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DR. JENNIFER, E. LOHSE 
Progestational Effects on Matrix Metalloproteinases in Cultured. Human 
Gingival Fibroblasts 
{Under the direction of DR. CAROL A. LAPP) 

During pregnancy many wo~en suffer from severe gingivitis, which almost never progresses to 

periodontitis, and resolves post-partum. Since progesterone is elevated during pregnancy and is 

known to influence MMPs in some reproductive tissues, we theorized that similar effects might be 

seen in oral tissue. The purpose of this research was to study gestational gingival changes in 

vitro, some of which may be due to progesterone modulation of certain MMPs. Primary cultures 

of non-pregnant female and male human gingival fibroblasts (HGF) cells were grown to 

confluence in 4% FBS in phenol red-free DMEM. The cells were then pre-treated for 72 hours in 

serum-free DMEM, without or with 10-6 M medroxyprogesterone acetate (MPA). IL-1 ~ (1 ng/ml) 

was added to initiate MMP production. After 24 hours, medium was removed and cells harvested 

for reverse·transcriptase - polymerase chain reaction (RT-PCR). Media samples were tested for 

collagenase production, utilizing zymograms (agarose gels containing gelatin). Cqmmercial 

ELISAs quantified production of total MMP-3 and pro-MMP-13. The mRNAs for MMPs-1, -2, -3, -

7, -9, -10, -13 and GAPDH (control) were amplified by RT-PCR in order to determine which were 

modulated by IL-1 ~ +/- MPA. MPA-treated and untreated cells were compared; cells from male 

and female sources behaved similarly. High levels_ of MMP activity were detected in untreated 

cells and control stimulated cells with zymogram gels, and levels decreased with MPA treatment. 

The RT-PCR showed that with the addition of MPA to HGF cultures, there was almost total 

cessation of specific MMP gene transcription for MMPs-1, -2, -3, -7, -10 and _-13 in response to 

IL-1 ~- The EL.ISAs confirmed significantly decreased MMP-3 and -13 protein levels (p<0.05). 

We conclude that MPA has the ability to significantly decrease production and activity of MMPs in 

response to IL-1 B, which could help to explain why pregnancy gingivitis usually doesn't lead to 

periodontitis.' 
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Statement of the Problem 
During pregnancy many women suffer from severe gingivitis, which almost never 

progresses to periodontitis·, and resolves post-partum. Since progesterone is 

elevated during pregnancy and is known to influence matrix metalloproteinases 

in some reproductive tissues, we theorized that similar effects might be seen in 

oral tissue, which might explain, in part, the lack of tissue destruction seen in 

pregnancy. The purpose of this research was · to study gestational gingival 

changes in vitro, some of which may be due to progesterone modulation of 

certain matrix metalloproteinases (MMPs). 

Literature -Review 
Periodontal Diseases 

Gingivitis: _The most common of the periodontal diseases, gingivitis is an 

inflammation of the gingiva. Generally, the gingival lesion is confined to the 

tissues of the marginal gingiva and does not involve the alveolar bone or _the 

periodontal ligament. A number of different forms of gingivitis exist, the most 

common of which is plaque-induced gingivitis. It occurs after bacteria which exist 

normally in the oral cavity proliferate, increasing in mass and thickness until they 
( ' 

form plaque. Plaque adheres to the surfaces of the teeth and adjacent gingiva 

and causes ceHular injury, with subsequent erythema and edema. This gingival 

disease is characterized by tender, red, and swollen gums that easily bleed. 

Treatment is effective if initiated early in the course of gingivitis. In susceptibl·e 
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individuals without good management, the problem can progress to more severe 

tissue destruction. Another type of gingival disease is hormone-influenced 

gingivitis, which appears in some adolescents, in some pregnant women, and as 

a potential side effect of oral contraceptives (reviewed by Carranza et al., 1996). 

Periodontitis: Periodontitis is characterized by the presence of inflammation and 

the loss of connective tissue· structures and bone. Gingivitis precedes 

periodontitis, although it does not always lead to this more severe periodontal 

condition. In fact,· some experts believe it is an entirely different disease (Loe, 

1997). Chronic periodontitis may begin in adolescence as a slowly progressing 

disease that becomes clinically significant when patients are in their mid-30's, 

and continues throughout life (reviewed by Carranza et al., 1996). Some 

experts question whether it is a chronic, unrelenting condition, and instead 

suggest that it waxes and wanes, depending on the response of the immune 

system in fighting the bacteria which cause this gingival disease (Loe, 1997). 

For a tooth with healthy gingiva, inflammation caused by_ developing bacterial 

plaque occurs within 5-20 days. The_ junction between the tooth and the 

connective tissue is covered by epithel.ium, which has a high cellular turnover 

rate and becomes permeable to neutrophils and macromolecules. Beneath the 

epithelium are tissues that may house the body's fastest turnover of collagen -

the periodontal ligament and connective tissue. Fibers of the periodontal 

ligament are anchored at one end in the thin cementum on the tooth root and in 
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alveolar bone or soft gingival connective· tissue at the other. What turns 

reversible inflammation (gingivitis) into __ irreversible, damaging periodontitis is 

destruction of the collagen fibers of the periodontal ligament and osseous 

structures. This is also known ·as loss of attachment - the apical migration of the 

connective tissue attachment with periodontal pocketing as a possible secondary 

complication (reviewed by Carranza et al., 1996). 

In periodontitis, gingival crevicular fluid (GCF) can be an inflammatory exudate. 

The fluid portion of the exudate is derived from leakage of the subgingival 

microvasculature. The constituents in GCF can be derived from a number of 

sources, including serum, the gingival tissues, and both host cells and the 

bacteria associated with the gingival crevice (reviewed ·by Greenstein, & Caton, 

1990). Analysis of th~ host response via GCF might provide an indication of the 
\J 

local inflammatory and immune reactions that· occur in response to the 

accumulation of subgingival bacteria. Many periodontal studies have attempted 

to utilize the GCF as an indicator of disease activity, severity and a future 

predictor of disease progression. 

Utilizing the findings from a longitudinal study (over 20 years) of Sri Lankan tea 

workers, researchers have described the natural history of periodontal disease, 

the initiation and subsequent progression of periodontal disease and tooth loss in 

a population which had never sought or received any oral health care and never 

performed personal oral hygiene. From these findings, researchers concluded 
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that: 1 ) in the absence of oral hygiene and oral health care all teeth in all 

participants exhibited visible plaque as well as overt gingivitis and supra- and 

subgingival calculus; 2) with time and without intervention periodontal destruction 

progressed beyond gingivitis in 90% of this population; 3) despite high 

homogeneity of the population, severity of periodontal disease varied greatly. 

From the data collected, the participants could be divided into 3 categories: those 

with rapidly progressive disease (~8%), moderately progressive periodontitis 

(~80%), and non-progressive gingival disease (~10% showed no progression 

beyond chronic gingivitis). In the two groups of progressive periodontal disease, 

although the progression beyond gingivitis started in different teeth, at different 

times, and proceeded at different rates during different age ranges, the 

advancement of the disease continued_ through the years and indeed led to the 

eventual loss of teeth (Loe et al., 1978). At present there is no way to predict 

which gingivitis lesion, if left untreated, will proceed to periodontitis and which will 

not. Current concepts hold that only ·universal control of gingivitis can prevent 

the development of the advanced lesion (Greenstein & Caton, 1990). 

Progression Theories 

Three theories on gingival disease progression have been proposed - 1) the 

burst theory, which claims that a sudden loss of a measurable amount of 

attachment occurs; 2) the continuous theory, which states that loss of attachment 

is gradual and · almost imperceptible; and 3) the asynchronous multiple burst 

hypothesis, which claims that disease occurs during defined periods of life and 
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then goes into remission (Socrans~y et al., 1984 ). None of these mechanisms 

have been proven clinically, although support for all three of these has been 

presented. The continuous theory may be an artifact of averaged observations 

and the burst theory may be an artifact of measurement error (Greenstein & 

Caton, 1990). 

Microbiology 

In the healthy mouth, more than 500 species of microorganisms have been 

found. Periodontal infections are linked to fewer than 5% of these species, and 

inflammatory lesions do not erupt without the presence of these bacteria 

(reviewed by Carranza et al., 1996). Loesche's definition of the specific plaque 

hypothesis triggered a search for important periodontopathogens. This theory 

· holds that some organisms are more likely than others to cause attachment loss 

(Loesche et al., 1985). Currently, the most extensive.ly studied organisms are 

Actinobacillus actinomycetemcomitans, Prevotella intermedia, Bacteroides 

forsythus, and Porphyromonas gingivalis (Greenstein & Caton, 1990). 

