva Almgren for your interest and kind assistance with administrative matters.

Joan Bevenius-Carrick for revision of the English text of the thesis.

Per-Rune, my best friend and greatest fan, for unwavering support and patience
throughout these years.



32

Gunnar, my brother and biggest idol, for sharing your immense knowledge, for being
supportive and showing interest in my work, but most of all for being a great and
caring brother.

My dear mother Kristina, for the endless love, care and support you and my father
Per have given me throughout my life. Thank you for always being there for me.

This study was supported by the Institute of Odontology, the Swedish Research
Council, the Swedish Patent Revenue Fund and the Swedish Dental Association.



33

REFERENCES
Ahokas K, Lohi J, Illman SA, Llano E, Elomaa O, Impola U, Karjalainen-Lindsberg
ML, Saarialho-Kere U. Matrix metalloproteinase-21 is expressed epithelially during
development and in cancer and is up-regulated by transforming growth factor-beta1
in keratinocytes. Lab Invest 2003; 83: 1887-1899.

Ahokas K, Skoog T, Suomela S, Jeskanen L, Impola U, Isaka K, Saarialho-Kere U.
Matrilysin-2 (matrix metalloproteinase-26) is upregulated in keratinocytes during
wound repair and early skin carcinogenesis. J Invest Dermatol 2005; 124: 849-856.

Aiba T, Akeno N, Kawane T, Okamoto H, Horiuchi N. Matrix metalloproteinases-1
and -8 and TIMP-1 mRNA levels in normal and diseased human gingivae. Eur J Oral
Sci 1996; 104: 562-569.

Alpagot T, Bell C, Lundergan W, Chambers DW, Rudin R. Longitudinal evaluation
of GCF MMP-3 and TIMP-1 levels as prognostic factors for progression of
periodontitis. J Clin Periodontol 2001; 28: 353-359.

Anderson ME, Siahaan T. Targeting ICAM-1/LFA-1 interaction for controlling
autoimmune diseases: designing peptide and small molecule inhibitors. Peptides
2003; 24: 487-501.

Antonescu CN, Huang C, Niu W, Liu Z, Eyers PA, Heidenreich KA, Bilan PJ, Klip
A. Reduction of insulin-stimulated glucose uptake in L6 myotubes by the protein
kinase inhibitor SB203580 is independent of p38MAPK avtivity. Endocrinol 2005;
146: 3773-3781.

Bai G, Howell DS, Howard GA, Roos BA, Cheung HS. Basic calcium phosphate
crystals up-regulate metalloproteinases but down-regulate tissue inhibitor of
metalloproteinase-1 and -2 in human fibroblasts. Osteoarthritis Cartilage 2001; 9:
416-422.

Bar-Or A, Nuttall RK, Duddy M, Alter A, Kim HJ, Ifergan I, Pennington CJ,
Bourgoin P, Edwards DR, Yong VW. Analyses of all matrix metalloproteinase
members in leukocytes emphasize monocytes as major inflammatory mediators in
multiple sclerosis. Brain 2003; 126: 2738-2749.

Bartold PM, Walsh LJ, Narayanan AS. Molecular and cell biology of the gingiva.
Periodontol 2000 2000; 24: 28-55.

Baud V, Karin M. Signal transduction by tumor necrosis factor and its relatives.
Trends Cell Biol 2001; 11: 372-377.

Birkedal-Hansen H, Moore WG, Bodden MK, Windsor LJ, Birkedal-Hansen B,
DeCarlo A, Engler JA. Matrix metalloproteinases: a review. Crit Rew Oral Biol Med
1993a; 4: 197-250.

Birkedal-Hansen H. Role of cytokines and inflammatory mediators in tissue
destruction. J Periodontal Res 1993b; 28: 500-510.



34

Blaber R, Stylianou E, Clayton A, Steadman R. Selective regulation of ICAM-1 and
RANTES gene expression after ICAM-1 ligation on human renal fibroblasts.
J Am Soc Nephrol 2003; 14: 116-127.

Brew K, Dinakarpandian D, Nagase H. Tissue inhibitors of metalloproteinases:
evolution, structure and function. Biochim Biophys Acta 2000; 7:267-283.

Brinckerhoff CE, Rutter JL, Benbow U. Interstitial collagenases as markers of tumor
progression Clin Cancer Res 2000; 6: 4823-4830.

