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Background and Objective: Periodontal disease is characterized by increased

expression and activity of matrix metalloproteinases (MMPs) and insufficient

expression/activity of their inhibitors, tissue inhibitors of matrix metalloprotein-

ases (TIMPs). This altered MMP–TIMP balance results in progressive destruction

of gingival and periodontal extracellular matrix. Enamel matrix derivative (EMD),

clinically used for periodontal regeneration in a device called Emdogain�, has been

suggested to enhance gingival healing following periodontal procedures in

humans. We previously showed that EMD increases the proliferation of human

and rat gingival fibroblasts and protects them from tumor necrosis factor-induced

apoptosis. In the present study, the modulation of MMP and TIMP expression by

EMD was investigated.

Material and Methods: Primary human gingival fibroblasts were treated in vitro

with tumor necrosis factor, EMD or both in serum-free conditions, and RNA was

analyzed with an extracellular matrix-focused microarray and quantitative real-

time polymerase chain reaction.

Results: Microarray analysis showed detectable expression of MMP-1, MMP-2,

MMP-3, MMP-7 and MMP-13, as well as TIMP-1 and TIMP-3 in untreated cells.

There was no apparent regulation of the expression of MMP-2, MMP-7, MMP-13

and TIMP-1 by either tumor necrosis factor or EMD. In contrast, tumor necrosis

factor significantly increased MMP-1 expression, and EMD reduced it when both

agents were present. Also, EMD significantly induced TIMP-3 expression, an

effect which was dependent on activation of extracellular signal-regulated ki-

nase 1/2, since it was totally abolished by a selective extracellular signal-regulated

kinase pathway inhibitor.
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Matrix metalloproteinases (MMPs) are

a family of Zn2+-dependent endopep-

tidases capable of cleaving various

components of extracellular matrix

(ECM), an activity which is essential

for normal physiological processes,

such as embryonic development, cell

migration, wound healing and tissue

remodeling (1,2). However, their

increased, uncontrolled activity partic-

ipates in many pathological conditions,

such as tumor metastasis and inflam-

mation-induced tissue destruction (3,4).

Currently, there are about 25 MMPs,

possessing various catalytic proper-

ties (e.g. collagenases, gelatinases and

stromelysin). Matrix metalloproteinase

activity is, in turn, regulated by endo-

genous tissue inhibitors of matrix

metalloproteinases (TIMPs; 5,6).

The balance between MMPs and

TIMPs is tightly regulated during tis-

sue remodeling and wound healing.

While MMP activity is necessary at the

first step of wound healing to allow the

locomotion and arrival of cells and

growth factors to the injured area,

TIMP activity is essential at the late

stage of tissue repair to minimize tissue

damage (7,8).

Periodontal disease is caused by an

inflammatory process, which results

from the interactions between a bacte-

rial insult and host responses. Cells of

the gingival connective tissue are tar-

gets for both the bacterial virulence

factors and the inflammatory media-

tors (9), both of which stimulate gin-

gival fibroblasts to produce other

inflammatory mediators, such as cyto-

kines [e.g. tumor necrosis factor (TNF)

and interleukin-1] and prostanoids

(e.g. prostaglandin E2). These, in turn,

induce MMP production and activa-

tion, leading to extracellular matrix

degradation (10,11). Indeed, sub-

stantial dissolution of the connective

tissue occurs in inflamed gingival sites

(12), presumably due to the excessive

and continuous activity of various

MMPs (10). In support of this notion,

high levels of MMPs were found in

inflamed periodontal tissues (13–18).

Notably, the ratios between MMP-1

and TIMP-2, MMP-3 and TIMP-2,

and MMP-1 and TIMP-3 expression

was significantly elevated in periodon-

tal lesions compared with healthy sites

(19).

The ability of gingival fibroblasts to

produce MMP-1 and MMP-3 in re-

sponse to inflammatory cytokines, such

as TNF and interleukin-1, has been

demonstrated in several studies (20–22).

Furthermore, exposure of gingival

fibroblasts in vitro to Porphyromonas

gingivalis resulted in increased expres-

sion of MMP-1, MMP-2, MMP-3 and

MMP-4 and decreased expression of

TIMP-1 but notTIMP-2 (14). Studies in

which periodontal tissue destruction

was experimentally prevented by treat-

ment with doxycycline, a broad-

spectrum MMP inhibitor, support a

role of MMPs in this process (23).