As of yet, researchers have not conclusively proven the specific plaque 

hypothesis for chronic periodontitis. It is difficult to pinpoint specific pathogenic 

bacteria when dealing with up to 500 species, all of which may cause an 

inflammatory response, and many of which can be represented by both relatively 

harmless and potentially virulent strains (reviewed by Carranza et al., 1996). The 

current consensus. is that some periodontal organisms may have a more 



6 

important role than others, but the central event of periodontitis is the destruction 

of periodontal attachment by host mechanisms triggered in response to a wide 

range of organisms (Socransky & Haffajee, 1992). 

Pathogenesis of Periodontal Disease 

The bacteria that form plaque and calculus release toxins. · In response to this 
o I •• 

the immune system is stimulated and releases infection-fighting signaling factors 

called cytokines. Cytokines are a group of bioactive polypeptides which are 

produced by a wide variety of cells and mediate a variety of metabolic and 

immunologic functions. Each cytokine is produced by orie. or more different 

cells, and these molecules have pleiotropic and overlapping activities, which are 

in some cases synergistic. They are active at very low concentrations. Each 

cytokine has one or more target cells bearing specific high affinity receptors. The 

cytokines can act on the cells surrounding them (paracrine effect), on cells in 

other organs (hormonal effect), _and on the secreting cell (autocrine effect). The 

stimuli for cytokine production and secretion include bacterial components, 

cytokine self-induction, inflammatory mediators like arachidonic acid metabolites, 

and activators of signal-transduction like phorbol esters. The regulation of the 

cytokine production and release can be at the transcriptional, post-transcriptional, 

translational, and processing levels (reviewed by Kjeldsen et al., 1993). 

In people- with severe periodontal disease, these cytokines, particularly 

interleukin-1 (IL-1 ), are active in the oral cavity where they stimulate the 
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overproduction of collagenases (matrix metalloproteinases ), which break down 

proteins, including the connective tissue· and extracellular matrix. The immune 

system, which protects the body from disease, can become overactive, leading to 

the local tissue destruction seen in periodontitis. The pathologic condition of 

inflammation disrupts the equilibrium between production and degradation of the 

connective tissue (reviewed by Ebersole & Taubman, 1994 ). In health, 

periodontal soft tissues contain type I and Ill collagens. In inflammation, there is 

increased degradation of these collagens by the released collagenases 

_ (reviewed by Larjava et al., 1989). In early gingivitis numerous collagen fibrils 

are degraded, which makes room for the infiltrating inflammatory cells: 

Lee et al. (1991) reported that the localization of active collagenase at a 

periodontal site was associated with more recent destruction of the periodontium. 

Such sites were also more likely to harbor higher levels of P. gingivalis, 

P. intermedia and spirochetes when compared to healthy control sites. This 

study demonstrated a site-specific relationship between indicators of host 

response, such as polymorphonuclear lymphocytes (PMNs) secreting 

collagenase, and the presence of periodontopathic bacteria (Lee et al., 1991 ). 

Some studies haye reported that certain plaque bacteria can produce their own 

collagenases, which can work in tandem with the host-produced matrix · 

metalloproteinases (MMPs) to produce. tissue damage. Matrix 

metalloproteinases-8 and -9 were the predominant MMPs found in the mature 

dental plaque. This might mean that the dental plaque serves as a reservoir of 
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MMPs and their activators in periodontal inflammation (Sorsa et al., 1995). The 

interaction between the plaque bacteria and the resident gingival cells, as well as 
. . 

the migratory inflammatory cells, -increased the production and release of MMPs 

by the host cells (Uitto et al., 1989; Birkedal-Hansen, 1993b ). Multiple systems 

have been implicated in this p·laque-host interaction. 

Bacterial Effects on the Periodontium 

Plaque bacteria, more specifically, one or more of the gram-negative 

periodontopathic bacteria, stimulate the recruitment and migration of 

lymphocytes into the gingival tissues. This type of gram-negative bacteria 

produces lipopolysaccharide (LPS), which is associated with the bacterial cell 

wall and is considered an en_dotoxin. The highest levels of LPS were reported to 

exist in the subgingival plaque layer adjacent to gingival tissues. Endotoxin has 

been demonstrated• to penetrate the gingival epithelium and to result in 

vasculature leakage. Levels of LP~ have been reported to directly correlate with 

clinical and histological signs of inflammation (reviewed by Potempa et al., 2000). 

It has been noted recently that P. gingivalis and P. intermedia may invade human 

gingival fibroblasts (HGF) and may damage these cells directly or through the 

release of microbial cytotoxic components, like LPS (Dogan et al., 2000). 

Lipopolysaccharides stimulate the release of inflammatory molecules 

prostaglandin E2 (PGE2) and cyclic adenosine-3', 5'- monophosphate (cAMP) 

from the recruited monocytes (Garrison et al., 1989), both of which are necessary 

for the initiation of monocyte/macrophage production of MMPs (Wahl et al., 
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1993 ). If these monocytes/macrophages can control and clear the pathogens 

and their products by phagocytosis and intercellular killing, the disease may be 

limited to gingivitis. If these methods fail, the bacteria and their toxic products 

can then penetrate farther into the host's connective tissues and the disease 

process may progress toward periodontitis. 

Complement Activation 

With bacterial infection, lymphocytes and macrophages work with complement to 

eliminate pathogenic bacteria from the body. The complement system consists 

of glycoproteins which circulate in the extracellular fluid compartment. When 

activated, they interact in a precise sequence of reactions that results in the 

production of active cleavage fragments that promote phagocyte accumulation, 

opsonization, phagocytosis and direct cell damage (reviewed by Potempa et al., 

2000). This system has three major functions: 1) targeting microorganisms to 
l 

complement-r~ceptor-bearing-cells; 2) recruiting immune cells to the activation 

area; and 3) bacteri_al destruction. The activation of complement occurs via two 

pathways: the classical and the alternative pathways. The primary function of 

these activation pathways is to form enzymes (C3 convertases) that activate C3 

to C3b. Cleavage of C3 is shared by the two pathways and has a critical role in 

the immune response. After C3 cleavage, the late-acting components of 

complement (C5-9) are activated, which results in the formation of membrane

attack complexes and target-cell lysis (Van Dyke et al., 1993). 
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? 

Complement or bacterial cleavage of C5 to C5a also may play a role in the 

progression of periodontal disease, as it has been reported in the pathogenesis 

of other inflammatory disorders such as systemic lupus, rheumatoid arthritis and 

psoriasis (reviewed by Pobanz et al., 2000). C5a also stimulates the release of 

cytokines and MMPs from .the leukocytes, which increases vascular permeability,. 

and allows for cellular migration into the area of inflammation (reviewed by 

Ebersole & Taubman, 1994 ). The proteolytic cleavage of C5 to C5a results in a 

powerful chemoattractant for macrophages and PMNs. 

Increased complement activation has been associated with peri·odontitis 

(Niekrash et al., 1986). Several studies on gingival crevicular fluid (GCF) 

demonstrated that native C3 is found in much lower concentrations in GCF than 

in serum, but cleaved forms were present in higher concentrations, suggesting 

active cleavage in the GCF (reviewed by Van Dyke et al., 1993). This may 

suggest that complement activation may be due to bacterial load. The 

periodontal pathogen P. gingivalis, has developed abilities to evade complement 

attack, including proteinases that degrade complement factors. Porphyromonas 

gingiva/is can cleave C5 to C5a, which maintains the inflammatory activity. This 

bacterium has also been demonstrated to degrade C3, a powerful opsonin 

crucial in the recognition and engulfment of bacteria by neutrophils. This C3 

depletion by bacterial degradation prevents the complement cascade from 

reaching its full potential. Porphyromonas gingivalis has also been noted to 
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render neutrophils locally 'dysfunctional and has the ability to degrade and/or 

modulate cytokines (reviewed by Potempa et al., 2000). 

This combination of bacterial effects on the periodontium, host response to the 

bacteria and bacterial defensive mechanisms sets up an inflammatory tissue 

condition that could help hasten the destruction of the periodontium. 

lntercellular Adhesion Molecule-1 (ICAM-1) 

Multiple cells express ICAM-1, which. is a glycosylated _ m~mbrane protein. It 

functions as a ligand for some of the surface proteins associated with leukocytes. 