Brinckerhoff CE, Matrisian LM. Matrix metalloproteinase: a tail of frog that became
a prince. Mol Cell Biol 2002; 3: 207-214.

Burger D, Rezzonico R, Li JM, Modoux C, Pierce RA, Welgus HG, Dayer JM.
Imbalance between interstitial collagenase and tissue inhibitor of metalloproteinases 1
in synoviocytes and fibroblasts upon direct contact with stimulated T lymphocytes:
involvement of membrane-associated cytokines Arthritis Rheum 1998; 41: 1748-
1759.

Cataisson C, Joseloff E, Murillas R, Wang A, Atwell C, Torgerson S, Gerdes M,
Subleski J, Gao JL, Murphy PM, Wiltrout RH, Vinson C, Yuspa SH. Activation of
cutaneous protein kinase Ca induces keratinocyte apoptosis and intraepidermal
inflammation by independent signalling pathways.  J Immunol. 2003; 171: 2703-
2713.

Chakraborti S, Mandal M, Das S, Mandal A, Chakraborti T. Regulation of matrix
metalloproteinases: An overview. Mol Cell Biochem 2003; 253: 269-285.

Chang KM, Lehrhaupt N, Lin LM, Feng J, Wu-Wang CY, Wang SL. Epidermal
growth factor in gingival crevicular fluid and its binding capacity in inflamed and
non-inflamed human gingiva. Arch Oral Biol 1996; 41: 719-724.

Chase AJ, Bond M, Crook MF, Newby AC. Role of nuclear factor-kappa B activation
in metalloproteinase-1, -3, and -9 secretion by human macrophages in vitro and rabbit
foam cells produced in vivo. Arterioscler Thromb Vasc Biol 2002; 22: 765-771.

Choi DH, Moon IS, Choi BK, Paik JW, Kim YS, Choi SH, Kim CK. Effects of sub-
antimicrobial dose doxycycline therapy on crevicular fluid MMP-8, and gingival
tissue MMP-9, TIMP-1 and IL-6 levels in chronic periodontitis. J Periodontal Res
2004; 39: 20-26.

Cornelius LA, Nehring LC, Roby JD, Parks WC, Welgus HG. Human dermal
microvascular endothelial cells produce matrix metalloproteinases in response to
angiogenic factors and migration. J Invest Dermatol 1995; 105: 170-176.

Dahan M, Nawrocki B, Elkaim R, Soell M, Bolcato-Bellemin AL, Birembaut P,
Tenenbaum H. Expression of matrix metalloproteinases in healthy and diseased
human gingiva. J Clin Periodontol 2001; 28: 128-136.

Dasu MR, Barrow RE, Spies M, Herndon DN. Matrix metalloproteinase expression
in cytokine stimulated human dermal fibroblasts. Burns 2003; 29: 527-531.



35

Davies SP, Reddy H, Caviano M, Cohen P. Specificity and mechanism of action of
some commonly used protein kinase inhibitors. Biochem J 2000; 351: 95-105.

De Bosscher K, Vanden Berghe W, Haegeman G. Glucocorticoid repression of AP-1
is not mediated by competition for nuclear coactivators. Mol Endocrinol 2001; 15:
219-27.

DiBattista JA, Martel-Pelletier J, Fujimoto N, Obata K, Zafarullah M, Pelletier JP.
Prostaglandins E2 and E1 inhibit cytokine-induced metalloprotease expression in
human synovial fibroblasts. Mediation by cyclic-AMP signalling pathway. Lab Invest
1994; 71: 270-278.

Dinarello CA. Biologic basis for interleukin-1 in disease. Blood 1996; 87: 2095-2147.

Dinarello CA. Interleukin-1. Cytokine Growth Factor Rev 1997; 8: 253-265.

Ding M, Huang C, Lu Y, Bowman L, Castranova V, Vallyathnan V. Involvement of
Protein Kinase C in Crystalline Silica-induced Activation of the MAP Kinase AP-1
Pathway. Am J Physiol Lung Cell Mol Physiol 2005 16; [Epub ahead of print].

Durnam DM, Palmiter RD. A practical approach for quantitating specific mRNAs by
solution hybridization. Anal Biochem 1983; 131: 385-393.

Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer
progression. Nat Rev 2002; 2: 161-174.