Emdogain�, a commercial prepara-

tion of enamel matrix derivative

(EMD), is being widely used clinically

for regeneration of periodontal tissues,

such as periodontal ligament, cemen-

tum and bone. In contrast, the effects

of EMD on gingival tissues have not

been well studied. Several clinical

observations suggest that the applica-

tion of EMD onto root surfaces during

periodontal therapy has beneficial ef-

fects on gingival tissue. For instance,

application of EMD during coronally

positioned flap procedures for correc-

tion of gingival recession resulted in an

increase in the width (24–26) and den-

sity (27) of the keratinized gingiva

compared with control treatment. This

finding could suggest an effect of EMD

on cells of the gingival connective tissue,

separate from their effect onperiodontal

ligament cells. We have recently shown

that EMD enhances the proliferation

of rat (28) and human gingival fibro-

blasts (29) and protects these cells from

TNF-induced apoptosis (30). How-

ever, EMD could promote gingival

post-surgical healing by other means as

well. In this study, we investigated

whether EMD could modulate the

proteolytic activity of gingival fibro-

blasts. The only study that examined

the effect of EMD on the balance be-

tween MMPs and TIMPs in gingival

tissue showed a decrease in TIMP-1

level and a greater decease in MMP-1

and MMP-8 activity in human gingival

crevicular fluid following surgical

treatment with EMD (31). These

changes implied a reduction in the

MMP/TIMP ratio following treat-

ment.

Therefore, the purpose of the pres-

ent study was to asses the effect of

EMD on the expression of various

MMPs and TIMPs in gingival fibro-

blasts exposed to an inflammatory

stimulus simulated by the ubiquitous

pro-inflammatory cytokine, TNF.

Material and methods

Materials

Enamel matrix derivative was gener-

ously donated by Institut Straumann

AG (Basel, Switzerland). All chemicals

and reagents for tissue culture were

from Biological Industries (Beit

Haemek, Israel). Tissue culture dishes

were from Nunc (Rosekilde, Den-

mark). Human recombinant TNF was

obtained from PeproTech (Rocky Hill,

NJ, USA), and U0126 [mitogen-acti-

vated protein kinase (MAPK) inhibi-

tor] was from ALEXIS Biochemicals

(Lausen, Switzerland).

Cell isolation and culture

The experiments were approved by the

Helsinki committee of the Tel-Aviv

University. Healthy, non-inflamed,

gingival tissue was removed from pa-

tients during periodontal or implant

Conclusion: These data suggest that EMD may affect gingival health by ways

other than cell proliferation/survival, i.e. by stimulation of TIMP-3 production,

which could improve the MMP–TIMP balance in gingival tissue and curb extra-

cellular matrix destruction.
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surgery procedures upon obtaining an

informed consent, whenever tissue

�thinning� or elimination was necessary.

The epithelium was removed, and

connective tissue fragments were cut

into small pieces and placed in culture

medium [a-minimal essential medium

supplemented with 10% fetal calf

serum, 2 mM glutamine, 100 U/mL

penicillin, 100 lg/mL streptomycin,

12.5 U/mL nystatin, 0.11 mg/mL

sodium pyruvate, and non-essential

amino acids] at 37�C in an atmosphere

of 5% CO2 and 95% air in 25 mm2

flasks to allow for cell outgrowth until

confluence was reached. About 750,000

cells between the fourth and eighth

passage, having a typical fibroblastic

morphology, were seeded in 60 mm

culture dishes with complete medium

until they attached and were then

serum-starved for 24 h and then trea-

ted in serum-free conditions with EMD

(100 lg/mL), TNF (50 ng/mL) or both

for 20 h before harvesting total RNA.

Isolation of RNA and determination
of mRNA by real-time polymerase
chain reaction (PCR)

TotalRNAwas isolatedwith the perfect

pure RNA cultured cell kit (5Prime,

Gaithersburg, MD, USA) according to

the manufacturer�s instructions. Cells

from six donors, between the second

and fourth passage, having a typical

fibroblastic morphology, were used.