An increase in migration and infiltration of polymorphonuclear leukocytes (PMNs) 

into diseased tissue characterizes the early stages of inflammation associated 

with periodontal disease. Animals deficient in ICAM-1 showed a· decreased 

inflammatory response (Bullard et al., 1996). Expression of ICAM-1 on 

endothelial cells of venules has been found to aid with the adhesion and 

migration of the leukocytes out of the bloodstream and - into the area of 

inflammation (Smith et al., 1988). ICAM-1 has been implicated in inflammatory 

diseases in which lymphocytes are recruited to pathophysiologic lesions, like 

psoriasis (reviewed by Takahashi et al., 1994a). 

Gingival fibroblasts have been shown to express the ICAM-1 molecule. Since 

HGF are highly similar to other fibroblast populations, gingival fibroblast ICAM-1 

may be used t~ recruit and retain leukocytes that migrated to the periodontal 
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lesion. Retention of leukocytes causes the gingival fibroblasts to produce 

cytokines such as interleukin-1 and -6 (Iwasaki et al., 1999). In turn, an 

increased level of cytokines caused an enhancement of ICAM-1 surface 

expression in HGF (Takahashi et al., 1994a). A recent study noted that cytokine- · 

stimulated HGF regulated the proliferative responses of T-cells. These 

researchers indicated that HGF might regulate T-cell proliferation bidirectionally 

through direct cell interactions (Murakami et al., 1997). Iwasaki et al. O 999) 

showed that prostaglandins regulated ICAM-1 expression in gingival fibroblasts 

stimulated with IL-1.p. This was also corroborated by Noguchi et al. (2000) who 

noted that the cyclooxygenase-2 (COX-2) enzyme derived-prostaglandins 

regulated ICAM-1 expression. Researchers have recently linked IL-1 P

stimulated-lCAM-1 expression with NF-KB activity, a transcription factor involved 

in mediation of inflammation (Guo & Wang, 1998). 

The expression of ICAM-1 on the gingival cells may play a role in the process of 

inflammation and disease progression in the periodontium. The expression .of 

this adhesion molecule has been linked with other inflammatory diseases 

(reviewed by Takahashi et al., 1994a). 

Prostaglandins 

Prostaglandins are short-acting lipids that are associated with local tissue 

damage such as that seen in gingival inflammation. Local tissue damage is one 

of the stimuli for PGE2 production from membrane-bound phospholipids, wherein 
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fatty acids such as arachidonic acid are metabolized to form prostaglandins. 

This prostaglandin concentration is a ~esult of local production combined with 

production from migratory cells. The major active pathway of monocytes is 

prostaglandin synthesis (Van Dyke et al., 1993). PGE2 has many diverse actions 

such as vasodilatation, inhibition of lymphocyte proliferation, and bone resorption 

(reviewed by Miyagi et al., 1993). It was also reported that PGE2 suppressed 

proliferation, DNA synthesis and protein synthesis in human gingival fibroblasts 

(Arai et al., 1995). 

Many periodontal studies have concentrated on examining gingival crevicular 

fluid (GCF) for PGE2 levels to establish periodontal disease severity and 

progression. The concentration of PGE2 in GCF was correlated with the levels 

that were detected in the adjacent gingival tissues (reviewed by Lamster, 1992). 

Several studies have shown that there was a linear increase of PGE2 levels in 

GCF as periodontal disease progressed from gingivitis into periodontitis 

(Goodson et al., 1974; El Attar et al., 1976; Offenbacher et al., 1996). 

Offenbacher et al. (1996) showed that PGE2 concentrations in the GCF were 

significantly elevated in patients who had periodontal attachment loss as 

compared to periodontally-stable maintenance patients. These elevated PGE2 

levels were detectable in the GCF 6 months prior to the detectior:i of periodontal 

disease activity. In addition, the PGE2 ~oncentration was elevated 500% at sites 

where clinical attachment !oss was detected, and at these locations PGE2 
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decreased dramatically 1 month after cause-related therapy (scaling and root 

planning & oral hygiene instructions). 

Due to their small numbers, it is unlikely that macrophages are the main source 

of PGE2 in the lesion, but the production of other mediators, like IL-1 p, by the 

monocytes may trigger PGE2 secretion by gingival or POL fibroblasts (reviewed 

by Van Dyke et al., 1993). It has been suggested that elevated levels of 

endogenous prostaglandins in inflamed gingiva are responsible for the 

_destruction caused by periodontitis. Studies have shown a ten-fold (Goodson et 

al., 1974) to a twenty-fold (El Attar, 1976) increase in PGE2 levels in periodontally 

diseased tissues when compared to healthy controls. Also, prostaglandins were 

demonstrated to be multifunctional modulators of the metabolism of several cell 

types. This may mean that prostaglandins are related to the metabolism of the 

connective tissues through their effects on fibroblast function (reviewed by 

Paquette & Williams, 2000). 

The induction of prostaglandin synthesis is another host response to tissue 

damage which creates and sustains an inflammatory condition. The combination 

of host prostaglc:~ndins and bacterial effects may allow the progression of 

inflammation to a more destructive level of tissue damage. · 

Interleukins 

The synthesis of PGE2, a powerful inflammatory mediator, is a major reaction of 

many cells to IL-1 stimulation (Honig et al., 1989). Interleukins are a family of 
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polypeptide hormones which exert regulatory effects upon cells, especially those 

in the immune system. lnterieukin-1 is a pro-inflammatory cytokine and has been 

shown to be a potent stimulator of inflammation. Multiple cell types, such as 

epithelial cells, macrophages, and endothelial cells, can synthesize interleukin-1 

when stimulated by LPS, TN Fa and IL-1 itself. This autostimulatory property 

accounts for a great propo_r.tion of the amplification of effects seen throughout 

inflammation. lnterleukin-1 can stimulate T-cell proliferation, increase production 

of lymphokines by T-lymphocytes, enhance 8-cell antibody production, and 

induce interferon synthesis (reviewed by Ebersole & Taubman, 1994). 

There are two distinct molecular forms of IL-1: IL-1 a and IL-1 p. The IL-1 p form is 

secreted into the extracellular fluid or matrix while IL-1 a is membrane-bound. 

lnterleukin-1 p may have an important role in the pathogenesis of destructive 

periodontal disease by virtue of its location in the extracellular matrix and 

proximity to other inflammatory mediators (reviewed by Jandinski et al., 1991 ). 

This cytokine, IL-1 p, was noted to be 15 times more potent than IL-1 a in 

stimulating bone resorption (Stashenko et al., 1991a). lnterleukin-1p has been 

observed to be the primary form of this cytokine in periodontitis-affected tissues 

(Honig et al., 1989; Jandinski et al., 1991; Tokoro et al., 1996). Jandinski et al. 

(1991) showed that IL-1 p was localized in human gingival _ tissues, instead of 

being transported into the area of inflammation. Hou et al. (1995) noted that 

IL-1 p-producing cells were present in higher numbers in tissue of diseased sites 

when compared to normal controls. lnterleukin-1 p has been detected in 
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inflamed gingiva at both the protein and mRNA levels (Masada et al., 1990), 

corroborating studies that localize IL-1 p production to the cells native to the 

periodontium. 

Takara et al. (1996) showed a marked correlation of IL-1 p levels with the 

numbers of infiltrating macrophages and T-cells, which also correlated with the 

disease severity (Hou et al., 1995). In that study, IL-1p increased in 

concentration as the number of inflammatory cells increased. This may reflect an 

increase in IL-1 p mRNA-bearing cells recruited to the inflamed site,. or an 

elevation of IL-1 p mRNA transcription at the local cell level {Takara et al., 1996). 

This distribution of IL-1 p positive cells provides a correlation with chronic 

inflammation of the periodontiun:,.. Honig et al. (1989) also reported that there 

was a positive correlation between the amount of IL-1 found in the gingival 

tissues and higher gingival index scores. · Many studies demonstrated that 

healthy non-inflamed tissue samples contained no detectable levels ·of IL-1 p 

(reviewed by Kjeldsen et aL, 1993). 