Eguchi S, Dempsey PJ, Frank GD, Motley ED, Inagami T. Activation of MAPKs by
angiotensin II in vascular smooth muscle cells. Metalloprotease-dependent EGF
receptor activation is required for activation of ERK and p38 MAPK but not for JNK.
J Biol Chem 2001; 276: 7957-7962.

Ejeil AL, Igondjo-Tchen S, Ghomrasseni S, Pellat B, Godeau G, Gogly B. Expression
of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs) in healthy and diseased human gingiva. J Periodontol 2003; 74: 188-195.

Gapski R, Barr JL, Sarment DP, Layher MG, Socransky SS, Giannobile WV. Effect
of systemic matrix metalloproteinase inhibition on periodontal wound repair: a proof
of concept trial. J Periodontol 2004; 75: 441-452.

Gemmell E, Walsh LJ, Savage NW, Seymour GJ. Adhesion molecule expression in
chronic inflammatory periodontal disease tissue. J Periodontal Res 1994; 29: 46-53.

Genco RJ, Slots J. Host responses in periodontal diseases. J Dent Res 1984; 63: 441-
451.

Geng Y, Zhang B, Lotz M. Protein tyrosine kinase activation is required for
lipopolysaccharide induction of cytokines in human blood monocytes. J Immunol
1993; 151: 6692-6700.

Giannobile WV, Al-Shammari KF, Sarment DP. Matrix molecules and growth factors
as indicators of periodontal disease activity. Periodontol 2000 2003; 31: 125-134.



36

Gogly B, Hornebeck W, Groult N, Godeau G, Pellat B. Influence of heparin(s) on the
interleukin-1-beta-induced expression of collagenase, stromelysin-1, and tissue
inhibitor of metalloproteinase-1 in human gingival fibroblasts. Biochem Pharmacol
1998; 56: 1447-1454.

Gomez DE, Alonso DF, Yoshiji H, Thorgeirsson UP. Tissue inhibitors of
metalloproteinases; evolution, structure and biological functions. Eur J Cell Biol
1997; 74: 111-122.

Gross J, Lapiere CM. Collagenolytic activity in amphibian tissues: a tissue culture
assay. Proc Natl Acad Sci U S A 1962; 48: 1014-1022.

Guha M, Mackman N. LPS induction of gene expression in human monocytes. Cell
Signal 2001; 13: 85-94.

Halverson PB, Greene A, Cheung HS. Intracellular calcium responses to basic
calcium phosphate crystals in fibroblasts. Osteoarthritis Cartilage 1998; 6: 324-329.

Hanemaaijer R, Koolwijk P, le Clercq L, de Vree WJ, van Hinsbergh VW. Regulation
of matrix metalloproteinase expression in human vein and microvascular endothelial
cells. Effects of tumour necrosis factor alpha, interleukin 1 and phorbol ester.
Biochem J 1993; 296: 803-809.

Hayashi J, Saito I, Ishikawa I, Miyasaka N. Effects of cytokines and periodontopathic
bacteria on the leukocyte function-associated antigen 1/intercellular adhesion
molecule 1 pathway in gingival fibroblasts in adult periodontitis. Infect Immun 1994;
62: 5205-5212.

Hiraoka K, Sasaguri Y, Komiya S, Inoue A, Morimatsu M. Cell proliferation-related
production of matrix metalloproteinases 1 (tissue collagenase) and 3 (stromelysin) by
cultured human rheumatoid synovial fibroblasts. Biochem Int 1992; 27: 1083-1091.

Hojo Y, Ikeda U, Takahashi M, Sakata Y, Takizawa T, Okada K, Saito T, Shimada
K. Matrix metalloproteinase-1 expression by interaction between monocytes and
vascular endothelial cells. J Mol Cell Cardiol 2000; 32: 1459-1468.

Holmlund A, Hänström L, Lerner UH. Bone resorbing activity and cytokine levels in
gingival crevicular fluid before and after treatment of periodontal disease. J Clin
Periodontol 2004; 31: 475-482.

Hormia M, Thesleff I, Perheentupa J, Pesonen K, Saxen L. Increased rate of salivary
epidermal growth factor secretion in patients with juvenile periodontitis. Scand J
Dent Res 1993; 101: 138-144.