Integrity of the RNA was assessed by

visualization in ethidium bromide-

stained gels, and its quantity was

estimated with a nanodrop spectro-

photometer (NanoDrop Technologies,

Wilmington, DE, USA). Only samples

with a ratio of opitical density at

260 nm/280 nm> 1.8 were used. Total

RNA (1 lg) was then reverse tran-

scribed by EZ-First Strand cDNA

synthesis kit (Biological Industries)

using random hexamer primers

according to the manufacturer�s
instructions. Transcribed cDNA was

then amplified using TaqMan gene

expression assay (Hs00899658-M1 for

MMP-1,Hs00165949-M1 for TIMP-3

and Hs999999901-S1 for the endo-

genous control 18S ribosomal RNA, all

from Applied Biosystems, Foster City,

CA, USA) according to the manufac-

turer�s instructions using a Prism 7000

Sequence Detector (Applied Bio-

systems, Foster City, CA, USA). Cal-

culations of relative gene expression

(normalized to 18S reference gene) were

performed according to the 2�DDCT

method (32).

Gene expression analysis by ECM-
specific microarray

For analysis of the expression of genes

of the MMP and TIMP family mem-

bers, oligo GEArray Q Series Human

ECM and Adhesion Molecules gene

expression arrays (OHS-013) were

purchased from SuperArray Bioscience

Corporation (Frederick, MD, USA).

Each array consists of 113 genes

known to be involved in cell adhesion

and ECM deposition or degradation,

as well as control sequences [PUC18

plasmid DNA as negative control; b-
actin and glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) for loading].

Specifically, it represents seventeen

MMPs (1–3, 7–17, 20, 24 and 26) and

three TIMPs (1–3). Gingival fibro-

blasts from two different donors were

analyzed. The microarrays were used

according to the manufacturer�s
instructions. Briefly, cDNA was pre-

pared from total RNA, using the True-

Labeling-AMP� kit (SuperArray

Bioscience Corp.), by reverse tran-

scription with MMLV reverse

transcriptase. Complementary RNA

(cRNA) transcripts, labeled with Bio-

tin-16-dUTP (Roche, Indianapolis, IN,

USA), were generated and purified

using the ArrayGrade� cRNA clean-

up kit (SuperArray Bioscience Corp.),

and the amount of cRNA was assessed

by nanodrop spectrophotometer. Four

micrograms of cRNA were hybridized

to a positively charged nylon mem-

brane containing the arrayed DNA.

Hybridized RNA was detected using

the supplied chemiluminescence detec-

tion system and BioMax light film

(Kodak, Rochester, NY, USA).

Photoshop (Adobe) software was used

to determine the mean optical density

of each band after subtracting that of

the empty film. Gene expression was

calculated as the ratio between each

band and that of GAPDH within the

same membrane.

Statistical analysis

All real-time PCR assays were per-

formed at least in quadruplicate for each

set of conditions, and each experiment

was repeated at least twice. The results

are presented as means and standard

deviation (SD). Statistical analysis was

performed by Student�s unpaired t-test,

and the value of p < 0.05 was the cut-

off for statistical significance.

Results

Analysis of the microarrays revealed

substantial expression of MMP-1,

MMP-2, MMP-3, MMP-7 and MMP-

13, as well as TIMP-1 and TIMP-3 in

serum-starved, untreated gingival

fibroblasts in serum-free conditions

(Fig. 1). Many additional ECM-

related genes, such as collagens,

laminins and integrins, were strongly

detectable as well, but their analysis is

outside the scope of the present study.

Negative controls (e.g. PUC18) did not

yield any detectable signal. Densito-

metric quantitation of the arrays indi-

cated that among the MMP and TIMP

members, MMP-2 and TIMP-1 were

expressed at the highest levels, MMP-

1, MMP-13 and TIMP-3 were ex-

pressed at intermediate levels, and

MMP-3 and MMP-7 were expressed at

much lower levels (Fig. 2). These

MMPs and TIMPs were previously

reported to be expressed by unstimu-

lated human gingival fibroblasts (33–

35). There was no apparent regulation

of the expression of MMP-2, MMP-7,

MMP-13 and TIMP-1 by either TNF

or EMD, and these molecules were

therefore not further analyzed. In

contrast, MMP-1 was markedly in-

duced by TNF and not by EMD,

MMP-3 seemed to be induced by both

treatments, and TIMP-3 was induced

by EMD only. The expression of these

genes was further analyzed by quanti-

tative real-time PCR. As can be seen in

Fig. 3, TNF treatment of human gin-

gival fibroblasts significantly induced

the expression of MMP-1 several-fold,

while EMD alone had no effect.