Gingival crevicular fluid has been used to measure cytokine production and 

concentration associated with periodontal disease. Masada et al. (1990) 

reported that ther~ was a marked increase in IL-1 p levels in the GCF of inflamed 

sites when compared to healthy controls. Wilton et al. (1992) discovered that 

69% of adult periodontitis•sites had elevated IL-1 p levels in GCF. Other studies 

regarding the analysis of GCF from periodontitis-affected tissue reported 
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elevations . of the inflammatory cytokines IL-·1 p and tumor necrosis factor-a 

(Matsuki et al., 1993; · Hou _et al., 1995). Many studies_ have shown that as 

gingival inflammation increased, the level~ · of IL-1 p increased concurrently. 

(reviewed by Lamster, 1992). When periodontal patients exhibiting a high 

concentration of IL-1 p in the GCF were treated with cause-relatf:d therapy, there 

was a marked decrease in the GCF levels of IL-1 p (Hou et al., 1995). 

An elevated concentration of IL-1 p induces collage·nase synthesis in human 

gingival fibroblasts, wher~as l~w levels of this cytokine promote cell division. 

This suggests a role for IL-1 p in regeneration and repair. During active infection 

monocytic cells produce high levels of IL-1 p, which in turn cause HGF to release 

collagenases, causing significant tissue' damage. Following resolution of the 

infection, IL-1 p is present at much lower levels and may then take part in tissue 

regeneration by promoting proliferation of fibroblasts in gingival tissue (Birkedal-
. . 

Hansen, 1993b ). The dual results of regeneration and destruction, depending on 

cytokine levels, make it difficult to pin-point and modify only one inflammatory 

mediator, as cytokines are needed in both processes. 

One of the initial responses to the inflammatory IL-1 signal is the induction of 

early response genes, especially the transcription factor, nuclear factor kappa B 

(NF-KB). This signal has demonstrated importance in the regulation of gingival 

collagenase gene expression (Tewari et al., 1996). NF-KB is a critical regulator 

of numerous genes involved in the immune and inflammatory responses of 
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various tissues, and is involved in the response to cellular stimulation by 

cytokines, phorbol esters, and other mitogenic signals. This transcription factor 

exists inactively ·(bound to its inhibitor) in the cytoplasm of most cells, but is 

activated and released in response to pro-inflammatory stimuli. Unbound NF-KB 

diffuses across the nuclear membrane, binds to DNA and stimulates gene 

expression and the release of gene products (reviewed by Paquette & Williams, 

2000). 

Bond et al. (1998, 1999), using both. rabbit and human IL-1 ~-stimulated dermal 

fibroblasts, noted that NF-KB activity in combination with binding by the 

transcription factor activator protein-1 (AP-1) was essential for the upregulation of 

genes for collagenases: MMP-1, -3 and -9. Utilizing HGF, Tewari et al. (1996) 

also postulated that the binding of AP..:1 was. a possible regulator of the 

transcription of MMPs, together with.NF-KB activity. The complement molecule 

C5a has been shown to work_ in concert with IL-1 ~ to increase NF-KB activity, 

. . 
which in turn increases transcription and then production of interleukin-6 (Pobanz 

et al., 2000). It has also been shown that NF-KB is one of the signaling 

molecules for IL-1 ~-stimulated ICAM-1 expression in some human cells (Guo & 

Wang 1998). 

It was demonstrated that when stimulated with IL-1 ~' HGF will synthesize IL-6 
. . 

_(Bartold et al., 1991; Lapp et al., 1994; Okada et al., 1997; Naruishi et al., 1999). 

This release of IL-6 was demonstrated to be involved with IL-1-influenced NF-KB 
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transcription factors. Takada et al. (1991) and Takeshita et al. (2000), using 

HGF, noted production of IL-1 and IL-6 when the cells were stimulated with LPS 

from Prevotella intermedia or Porphyromonas gingivalis. A similar result was 

found with elevated levels of IL-6 and -8 in HGF stimulated with LPS from 

Prevotella intermedia (Sakuta et al., 1998; lmatani et al., 2000; Steffen et al., 

2000). Human gingival fibroblasts produced much higher levels of IL-6 when 

stimulated with adenosine, a widely distributed purine nucleoside substance 

produced by many cells (reviewed by Murakami et al., 2000). Adenosine also 

regulated adherence of leukocytes to vascular endothelial cells in the first step of 

transmigration. This could aid in modulating the inflammatory respon·se 

(Murakami et al., 2000). 

The cytokine interleukin-6 has multiple functions, such as promoting cell 

differentiation and cell-specific gene expression. Many cell types secrete IL-6 in 

response to an inflammatory challenge. In an experiment utilizing 

immunosuppressed mice, IL-6 was shown to modulate growth factors and/or 

their receptors in vitro (Gallucci et al., 2000). lnterleukin-6 was proven to have 

inhibitory effects upon the tissue destructive activities of MMPs by stimulating the 

production of tissue inhibitors of metalloproteinases [TIMPs] (Sato et al., 1990; 

Lotz & Guerne, 1991 ). lnterleukin-6 has been demonstrated to promote the 

secretion of lgA, which in turn amplified the synthesis of IL-1 receptor antagonist 

by monocytes, as well as reduced the release of IL-1 p and IL-6 (Wolf et al., 

1996). Gingival fibroblasts can be targeted by IL-6 as well, even though HGF do 
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not normally express enough cell surface receptors to respond to its actions. 

Soluble interleukin-6 receptor, released from lymphocytes and macrophages by 

proteolytic cleavage, enhanced the binding of IL-6 to gingival fibroblasts from 

patients with periodontitis (Okada et al., 1997; Naruishi et al., 1999). lnterleukin-

6 mRNA peaks at 16 hours after wounding oral tissues of mice (Gallucci et al., 

2000) whereas IL-1 p mRNA peaks at 3 hours after LPS challenge (Agarwal et 

al., 1995). Therefore, IL-1 may quickly modulate early transcriptional activation 

during healing.while IL-6 modulates longer healing events. 

Cytokines like IL-1 and IL-6 can be degraded ·by the bacterial proteinases of 

Porphyromonas gingivalis (reviewed by Potempa et al., 2000). This was 

established in vivo where extremely low levels of IL-6 were identified in gingival. 

tissue bordering the dental plaque. However, significantly elevated levels of IL-6 

were found in tissues more than 6 mm away from the site of periodontal infection 

(Mcgee et al., 1998). Researchers found an IL-6 gradient around sites infected 

with P. gingivalis, presumably due to the bacterial degradation of IL-6. This may 

result from the down-modulation · of pro-inflammatory reactions in an area 

proximal to the dental plaque. Concurrently, at more distal sites, higher levels of 

IL-6 and other pro-inflammatory cytokines would promote chronic inflammation 

leading to progressive connective tissue destruction, an attribute of periodontal 

disease (reviewed by Potempa et al., 2000). Proteinases released from 

P. gingivalis have also been shown to induce the production of MMPs from both 
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epithelial and fibroblast cells (Decarlo et al., 1998) which also lead to 

progressive tissue damage. 

Geivelis et al. (1993) noted that IL-6 levels were elevated in GCF of periodontal 

patients and suggested that IL-6 could be used to test for periodontal breakdown. 

Takahashi et al. (1994b) reported that there was no difference seen between 

patients with periodontitis and healthy controls in serum IL-6 levels and the 

amount of this cytokine produced by circulating monocytes. When these 

researchers examined locally inflamed gingival tissues, there was a significant 

difference in IL-6 levels between the patient gro~ps. The gingival tissues with 

disease demonstrated much higher levels of IL-6 production in vitro when 

compared to healthy controls {Takahashi et al., 1994b). Guillot et al. (1995) 

examined IL-6 distribution in periodontitis-affected tissue after cause-related 

therapy. These researchers noted that IL-6 levels were elevated in unresolved 

sites, but when the GCF was examined, they noted that IL-6 levels were much 

greater in GCF from the resolved sites versus the unresolved sites. As GCF is 

derived from blood, this finding intimates that cytokine levels in the tissue do not 

correlate to ·levels seen in serum (Guillot et al., 1995). Cytokines appear to be 

produced locally and this is not always demonstrated . systemically. The 

conflicting results from the various studies ensure that serum or GCF IL-6 should 

not be used as an indicator for disease severity and progression. 
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One current hypothesis suggests that when IL-6 reaches an optimal level, 

synthesis of other inflammatory mediators decreases, a·nd inflammation begins to 

abate. Although IL-6 triggers some catabolic processes, the summation of its 

responses is more protective in nature, allowing modulation of inflammation and 

initiation of healing (reviewed by Ray et al., 1989). Multiple studies (Fahey et al., 

1991; G~llucci et al., 2000) have shown that with reduced levels of IL-6 

production, experimental animals demonstrated significantly impaired wound 

healing, which lasted up to three times longer than that in control animals. It has 

also been reported that IL-6 could heighten the production of collagen in 

fibroblasts (reviewed by Naruishi et al., 1999) which could initiate 

reformation/healing of the periodontium. 