Hornebeck W. Down-regulation of tissue inhibitor of matrix metalloproteinase-1
(TIMP-1) in aged human skin contributes to matrix degradation and impaired cell
growth and survival. Pathologie Biologie 2003; 51: 569-573.

Howells GL. Cytokine networks in destructive periodontal diseases. Oral Dis 1995;
1: 266-270.



37

Huang KP. The mechanism of protein kinase C activation. Trends Neurosci 1989; 12:
425-432.

Huybrechts-Godin G, Hauser P, Vaes G. Macrophage-fibroblast interactions in
collagenase production and cartilage degradation. Biochem J 1979; 184: 643-650.

Jalali S, Li YS, Sotoudeh M, Yuan S, Li S, Chien S, Shyy JY. Shear stress activates
p60src-Ras-MAPK signaling pathways in vascular endothelial cells. Arterioscler
Thromb Vasc Biol 1998; 18: 227-234.

Jenkins K, Javadi M, Borghaei RC. Interleukin-4 suppresses IL-1-induced expression
of matrix metalloproteinase-3 in human gingival fibroblasts. J Periodontol 2004; 75:
283-291.

Kelly EA, Jarjour NN. Role of matrix metalloproteinases in asthma. Curr Opin Pulm
Med 2003; 9: 28-33.

Kerkelä E, Saarialho-Kere U. Matrix metalloproteinases in tumor progression: focus
on basal and squamous cell skin cancer. Exp Dermatol 2003; 12: 109-125.

Kida Y, Kobayashi M, Suzuki T, Takeshita A, Okamatsu Y, Hanazawa S, Yasui T,
Hasegawa K. Interleukin-1 stimulates cytokines, prostaglandin E2 and matrix
metalloproteinase-1 production via activation of MAPK/AP-1 and NF-kappaB in
human gingival fibroblasts. Cytokine 2005; 29: 159-168.

Kubota T, Nomura T, Takahashi T, Hara K. Expression of mRNA for matrix
metalloproteinases and tissue inhibitors of metalloproteinases in periodontitis-
affected human gingival tissue. Arch Oral Biol 1996; 41: 253-262.

Kubota T, Matsuki Y, Nomura T, Hara K. In situ hybridization study on tissue
inhibitors of metalloproteinases (TIMPs) mRNA-expressing cells in human inflamed
gingival tissue. J Periodontal Res 1997; 32: 467-472.

Kähäri VN, Saarialho-Kere U. Matrix metalloproteinases in skin. Exp Dermatol
1997; 6: 199-213.

Lambert CA, Colige AC, Munaut C, Lapiere CM, Nusgens BV. Distinct pathways in
the over-expression of matrix metalloproteinases in human fibroblasts by relaxation
of mechanical tension. Matrix Biol 2001; 20: 397-408.

Lee HM, Ciancio SG, Tuter G, Ryan ME, Komaroff E, Golub LM. Subantimicrobial
dose doxycycline efficacy as a matrix metalloproteinase inhibitor in chronic
periodontitis patients is enhanced when combined with a non-steroidal anti-
inflammatory drug. J Periodontol 2004; 75: 452-463.

Liacini A, Sylvester J, Li WQ, Huang W, Dehnade F, Ahmad M, Zafarullah M.
Induction of matrix metalloproteinase-13 gene expression by TNF-alpha is mediated
by MAP kinases, AP-1, and NF-kappaB transcription factors in articular
chondrocytes. Exp Cell Res 2003; 288: 208-217.



38

Lijnen HR. Extracellular proteolysis in the development and progression of
atherosclerosis. Biochem Soc Trans 2002; 30:163-167.
Lo YJ, Liu CM, Wong MY, Hou LT, Chang WK. Interleukin 1beta-secreting cells in
inflamed gingival tissue of adult periodontitis patients. Cytokine 1999; 11: 626-633.

Lohi J, Kähäri VM, Keski-Oja J. Cyclosporin A enhances cytokine and phorbol ester-
induced fibroblast collagenase expression. J Invest Dermatol 1994; 102: 938-944.

Madianos PN, Bobetsis YA, Kinane DF. Generation of inflammatory stimuli: how
bacteria set up inflammatory responses in the gingiva. J Clin Periodontol 2005; 32:
57-71.