However, when cells were treated

simultaneously with TNF and EMD,

the MMP-1 mRNA levels were lower

than with TNF alone. This effect of
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TNF on MMP-1 expression in gingival

fibroblasts was previously reported by

others (21,22,36). Repeated analysis of

the expression of MMP-3 in response

to these two agents did not yield

reproducible results (not shown). In

contrast, EMD significantly induced

the expression of TIMP-3, while TNF

had no effect (Fig. 4), so that TIMP-3

mRNA levels were elevated after the

combined (TNF + EMD) treatment,

in agreement with the microarray data.

Since this finding is a novel one, with

possible beneficial clinical relevance,

we investigated a potential intracellular

mechanism for this induction of

TIMP-3 by EMD. The marked induc-

tion of TIMP-3 expression in gingival

fibroblasts by EMD was completely

prevented when the cells were incu-

bated with the specific MEK (MAPK/

ERK kinase) 1/2 inhibitor, U0126

(Fig. 5), indicating that activation of

the MAPK extracellular signal-regu-

lated kinase 1/2 (ERK1/2) in gingival

fibroblasts is essential for the EMD-

induced TIMP-3 expression, as it is

essential for EMD-induced gingival

fibroblast mitogenesis (29).

Discussion

There is significant evidence that the

balance between the activity of MMPs

and their endogenous inhibitors (TIM-

Ps) is shifted toward the former in sites

inflicted with periodontal disease, lead-

ing to excessive proteolytic activity

(13,17,19,37,38). Many reports indicate

that the abundance of several distinct

MMPs is increased in diseased peri-

odontal tissues [e.g.MMP-8 andMMP-

13 (13), MMP-1 (15,19), MMPs 1, 3, 8

and 9 (16,37,38), and MMPs 1 and 3

(17,22)]. Moreover, most studies found

that the total collagenolytic/gelatino-

lytic activity present in these tissues and

in the gingival crevicular fluid is greatly

increased. It is believed that this

uncontrolled proteolytic activity is

responsible for most of the gingival and

periodontal tissue ECM destruction.

The major cells responsible for MMP

production and secretion in gingival

tissues are fibroblasts, sulcular epithelial

cells, monocytes/macrophages and

neutrophils (9,13,37). These cells, found

at the dentogingival junction area, are

targets for both the bacterial virulence

factors and the primary inflammatory

mediators and react by production and

secretion of additional pro-inflamma-

tory cytokines such as TNF, interleu-

kin-1 and interleukin-6, prostanoids

such as prostagladin E2, histamine and

other mediators (9), as well as proteo-

lytic enzymes. TNF, one of the major

driving forces in periodontal inflam-

mation, has been shown many times to

induce the expression of MMP-1 and

MMP-3 in gingival (22,36) as well as

dermal (39,40), dental pulp (41), lung

(42) and synovial (43) fibroblasts. Our

microarray and quantitative real-time
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GAPDH

TIMP-1
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Fig. 1. Photograph of the microarray used in this study with the positions of the genes

analyzed.
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Fig. 2. Densitometric analysis of mRNA levels of the relevant array genes. The ratio between

the optical density of each spot and that of GAPDH, a housekeeping gene, within the same

array is depicted. TNF 50, TNF 50 ng/mL; EMD 100, EMD 100 lg/mL.
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PCR data support these findings. In this

respect, TNFacts to upregulateMMP-1

together with other inflammatory

cytokines, such as interleukin-1 (44).