Matrix Metalloproteinases 

Matrix metalloproteinase-mediated collagenolysis is a major pathway in the 

destruction and remodeling of connective tissues in periodontitis-affected gingiva 

(Kubota et al., 1996), where interleukin-1 mRNA-bearing cells are numerous 

(Matsuki et al., 1993). In Birkedal-Hansen's review of MMPs, he noted that 

when cytokines, such as IL-1 p, stimulate MMP gene transcription there was a 

50-fold change in mRNA and protein levels .(Birkedal-Hansen, 1993a). The 

identification of IL-1-induced NF-KB activity in gingival fibroblasts helps to explain 

the stimulation of collagenase products causing periodontal tissue destruction 

(Tewari et al., 1996). The transcription factor NF-KB may be an intermediate-
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early mediator responsible for the induction of mRNA transcription of gingival 

MMP genes. 

Matrix metalloproteinases are a large subfamily of zinc- and calcium-dependent 

endopeptidases. These enzymes (proteinases) are associated in oral health 

with tissue remodeling, tooth eruption, angiogenesis and salivary gland 

morphogenesis. MMPs can be divided into at least four subtypes: collagenases 

(MMPs-1, -8 and -13); gelatinases (MMPs..:2, and -9); stromelysins (MMPs-3, 

-10, -11, and -19); and membrane bound-types (rylMPs-14, -15, -16, -17, -24 and 

-25). Collagenases can degrade interstitial collagen types I, II and 111, while 

gelatinases degrade type IV collagen . and denatured interstitial collagens. 

Stromelysins have a · much wider substrate specificity, which includes 

proteoglycans, laminins, fibronectin and non~helical regions of collagen (Birkedal

Hansen, 1993a, Murphy et al., 1999). Matrilysin or MMP-7 and macrophage 

metalloelastase or MMP-12 do not fit into any of the 4 established main 

categories. Matrilysin is a truncated proteinase which can degrade non-fibrillar 

collagen, fibronectin and laminin (Birkedal-Hansen, 1993a). Macrophage 

metalloelastase (MMP-12) is a non-specific enzyme with the ability to degrade 

many substrates including elastase. Most of the more recent MMP discoveries 

cannot be placed into any of the main categories, such as MMP-26, which is an 

endometrial tumor-derived metalloproteinase (Murphy et al., 1999). 



24 

Most MMPs, such as MMP-1 (interstitial collagenase), are secreted as latent 

zymogens, which can be activated extracellularly, in vitro and in vivo, by a 

number of proteases (Birkedal-Hansen, 1993a). Many MMPs can activate other 

members of the family once they, themselves, have been activated; some 

examples are MMPs-2, -3, -7, and -10, proMMP-1 and ~13 (Woessner,_ 2000). 

Growth factors, cytokines, steroid hormones (including progesterone and 

androgens) and other regulatory molecules differentially regulate the genes for 

MMPs (Birkedal-Hansen, 1993b). When investigations attempted to inhibit 

specific MMPs, the results demonstrated that it was of little therapeutic value due 

to functional redundancy. In inflammation, multiple MMPs were elevated and 

when one was "knocked-out" in an animal model, it was replaced by another 

MMP with ~imilar activity (Woessner, 2000). The expression of the MMP family 

members in a globally-coordinated but individually distinct manner suggests that 

each enzyme makes an important contribution to a concerted- effort that mediates 

localized changes in extracellular matrix. 

By working in concert, MMPs can degrade all components of connective tissue 

matrices at physiological pH. The extracellular activity of MMPs is regulated in a 

complex way which includes proenzyme activation by a plasminogen-plasmin

MMP cascade, as well as the action of specific inh~bitors (TIMPs), which form 

irreversible, inactive complexes with activated enzyme. Bacterial LPS can 

stimulate the plasminogen activator-plasmin system in human gingival 

fibroblasts, which in turn has been shown to activate MMP activity (Ogura et al., 
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1995; Xiao et al., 2001 ). Plasminogen activator/plasmin activity was elevated in 

chronically inflamed gingival tissue and gingival crevicular fluid (reviewed by 

Machan et' al., 1988). lnterleukin-1 also has been reported to stimulate human 

gingival fibroblasts, in culture, to produce plasminogen activator (Machan et al., 

1988). Thus, plasmin is capable of stimulating· the degradation of extracellular 

matrix proteins and cell adhesion molecules through MMP activation (Mochizuki 

et al., 1999). It has been noted that· plasmin is the most abundant proteinase 

found in the GCF,· which may aid in the local activation of MMPs (Birkedal

Hansen, ~ 993a). 

Periodontal disease is associated with a massive inflammatory cell infiltrate into 

the gingival crevice. These cells produce many cytokines, (e.g. IL-1 ~), as well as 

MMPs-1, -3, -7, -8 and -9 (Birkedal-Hansen, 1993b; Ryan et al., 1996), which 

indicates that these cells could play a major part in the destruction of the 

connective tissue. Multiple studies both in huma_ns and animals demonstrated 

that many MMPs of various concentrations were found in the GCF of inflamed 

and periodontitis-affected tissues (Villela et al., 1987; lngman et al., 1994b; Lee 

et al., 1995; Halinen et al., 1996; lngman et al., 1996; Tervahartiala et al., 2000). 

The high concentration of MMPs found in inflammatory cells which was reported 

in these studies may not truly reflect the extracellular matrix degradation, but may 

correlate more closely with the number of migrating inflammatory cells. In 

research studies, the manner in which tissue is processed ex vivo may cause an 

artifactual lysing of PMNs, which releases stores of intercellular MMPs (Golub et 



26 

al., 1995). This makes interpreting such sJudies more difficult. Matrix 

metalloproteinases are also elevated in a number of systemic pathological 

conditions, such as lupus, arthritis, cancer and osteoporosis (reviewed by 

Birkedal-Hansen, 1993a). 

When there is periodontal inflammation, the epithelial cells of the gingival pocket 

are triggered to multiply profusely, migrate, and invade the connective tissue of 

the periodontium. This coincides with the disintegration of the extracellular 

matrix and loss of periodontal attachment. Mucosa! epithelial cells have the 

ability to secrete several extracellular proteolytic enzymes, such as MMPs-1, -2, 

-3, -8, -9, -10, and -13, so these cells can actively participate in connective tissue 

destruction (Uitto et al.; 1998). Epithelial cells which have invaded the 

connective tissue have been shown to prompt the gingival fibroblasts to produce 

collagenolytic activity (Ohsnima et al., 1995). It was reported that the fibroblasts 

located closest to the periodontal pocket ( ~losest to bacteria and their products), 

have distinctly reduced levels of collagen mRNA which indicates diminished 

collagen synthesis. When fibroblasts were exposed to bacterial products, they 

increased production of collagenase and interleukin-1 (Larjava et al., 198,9}. 

Many studies have found that total collagenase activity was increased in GCF of 

inflamed gingiva from both humans and animals (reviewed by Kinane, 2000). 

Researchers noted that as disease severity increased, the GCF concentrations 

of MMPs increased concomitantly. After cause-related therapy -there was a 
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linear decrease in the levels of MMPs (Larivee et al., 1986). lngman et al. 

(1994b, 1996) demonstrated that saliva samples did not reflect periodontal tissue 

destruction clearly, as they found only a low amount of total collagenase activity 

in saliva of untreated patients when compared to healthy controls. Recently, 

research has indicated that levels of MMP-8 in the GCF may be an important 

indicator of disease activity. This MMP was detected in the active form in the 

GCF associated with periodontitis, whereas it is mostly found in the latent form in 

gingivitis (Romanelli et al., 1999). 

Several studies have demonstrated that IL-1 p increases the expression and 

production of MMPs, especially MMPs-1, -3, and -8, by both periodontal and 

gingival fibroblasts (Birkedal-Hanson, 1993b; Alvares et al., 1995; Nakaya et al., 

1997). In culture, gingival explants have been shown to synthesize a variety of 

MMPs (Meikle et al., 1989; Tewari et al., 1994). Alveres et al. (1995) estimated 

that IL-1 p induced a 5 to 9-fold increase of MMP-1 mRNA in human periodontal 

ligament fibroblasts. Similar responses also have been observed in uterine 

tissues where degradation of the endometrium occurs on a cyclic basis. 