Makela M, Salo T, Uitto VJ, Larjava H. Matrix metalloproteinases (MMP-2 and
MMP-9) of the oral cavity: cellular origin and relationship to periodontal status. J
Dent Res 1994; 73: 1397-1406.

Maldonado A, He L, Game BA, Nareika A, Sanders JJ, London SD, Lopes-Virella
MF, Huang Y. Pre-exposure to high glucose augments lipopolysaccharide-stimulated
matrix metalloproteinase-1 expression by human U937 histiocytes. J Periodontal Res
2004; 39: 415-423.

Martelli-Junior H, Cotrim P, Graner E, Sauk JJ, Coletta RD. Effect of transforming
growth factor-beta1, interleukin-6, and interferon-gamma on the expression of type I
collagen, heat shock protein 47, matrix metalloproteinase (MMP)-1 and MMP-2 by
fibroblasts from normal gingiva and hereditary gingival fibromatosis. J Periodontol
2003; 74: 296-306.

Matthews JS, O'Neill LA. Distinct roles for p42/p44 and p38 mitogen-activated
protein kinases in the induction of IL-2 by IL-1. Cytokine 1999; 11: 643-655.

McCawley LJ, Matrisian LM. Matrix metalloproteinases: they´re not just for matrix
anymore. Curr Opin Cell Biol 2001; 13: 534-540.

Mellor H, Parker PJ. The extended protein kinase C superfamily. Biochem J 1998;
332: 281-292.

Modéer T, Dahllöf G, Otteskog P. The effect of the phenytoin metabolite p-HPPH on
proliferation of gingival fibroblasts in vitro. Acta Odontol Scand 1982; 40, 353-357.

Modéer T, Yucel-Lindberg T, Iinuma M, Lerner UH, Andersson G. Epidermal
growth factor potentiates interleukin 1 and tumor necrosis factor-induced
prostaglandin biosynthesis in human gingival fibroblasts. Cytokine 1993; 5: 198-204.

Momohara S, Okamoto H, Komiya K, Ikari K, Takeuchi M, Tomatsu T, Kamatani N.
Matrix metalloproteinase 28/epilysin expression in cartilage from patients with
rheumatoid arthritis and osteoarthritis: Arthritis Rheum 2004; 50: 4074-4075.

Morton RS, Dongari-Bagtzoglou AI. Cyclooxygenase-2 is upregulated in inflamed
gingival tissues. J Periodontol 2001; 72: 461-469.



39

Murphy G, Cockett MI, Stephens PE, Smith BJ, Docherty AJP. Stromelysin is an
activator of procollagenase. A study with natural and recombinant enzymes. Biochem
J 1987; 248: 265-268.    
Naesse EP, Schreurs O, Helgeland K, Schenck K, Steinsvoll S. Matrix
metalloproteinases and their inhibitors in gingival mast cells in persons with and
without human immunodeficiency virus infection. J Periodontal Res 2003; 38: 575-
582.

Nagase H. Activation mechanisms of matrix metalloproteinases. Biol Chem 1997;
378: 151-160.

Naito S, Shimizu S, Matsuu M, Nakashima M, Nakayama T, Yamashita S, Sekine I.
Ets-1 upregulates matrix metalloproteinase-1 expression through extracellular matrix
adhesion in vascular endothelial cells. Biochem Biophys Res Commun 2002; 291:
130-138.

Nedbal W, Tomakidi P, Lehmann MJ, Dorfer C, Kohl A, Sczakiel G. Antisense-
mediated inhibition of ICAM-1 expression: a therapeutic strategy against
inflammation of human periodontal tissue. Antisense Nucleic Acid Drug Dev 2002;
12: 71-78.

Nomura T, Ishii A, Oishi Y, Kohma H, Hara K. Tissue inhibitors of
metalloproteinases levels and collagenase activity in gingival crevicular fluid: the
relevance to periodontal diseases. Oral Dis 1998; 4: 231-240.

Page RC. The role of inflammatory mediators in the pathogenesis of periodontal
disease. J Periodontal Res 1991; 26: 230-242.

Page RC, Offenbacher S, Schroeder HE, Seymour GJ, Kornman KS. Advances in the
pathogenesis of periodontitis: summary of developments, clinical implications and
future directions. Periodontol 2000 1997; 14: 216-248.