Enamel matrix derivative is used

clinically for periodontal regeneration,

but several studies have suggested that it

also enhances gingival healing when

applied surgically (24–27) or non-sur-

gically (45). Owing to the paucity of

studies investigating the effects of EMD

on gingival tissue and cells, the mecha-

nisms whereby these are affected by

EMD are largely unknown. We have

recently conducted several studies to

explore the cellular effects of EMD on

primary human gingival fibroblasts.We

have demonstrated that EMD stimu-

lates human gingival fibroblast prolif-

eration in an ERK-dependent manner

that involves transactivation of the epi-

dermal growth factor receptor (29,46),

and that EMD protects human gingival

fibroblasts from TNF-induced apopto-

sis by upregulating cellular FLICE-like

inhibitory protein and preventing

caspase activity (30). These combined

actions of EMD may increase the

number of gingival fibroblasts and

counteract the documented fibroblast

cell death that occurs in inflamed gin-

giva (47–49). However, EMD can

potentially promote gingival healing in

other ways. Several studies found that

EMD possesses anti-inflammatory

properties, i.e. it limits the release of

pro-inflammatory cytokines (TNF and

interleukin-8) from blood cells or

monocytes (50,51). Also, EMD was

shown to moderately inhibit the growth

of periopathogenic bacteria, such as

Porphyromonas gingivalis (52) and

Aggregatibacter actinomycetemcomi-

tans (53).Our study adds anotherway in

which EMD can promote gingival

healing, i.e. by induction of TIMP-3

expression, which would diminish the

MMP/TIMP ratio and reduce ECM

degradation. Since the ratio of MMP-1

to TIMP-3 is significantly increased in

diseased gingiva (19), the finding that

EMD reduces the abundance of

MMP-1 mRNA and increases that of

TIMP-3 should mitigate ECM break-

down. This hypothesis is in line with the

ability of EMD to reduce MMP-1

mRNA in human osteoblastic cells (54).

Notably, the effect of EMD on the
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Fig. 3. The effect of EMD and TNF on MMP-1 expression in gingival fibroblasts. The

mRNA levels of MMP-1 were measured by quantitative real-time PCR and normalized to

the level of the endogenous control 18S ribosomal RNA. Data are presented as the

means + SD of four independent cultures and expressed as a percentage of the mRNA level

in untreated cultures. **p < 0.01, control vs. TNF treatment; and $p < 0.05, TNF vs.

combined treatment with TNF and EMD.
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Fig. 4. The effect of EMD and TNF on TIMP-3 expression in gingival fibroblasts. The

mRNA levels of TIMP-3 were measured by quantitative real-time PCR and normalized to

the level of the endogenous control 18S ribosomal RNA. Data are presented as the

means + SD of four independent cultures and expressed as a percentage of the mRNA level

in untreated cultures. **p < 0.01, control vs. EMD treatment.
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ERK pathway, for 45 min before the addition of EMD. The abundance of TIMP-3 mRNA

was measured by quantitative real-time PCR and normalized to that of 18S ribosomal RNA.
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expression/activity of MMPs/TIMPs

may vary between different cells and

different MMPs/TIMPs, since our

study found that EMD stimulates, in

human gingival fibroblasts, the expres-

sion of TIMP-3 and not other TIMPs,

while it has been reported that EMD

stimulates the production of MMP-2

and MMP-9 in human tongue squa-

mous cell carcinoma (HSC-3) cells (55).

Increased TIMP-3 expression in gin-

gival fibroblasts in response to EMD is a

novel finding, and we investigated a

possible intracellular mechanism of this

effect. We found that ERK phosphory-

lation, a hallmark of MAPK pathway

activation, is crucial toTIMP-3 induction

by EMD. In support of this conclusion,

TIMP-3 expression is also induced in

chondrocytes by transforming growth

factorbeta in anERK-dependentmanner

(56). Our previous studies showed

unequivocally that EMD treatment of

human gingival fibroblasts results in a

rapid and substantial activation of the

ERK cascade (29), and that this activa-

tion of the MAPK pathway is crucial for

the mitogenic effect of EMD in these

cells. Therefore, EMD-induced ERK

activation results in several cellular

consequences, some of which we have

elucidated (induction of DNA synthesis

and TIMP-3 expression).

In conclusion, mRNA analysis of

human gingival fibroblasts indicated

that the expression of MMP-1 is in-

creased in response to TNF while that

of TIMP-3 is increased in response to

EMD. These data imply that, while

TNF and other inflammatory media-

tors increase MMP expression and

activity in gingival tissue, EMD coun-

teracts their action by increasing TIMP

expression with a potential to curb

ECM degradation.
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37. Sorsa T, Tjäderhane L, Salo T. Matrix

metalloproteinases (MMPs) in oral dis-

eases. Oral Dis 2004;10:311–318.
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