MMP Activity in the Endometrium 

Menstruation: It has been suggested-- that some of the gingival changes 

observed during pregnancy reflect a physiologic state comparable to gestational 

changes occurring in uterine and other muco~al tissues. One reason for this 

particular idea is the similarity between cyclic changes in oral epithelial cells and 
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those which are seen in vaginal epithelium, which would seem to indicate the 

common presence of steroid receptors. A shared link between periodontitis and 

menstruation is tissue destruction by MMPs. 

Menstruation is principally a condition of tissue degradation, resulting from 

incomplete decomposition of the functionalis layer of endometrium at the 

conclusion of a normal reproductive cycle in women. Endometrium is the only 

human tissue to undergo cyclic degradation and restoration. This physiological 

remodeling makes the endometrium a useful system for examining tissue 

formation and degradation. This tissue renovation is instigated by the fall in 

plasma progesterone concentration following the dissolution of the corpus 

luteum, and is associated with reduction in estrogen lave.ls (Salamonsen, ·1998). 

Tissue deterioration at menstruation develops partly as a consequence. of the 

synthesis and activation of several MMPs, which directly precedes and continues 

throughout menstruation. This results in a disruption in the equilibrium between 

these proteases and their natural inhibitors, such as tissue inhibitors of 

metalloproteinases (TIMPs) and a 2-macroglobulin. The endometrial degradation 

is initiated by MMPs, which are controlled largely by ovarian steroids, like 

progesterone, but are also locally regulated by cytokines, such as IL-1 ~ 

(Salamonsen, 1998; reviewed by Salamonsen et al., 2000). 
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Regulation of the Endometrium by Progesterone: Multiple studies have 

demonstrated that progesterone is a regulator of collagenase (MMPs-1, -3, -7, -

11) activity in the endometrium (Marbaix et al., 1992; Marbaix et al., 1995; 

Salamonsen, 1996; Salamonsen et al., 1997; Osteen et al., 1999). When 

physiological concentrations of progesterone were . applied to endometrial 

explants in culture, this hormone almost completely abolished the release of both 

latent and active MMPs, while the withdrawal of progesterone resulted in 

upregulation of MMPs (Marbaix et al., 1992). This result. was demonstrated in 

vivo utilizing human endometrium biopsies at different points in the reproductive 

· cycle (Keller et al., 2000). These researchers also noted that endometrial 

fibroblasts, with progesterone exposure, lose sensitivity to IL-1, which is a potent 

stimulator of MMP-3 (Keller et al., 2000). 

Progesterone also has been reported to down-regulate the production of 

plasminogen activator in endometrial tissue. The plasminogen activator/plasmin 

system, which activates MMPs, is extremely active in the endometrium during the 

.perimenstrual phase (reviewed by Marbaix et al., 1996). The plasminogen 

activator/plasmin system has been shown to regulate MMP activity in the oral 

cavities as well (Machan et al., 1988; Mochizuki et al., 1999). In endometrial 

fibroblasts, either estradiol or progestins (progesterone, MPA or 

17 a-hydroxyprogesterone) induced the expressions of plasminogen activator 

inhibitor and its mRNA, and their combination further increased their expression 

by almost 2-fold (Fujimoto et al., 1996). These findings suggest that the 
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withdrawal of progesterone allows for the activation of MMPs at least partially by 

removal of inhibition. Conversely, the addition of progesterone may inhibit MMP 

activity and/or the inflammatory process. 

TIMPs' Role in Inflammation 

It is evident that there is a potential for major tissue damage if regulation of MMP 

activity is not tightly controlled. Endogenous inhibitors of MMPs such as TIMPs 

and a2-macroglobulins bind in a high-affinity, irreversible, noncovalent manner to 

inhibit activated MMPs. Tissue inhibitors of MMPs are expressed by many of 

the periodontal cell types, includin·g fibroblasts, keratinocytes, 

monocytes/macrophages, endothelial cells and osteoblasts. These inhibitors 

control MMP activity pericellulary, whereas a2-macroglobulin functions as a 

regulator of MMPs in body fluids (reviewed by Van Dyke et al., 1993). 

Tissue inhibitors of metalloproteinases have been purified from saliva, gingival 

crevicular fluid, amniotic fluid, and serum, and are produced in culture by many 

different cells, including uterine smooth muscle, human skin, endometrial and 

gingival fibroblasts (reviewed by Drouin et al., 1988). Four types of TIMPs are 

known (reviewed by Kubota et al., 1997), of which TIMP-1 and -2 are capable of 

inhibiting all the MMPs, but show more specific binding to particular gelatinases 

or collagenases (Birkedal-Hansen, 1993a). TIMP-1 appears to have a higher 

affinity for MMPs-1 and -3 (Meikle et al., 1994 ), whereas TIMP-2 has more 

binding affinity for MMPs-2, -8 and -9 (Kubota et al., 1997). Cells expressing 
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mRNA for TIMPs were localized in gingival connective· tissue near capillary 

vessels. This may reflect the fact, that Tl MPs· not only inhibit MMP activity, but 

also are relevant to angiogenesis and tissue repair (Ryan & Golub, 2000). 

Higher levels of TIMPS have been found in diseased sites when compared to 

healthy sites (Nomura et al., 1993; Haerian et al., 1995). This may be because 

bacterial stimuli initially induce MMP expression causing an increase in tissue 

self-destruction. Thereafter, the host cells respond to the ongoing tissue 

destruction by producing TIMPs. Haerian et al. (1995) believed that TIMP 

concentrations could be used to distinguish between diseased and healthy sites, 

although not to distinguish gingivitis from periodontitis. However, Larivee et al. 

(1986) found a different result.. This group demonstrated that TIMPs were found 

at higher levels in healthy sites, thus reflecting a state of well-being. With the 

addition of TIMPs to cultured cells, cytokine-stimulated ~ollagenolysis ceased, 

indicating a regulatory _role of Tl MPs in controlling tissue breakdown (Goldberg et 

al., 1989). 

The TIMP genes are not regulated by the s~me mechanisms as are the MMPs. 

TIMP-1 expression is up-regulated by retinoids, glucocorticoids, TNF-a, TGF-p, 

and phorbol esters. TIMP-2 expression is down-regulated by TGF-P and 

unaffected· by phorbol esters (Birkedal-Hansen, 1993a). In some pathologic 

conditions, it was demonstrated that TIMP levels rise but do not compensate for 

the much greater increase in ·MMP concentrations (reviewed by Ryan et al., 
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1996). · Multiple studies have shown that level of TIMPs-1 and -2 remained 

unaltered when stimulated by IL-1 p, unlike the levels of the examined MMPs 

(Alveres et al., 1995; Coletta et al., 1995; Sugano et al., 2000). Researchers 

have established up-regulation of TIMPs by.lL-6 in the connective tissue, and this 

up-regulation can oppose the activity of IL-1-influenced· MMPs (Kusano et al., 

1998). Contrary to these findings, Kubota et al. (1996) demonstrated that HGF 

responded to an IL-1 p chall~nge with a synergistic elevation in MMPs-1, -3 and 

-8 mRNA levels and produced TIMP-1 and -2 in an independently regulated 

manner to overcome tissue· destruction. 

Compared to the concentration of TIMPs in gingival crevicular fluid at normal 

healthy sites, reduced activity was detected in gingival crevicular fluid from 

inflamed and degenerating sites of periodontal patients (Haerian et al., 1995). · 

Though absent at baseline, the TIMP concentration increased in GCF of 

localized juvenile periodontitis patients after periodontal treatment (lngman et al., 

1996). Studies have revealed that high levels of MMPs in GCF decreased after 

treatment of pathological sites, with a corresponding increase in TIMPs. These 

studies demonstrated that high levels of TIMPs indicate a healthy periodontal 

state (Larivee et al., 1986; lngman et al., 1994b; lngman et al., 1996; Ryan & 

Golub, 2000). 