Pankov R, Umezawa A, Maki R, Der CJ, Hauser CA, Oshima RG. Oncogene
activation of human keratin 18 transcription via the Ras signal transduction pathway.
Proc Natl Acad Sci U S A 1994; 91: 873-877.

Papadakis KA, Targan SR. Tumor necrosis factor: biology and therapeutic inhibitors.
Gastroenterology 2000; 119: 1148-1157.

Pardo A, Selman M. MMP-1: the elder of the family. Int J Biochem Cell Biol 2005;
37: 283-288.

Pay S, Erdem H, Pekel A, Simsek I, Musabak U, Sengul A, Dinc A. Synovial
proinflammatory cytokines and their correlation with matrix metalloproteinase-3
expression in Behcet's disease. Does interleukin-1beta play a major role in Behcet's
synovitis? Rheumatol Int 2005; 1-6 [Epub ahead of print].

Peterson JM. Matrix metalloproteinase inhibitor development and the remodelling of
drug discovery. Heart Failure Rev 2004; 9: 63-79.



40

Ravanti L, Hakkinen L, Larjava H, Saarialho-Kere U, Foschi M, Han J, Kahari VM.
Transforming growth factor-beta induces collagenase-3 expression by human gingival
fibroblasts via p38 mitogen-activated protein kinase. J Biol Chem 1999; 274: 37292-
37300.

Reynolds JJ. Collagenases and tissue inhibitors of metalloproteinases: a functional
balance in tissue degradation. Oral Diseases 1996; 2: 70-76.

Ridley SH, Sarsfield SJ, Lee JC, Bigg HF, Cawston TE, Taylor DJ, DeWitt DL,
Saklatvala J. Actions of IL-1 are selectively controlled by p38 mitogen-activated
protein kinase: regulation of prostaglandin H synthase-2, metalloproteinases, and IL-6
at different levels. J Immunol 1997; 158: 3165-3173.

Roberts FA, Hockett RD Jr, Bucy RP, Michalek SM. Quantitative assessment of
inflammatory cytokine gene expression in chronic adult periodontitis. Oral Microbiol
Immunol 1997; 12: 336-344.

Roskoski R Jr. Src kinase regulation by phosphorylation and dephosphorylation.
Biochem Biophys Res Commun 2005; 331: 1-14.

Rossomando EF, Kennedy JE, Hadjimichael J. Tumour necrosis factor alpha in
gingival crevicular fluid as a possible indicator of periodontal disease in humans.
Arch Oral Biol 1990; 35: 431-434.

Rundhaug JE. Matrix metalloproteinases and angiogenesis. J Cell Mol Med 2005; 9:
267-285.

Ruwanpura SM, Noguchi K, Ishikawa I. Prostaglandin E2 regulates interleukin-
1beta-induced matrix metalloproteinase-3 production in human gingival fibroblasts. J
Dent Res 2004; 83: 260-265.

Sakaki H, Matsumiya T, Kusumi A, Imaizumi T, Satoh H, Yoshida H, Satoh K,
Kimura H. Interleukin-1beta induces matrix metalloproteinase-1 expression in
cultured human gingival fibroblasts: role of cyclooxygenase-2 and prostaglandin E2.
Oral Dis 2004; 10: 87-93.

Saklatvala J. The p38 MAP kinase pathway as a therapeutic target in inflammatory
disease. Curr Opin Pharmacol 2004; 4: 372-377.

Salvi GE, Brown CE, Fujihashi K, Kiyono H, Smith FW, Beck JD, Offenbacher S.
Inflammatory mediators of the terminal dentition in adult and early onset
periodontitis. J Periodontal Res 1998; 33: 212-225.

Salvi GE, Lang NP. Host response modulation in the management of periodontal
diseases. J Clin Periodontol 2005; 32: 108-129.

Sambrook J, Fritsch EF, Maniatis T. In molecular cloning: A Laboratory Manual,
Second edition, Cold Spring Harbor Laboratory Press 1989.



41

Schütze S, Machleidt T, Krönke M. The role of diacylglycerol and ceramide in tumor
necrosis factor and interleukin-1 signal transduction. J Leukoc Biol 1994; 56: 533-
541.

Séguier S, Gogly B, Bodineau A, Godeau G, Brousse N. Is collagen breakdown
during periodontitis linked to inflammatory cells and expression of matrix
metalloproteinase and tissue inhibitors of metalloproteinases in human gingival
tissue? J Periodontol 2001; 72: 1398-1406.

Shang XZ, Lang BJ, Issekutz AC. Adhesion molecule mechanisms mediating
monocyte migration through synovial fibroblast and endothelium barriers: role for
CD11/CD18, very late antigen-4 (CD49d/CD29), very late antigen-5 (CD49e/CD29),
and vascular cell adhesion molecule-1 (CD106). J Immunol 1998; 160: 467-474.

Shin SJ, Lee JI, Baek SH, Lim SS. Tissue levels of matrix metalloproteinases in pulps
and periapical lesions. Endod 2002; 28: 313-315.

Siwik DA, Colucci WS. Regulation of matrix metalloproteinases by cytokines and
reactive oxygen/nitrogen species in the myocardium. Heart Fail Rev 2004; 9: 43-51.

Soell M, Elkaim R, Tenenbaum H. Cathepsin C, matrix metalloproteinases, and their
tissue inhibitors in gingiva and gingival crevicular fluid from periodontitis-affected
patients. J Dent Res 2002; 81: 174-178.

Solomon A, Rosenblatt M, Li DQ, Liu Z, Monroy D, Ji Z, Lokeshwar BL,
Pflugfelder SC. Doxycycline inhibition of interleukin-1 in corneal epithelium. Invest
Ophtalmol Vis Sci 2000; 41: 2544-2557.

Sorsa T, Tjäderhane L, Salo T. Matrix metalloroteinses (MMPs) in oral diseases.
Oral Diseases 2004; 10: 311-318.

Sutinen M, Kainulainen T, Hurskainen T, Vesterlund E, Alexander JP, Overall CM,
Sorsa T, Salo T. Expression of matrix metalloproteinases (MMP-1 and -2) and their
inhibitors (TIMP-1, -2 and -3) in oral lichen planus, dysplasia, squamous cell
carcinoma and lymph node metastasis. Br J Cancer 1998; 77: 2239-2245.

Tervahartiala T, Pirila E, Ceponis A, Maisi P, Salo T, Tuter G, Kallio P, Tornwall J,
Srinivas R, Konttinen YT, Sorsa T. The in vivo expression of the collagenolytic
matrix metalloproteinases (MMP-2, -8, -13, and -14) and matrilysin (MMP-7) in
adult and localized juvenile periodontitis. J Dent Res 2000; 79: 1969-1977.

Tewari DS, Qian Y, Tewari M, Pieringer J, Thornton RD, Taub R, Mochan EO.
Mechanistic features associated with induction of metalloproteinases in human
gingival fibroblasts by interleukin-1. Arch Oral Biol 1994; 39: 657-664.

Thomas SM, Brugge JS. Cellular functions regulated by Src family kinases. Annu Rev
Cell Dev Biol 1997; 13: 513-609.

Tjäderhane L, Larjava H, Sorsa T, Uitto VJ, Larmas M, Salo T. The activation and
function of host matrix metalloproteinases in dentin matrix breakdown in caries
lesions. J Dent Res 1998; 77: 1622-1629.



42

Tüter G, Kurtis B, Serdar M. Effects of phase I periodontal treatment on gingival
crevicular fluid levels of matrix metalloproteinase-1 and tissue inhibitor of
metalloproteinase-1. J Periodontol 2002; 73: 487-493.

Tüter G, Kurtis B, Serdar M, Yücel A, Ayhan E, Karaduman B, Özcan G. Effects of
phase I periodontal treatment on gingival crevicular fluid levels of matrix
metalloproteinase-3 and tissue inhibitor of metalloproteinase-1. J Clin Periodontol
2005; 32: 1011-1015.

Uden CE, Ganatra S, Reinhardt RA, Patil KD. Histology near periodontitis
osteoclasts. J Periodontol 1998; 69: 363-366.

Van der Zee E, Everts V, Beertsen W. Cytokine-induced endogenous procollagenase
stored in the extracellular matrix of soft connective tissue results in a burst of
collagen breakdown following its activation. J Periodontal Res 1996; 31: 483-488.

Wang Q, Doerschuk CM. The p38 mitogen-activated protein kinase mediates
cytoskeletal remodeling in pulmonary microvascular endothelial cells upon
intracellular adhesion molecule-1 ligation. J Immunol 2001; 166: 6877-6884.