When there is inflammation, a 2-macroglobulin is a major element of the 

inflammatory transudate and is functional in the extracellular matrix. 
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a2-macroglobulin, a key plasma proteinase, is limited in its location of activity due 

to its bulky molecular size. This MMP inhibitor, a2-macroglobulin, immobilizes 

MMPs by ensnaring them in a distinctive "Venus-fly-trap mechanism" (reviewed 

by Kinane et al., 2000). a2-macroglobulin was verified to be present in much 

higher concentrations in gingival crevicular fluid when compared to Tl MPs (Ryan 

et al., 1996). 

Pregnancy Gingivitis 

Periodontal diseases are broken into several different categories in an attempt to 

better deal with the multifactorial nature of this disease. It has been shown that 

there are local, systemic and environmental factors that influence periodontal 

disease and its progression. Of interest here is the condition known as 

pregnancy gingivitis. With the revision of the American Academy of 

Periodontology classification system this condition now falls under the categories 

of: 

I. Gingival Diseases 

A. dental plaque-induced gingival diseases 

2. gingival diseases modified by systemic factors 

a. associated with the endocrine system 

3) pregnancy-associated 

a) gingivitis (Armitage, 1999). 
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Clinical investigations have confirmed the exacerbation of gingivitis early in 

pregnancy, and the progressive increase in inflammation up to the 36th week of 

pregnancy. Slight to moderate inflammation occurs in about half of all pregnant 

women (O'Neil, 1979). Unlike non-pregnant patients, this inflammation 

associated with pregnancy was not closely correlated· with plaque and gingival 

scores (Loe & Silness, 1963). Recent studies have corroborated these earlier 

results and shown that the phenomenon of pregnancy gingivitis was similar 

across cultures and ethnicities (Malisa et al., 1993; Muramatsu & Takaesu, 1994; 

Tilakaratne et al., 2000b). Despite a great deal of clinical and laboratory 

investigation, there still is incomplete knowledge of why these gingival changes 

occur with pregnancy and why they show spontaneous cessation post-partum. 

There are several "classic" articles concerning pregnancy gingivitis in the 

periodontal literature (Cohen et al., 1969; Cohen et al., 1971; Arafat, 1974; 

Samant et al., 1976; Zaki et al., 1984 ). The conclusion of these early works was 

that steroid hormones had some undetermined influence on the gingiva, which 

allowed for an exaggerated response to plaque. This occurred despite relatively 

low plaque scores when compared to non-pregnant females (Cohen et al., 1969; 

Arafat 197 4 ). · The conclusion reached by these early papers was confirmed 

recently by Tilakaratne et al. (2000b) who performed a longitudinal study using a 

population of Sri Lankan women. This recent research was better controlled than 

were several of the previous investigations. Earlier studies of pregnancy 

gingivitis (Cohen et al., 1969; Arafat, 1974; Samant et al., 1974; Zaki et al., 1984) 
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did not-eliminate variables such as previous pregnancies, use of contraceptives, 

systemic factors or smoking, all of which may have influenced the results. The 

Tilakaratne (2000b) study compared first-time pregnant women, with age, health, 

ethnicity, socio-economic and oral habits matched with control women who had 

never been pregnant. These authors excluded all patients with severe or acute 

periodontal disease. They found that the plaque levels were closely matched 

and remained similar between groups, but that the pregnant group exhibited a 

much higher level of gingivitis when . compared to control patients. Despite 

similar plaque levels, there was a progressive increase in gingivitis as the 

pregnancy advanced. Three months post-partum there was a return to pre

pregnancy basal levels of gingival inflammation. 

· A highly interesting -fact about pregnancy gingivitis is that despite months of 

gingivitis, the ·disease typically does not advance to periodontitis, as 

characterized by loss of connective tissue attachment and bone. Post-partum, 

usually, the patient spontaneously recovers (Cohen et al., 1971 ). Tilakaratne et 

al. (2000b) showed that there was no loss of periodontal attachment, and that the 

basal levels of attachment remained constant, throughout pregnancy and at three 

months after parturition. These results point toward a pregnancy-related feature, 

which has affected the inflammatory process, but does not lead to loss of 

attachment. This is most likely due to the short duration of pregnancy (9 

months) · plus elevated sex steroids, which combined effects are usually 

insufficient during pregnancy to- instigate considerable periodontal destruction, 
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despite reports of altered epithelial barriers, vasculature and connective tissue 

matrix. The tissue or cellular component(s) that prevent(s) this progression is/are 

unknown. However, utilizing a menstruation model involving matrix 

metalloproteinases and progesterone levels, it may be hypothesized that similar 

events occur in the oral mucosa: i.e., high plasma steroid levels could inhibit oral 

production of MMPs. This mechanism may be via the effects of high 

progesterone levels on NF-KB activation and may contribute to the observed lack 

of periodontitis. 

Not all studies· have confirmed such information; Miyazaki et al. (1991) reported 

that almost all women in their study had frequent signs of periodontal disease, 

irrespective of pregnancy. They corroborated the earlier studies that found 

pocket depth increased up to the eighth month of pregnancy and then decreased 

and/or reached control levels in the ninth month and post-partum. These 

researchers believed that the gingival changes seen were not a result of host 

response to plaque, but due, in part, to vascular changes, usually an increase in 

vascularization, associated with increased progesterone levels as· seen in 

pregnancy. They hypothesized that such changes would augment the amount of 

gingival tissue through increased edema, thus leading to the formation of a 

pseudo-pocket, which would not be accompanied by a loss of connective tissue 

attachment/periodontal destruction. However, Raber-Durlacher et al. (1994) 

investigated pregnancy gingivitis, they found PGE2 · concentrations commonly 

seen associated with inflammation. 
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The Effects of Oral Contraceptives 

Women taking oral contraceptives, in which the hormones estrogen and 

progesterone are combined to mimic the suppression of ovulation characteristic 

of pregnancy, were reported to demonstrate increased gingival changes 

(Kalkwarf, 1978). Researchers noted a 50% escalation in gingival fluid volumes 

found in women using oral contraceptives when compared with women who were 

not (Lindhe & Bjorne, 1967). Knight & Wade (1973) also recorded increased 

inflammation with contraceptive use, despite equal plaque and gingival scores. 

That study also showed that there was more attachment loss if the use of 

contraceptives lasted more than 1.5 years. This finding was contrary to the 

earlier results of EI-Ashiry et al. (1971) and Lindhe & Bjorne (1967), but resulted 

from a better-controlled study. Many studies investigating pregnancy· and/or 

contraceptive use have shown that there is a parallel increase in hormone levels, 

gingivitis and gingival crevicular fluid flow (Samant et al., 1976; Jensen et al., 

1981 ). Therefore, it was concluded that there must be some pregnancy

associated factor(s), such as estrogen and/or progesterone, which modifies the 

gingival response to inflammatory mediators. 

Tilakaratne et al. (2000a) also examined the effect oral contraceptives had on a 

similar population of Sri Lankan women. This study matched age, socio

economic status, oral habits, systemic health and ethnicity of the control patients 

with women using hormonal contraceptives. All of the study participants had a 

history of bearing one child. The controls had never used contraceptives, while 
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the experimental group was divided into those who had used contraceptives for 

less than 2 years and those who had been using these for more than 2 years. 

Both groups were found to have similar plaque levels, but the contraceptive 

users, regardless of duration of use, demonstrated a much higher level of 

gingival inflammation. This finding is consistent with those found in the classic 

literature (EI-Ashiry, 1971; Kalkwarf, 1978; Knight & Wade, 1973). 

Interestingly, the earlier studies were using birth control pills with a much higher 

dose qf hormone. The Tilakaratne et al. (2000a) study was using the newer low

dosage hormone pills (a· combination of 0.03 mg ethinyl-oestradiol and 0.15 mg 

levonorgestrel) or an injection of 150 mg of medroxy progesterone acetate every 

3 months (average daily dose of 1.6 mg progesterone), yet the results are 

concordant with the older studies. Tilakaratne .et al. (2000a) found higher 

gingival scores and periodontal attachment loss among subjects who had been 

using contraceptives for longer than ·2 years when compared to those who had 

been taking hormones for less than 2 years. These findings concur with the 

Knight & Wade study (1973), which found a significant difference at 1.5 years. 