Wassenaar A, Verschoor T, Kievits F, Den Hartog MT, Kapsenberg ML, Everts V,
Snijders A. CD40 engagement modulates the production of matrix metalloproteinases
by gingival fibroblasts. Clin Exp Immunol 1999; 115: 161-167.

Watanabe H, Shimizu T, Nishihira J, Abe R, Nakayama T, Taniguchi M, Sabe H,
Ishibashi T, Shimizu H. Ultraviolet A-induced production of matrix
metalloproteinase-1 is mediated by macrophage migration inhibitory factor (MIF) in
human dermal fibroblasts. J Biol Chem 2004; 279: 1676-1683.

Wells A. EGF receptor. Int J Biochem Cell Biol 1999; 31: 637-643.

Wenk J, Brenneisen P, Wlaschek M, Poswig A, Briviba K, Oberley TD, Scharffetter-
Kochanek K. Stable overexpression of manganese superoxide dismutase in
mitochondria identifies hydrogen peroxide as a major oxidant in the AP-1-mediated
induction of matrix-degrading metalloprotease-1. J Biol Chem 1999; 274: 25869-
25876.

Venook AP. Epidermal growth factor receptor-targeted treatment for advanced
colorectal carcinoma. Cancer 2005; 103: 2435-2446.

Westermarck J, Kähäri VM. Regulation of matrix metalloproteinase expression in
tumor invasion. FASEB J 1999; 13: 781-792.

Westermarck J, Li SP, Kallunki T, Han J, Kahari VM. p38 mitogen-activated protein
kinase-dependent activation of protein phosphatases 1 and 2A inhibits MEK1 and
MEK2 activity and collagenase 1 (MMP-1) gene expression. Mol Cell Biol 2001; 21:
2373-2383.

Vincenti MP, Coon CI, White LA, Barchowsky A, Brinckerhoff CE. src-related
tyrosine kinases regulate transcriptional activation of the interstitial collagenase gene,



43

MMP-1, in interleukin-1-stimulated synovial fibroblasts. Arthritis Rheum 1996; 39:
574-582.      

Vincenti MP, Brinckerhoff CE. Transcriptional regulation of collagenase (MMP-1,
MMP-13) genes in arthritis: integration of complex signaling pathways for the
recruitment of gene-specific transcription factors. Arthritis Res 2002; 4: 157-164.

Witkowska AM, Borawska MH. Soluble intercellular adhesion molecule-1: an
overview. Eur Cyt Netw 2004; 15: 91-98.
Woessner F. Matrix metalloproteinases and their inhibitors in connective tissue
remodelling. FASEB J 1991; 5: 2145-2154.

Woessner JF, Nagase H. Matrix Metalloproteinases and TIMPs. Oxford University
Press. Protein Profile 2000.

Yucel-Lindberg T, Ahola H, Carlstedt-Duke J, Modéer T. Involvement of tyrosine
kinases on cyclooxygenase expression and prostaglandin E2 production in human
gingival fibroblasts stimulated with interleukin-1beta and epidermal growth factor.
Biochem Biophys Res Commun 1999a; 13: 528-532.

Yucel-Lindberg T, Nilsson S, Modéer T. Signal transduction pathways involved in
the synergistic stimulation of prostaglandin production by interleukin-1beta and
tumor necrosis factor alpha in human gingival fibroblasts. J Dent Res 1999b; 78: 61-
68.

Zhang F, Engebretson SP, Morton RS, Cavanaugh PF Jr, Subbaramaiah K,
Dannenberg AJ. The overexpression of cyclo-oxygenase-2 in chronic periodontitis. J
Am Dent Assoc 2003; 134: 861-867.

Zhu Y, Liu X, Sköld CM, Wang H, Kohyama T, Wen FQ, Ertl RF, Rennard SI.
Collaborative interactions between neutrophil elastase and metalloproteinases in
extracellular matrix degradation in three-dimensional collagen gels. Respir Res
2001a; 2: 300-305.

Zhu YK, Liu X, Wang H, Kohyama T, Wen FQ, Skold CM, Rennard SI. Interactions
between monocytes and smooth-muscle cells can lead to extracellular matrix
degradation. Allergy Clin Immunol 2001b; 108: 989-996.