This conclusion points toward a trend· of gingival inflammation and attachment 

loss becoming more prominent with an increasing period of hormone 

contraceptive use, unlike pregnancy which terminates by 9 months. 
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Oral Flora Changes Associated With Pregnancy 

Some studies have been concerned with the alteration in the subgingival 

microbiota that has been seen associated with pregnancy and the use of oral 

contraceptives. It was reported that Prevotella intermec!ia le'(els increased in 

parallel with the rise in the hormone levels seen in pregnancy (Kornman & 

Loesche, 1980) and with contraceptive use (Jensen et al., 1981 ). Prevotella 

intermedia. are pigmented, moderately saccarolytic, indole-positive, gram

negative rods which are -part of the oral anaer(?bic microflora· in humans. This 

bacterium has demonstrated the abmty to degrade immunoglobulins, fibronectin, . 

some plasma proteins, and elastin; and the destruction of these proteins may aid 

in the progression of periodontal disease (reviewed by Potempa· et al., 2000). 

Researchers reported that progesterone was used as a substitute for 

napthaquinone (vitamin K) by several bacterial strains. Napthaquinone is a 

growth requirement of certain Prevotella species (Jensen et al., 1981; Kornman 

& Loesche 1982). Hence, the increase in progesterone seen in pregnancy may 

be a causative factor for the increase in Prevotella species. 

Several studies have illustrated a marked increase in this bacterium level in the 

second trimester, which correlated with the escalation in gingival scores 

(Kornman & Loesche, 1980; Muramatsu & Takaesu, 1994). In health this 

bac~erium does not occur in high levels, so this escalation in bacterial numbers 

could establish a pathological situation. Also, by depleting the gingival tissues of 
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excess progesterone, this bacterium could be reducing the protective effects of 

progesterone, thus allowing for more inflammation/tissue destruction. 

When Prevotella intermedia was incubated with human gingival fibroblasts, the 

HGF produced an increased amount of dihydroxytestosterone (DHT), which has 

been associated with connective , tissue and bone repair. This observation 

suggests the involvement of DHT with reparative processes. In inflamed human 

. gingival tissue the conversion of testosterone to DHT was enhanced, and DHT 

exerted androgenic effects on fibroblasts, such as increased extracellular matrix 

production (Vittek et al., 1979). Prevotella intermedia are connected with 

gingival inflammation rather than periodontal degradation and subsequent loss of 

attachment, unlike some other oral pathogens such as P. gingiva/is and 

A. actinomycetemcomitans. Prevotella intermedia has been identified in as 

many as 3,6% of non-progressive adult periodontitis sites (Slots, 198_6). Perhaps 

less potent periodontopathic bacteria stimulate HGF to produce a larger 

concentration of DHT relative to those levels already produced during the 

inflammatory reaction (Soory, 1995). A current theory suggests that the 

increased progesterone .level, occurring during pregnancy, selects for a less 

potent periodontal pathogen (P. lntermedia) which uses the hormone as an 

essential growth factor and which is associated with increased production of 

anabolic DHT by HGF (Raber-Durlacher et al., 1994; Soory, 1995). Prevotella 

intermedia out competes the normal oral flora and those putative bacteria seen in 

periodontal disease because of this metabolic advantage. 
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In support of this idea, multiple studies .have shown that family members and 

their pets can transmit bacteria among themselves and to others (reviewed by 

Greenstein & Lamster, 1997). The assumption has . been made that a 

periodontally involved mother can act as a bacterial reservoir for her children. 

However, when Kononen et al. (2000) examined Prevotella intermedia saliva

positive mothers with advanced periodontitis, none of their children (mean age 

2.7 years) were found to have P. intermedia. Other studies have agreed with 

this finding (van Steenbergen et al., 1997). This suggested that P. intermedia 

might need some factor, such as progesterone, for initial colonization. 

Effects of Sex Hormones in Oral Tissues 

Progesterone may be the hormone primarily responsible for the gingival changes 

associated with pregnancy. Studies have shown that fibroblasts express 

progesterone receptors on their cellular membranes (Parkar et al., 1996; ·Wilson 

& McPhaul, 1996). An increased vascular permeability of the gingiva was 

demonstrated after the administration of progesterone in an animal model 

(Lindhe & Branemark, 1967). This progesterone-related increase in the 

microvasculature may be one reason that the gingiva shows increased edema, 

erythema and propensity to bleed. Progesterone, at levels consistently seen in 

the 3rd trimester, has been shown to cause decreased production of all 

glycosaminoglycans by human gingival fibroblasts (HGF), which could also 

contribute to inflammation by altering the permeability of the connective tissue 

(Willerhausen et al., 1991 ). This hormone also has been implicated in decreased 



42 

gingival keratinization (Sooriyamoorthy & Gower, 1989). Lindhe et al. (1968a,b) 

observed that progesterone weakened the microcirculation in slightly damaged 

tissue. This observation was not made when examining progesterone's effects 

on healthy tissue. 

One study found that both male and female periodontitis patients had 

altered/increased plasma progesterone levels (Vittek et al., 1979). Human 

gingival fibroblasts metabolized androgens, which correlated positively with 

progesterone plasma levels (Vittek et al., 1979). Progesterone has been shown 

to stimulate the conversion of androstenedione to testosterone through the 

convertase, hydroxysteroid dehydrogenase (Lapp, personal communication). 

There are three enzyme systems in oral tissues which affect the catabolism of 

progesterone, and similar enzyme systems are noted in 9ther mucosa! tissues 

like the vagina, skin and the placenta (El Attar, 1971 ). In healthy human gingiva, 

progesterone is only slightly metabolized to inactive forms, which may indicate 

the presence of relatively high amounts of active hormone (Ojanotko-Harri et al., 

1991 ). However, in inflamed tissue, the metabolism of progesterone is 2 to 3 

times greater than in healthy gingiva (Ojanotko-Harri, 1985). 

When inflamed tissue from non-pregnant patients was examined, 2 to 3 times the 

normal level of progesterone metabolism was recorded (Ojanotko-Harri, 1985). 

In comparison, when progesterone metabolism was studied in inflamed 

periodontal tissue from pregnant females, the level of progesterone metabolism 
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in pregnant patients was found to be similar to the normally.;;occurring level of 

hormone metabolism found in hea_lth (Ojanotko-Harri et al., 1985; 1991 ). These 

researchers noted that the progesterone-metabolizing enzyme activities were 

decreased during pregnancy in comparison to non-pregnant patients and animals 

with gingival inflammation (Ojanotko-Harri et al., 1985; 1991 ). This decreased 

hormone metabolism would leave higher amounts of active progesterone in the 

tissues associated with inflammation during preg~ancy. This was in agreement 

with the finding that increased dosages of progesterone, above that of 

physiological levels (10-9 to 10-7M), was associated with decreased prostaglandin 

synthesis and may be of therapeutic value in supra-physiological doses (El Attar 

et al., 1982). The alteration in progesterone metabolism that is seen in 

pregnancy gingivitis may allow higher levels of progesterone to remain in the 

periodontal tissues. We have theorized that this hormone has a role in 

ameliorating tissue destruction mediated by the host response to plaque bacteria. 

When studying pregnancy it is hard to separate the hormonal effects of estrogen 

from those of progesterone. It has been shown that these hormones sometimes 

work in concert and at other times have opposing effects. Vittek et al. (1979) 

noted that progesterone alone suppressed the immune system and gingival 

tissue proliferation, while estrogen alone increased the immune reaction and the 

proliferation of gingival epithelium and other connective tissues. Progesterone 

has been shown to decrease the production of prostaglandins, while estrogen 

showed a bi-phasic effect depending on hormone concentration (Miyagi et al., 
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1993). . Miyagi et al. (1992) showed' that estrogens reduced the chemotactic 

.ability of polymorphonuclear lymphocytes· (PMNs), while this activity was 

enhanced by progesterone. These workers believed that estradiol increased 

susceptibility to gingivitis, while progesterone reduced it (Miyagi et al., 19'92). 

In postmenopausal women, who have lower hormone levels, lack of estrogen 

has been proven to influence alveolar bone density. Estrogen-deficient women 

had a higher frequency of oral sites demonstrating loss in alveolar bone density, 

whereas women taking estrogen supplements had a net gain in bone density 

(Payne et al., 1997). · No such link has been made with progesterone, which is 

not normally replaced post-menopausally in the absence of estrogen. When 

researchers looked at long-term hormone replacement in: post-menopausal 

women, they noted that lower-dose combinations of continuous combined 

estrogen-progestin regimens are effective in increasing and maintaining bone 

mineral density for the long-term prevention of osteoporosis in postmenopausal 

women (Heikkinen et al., 2000). 

High levels of estrogen, as are seen in pregnant patients~ are known to stimulate 

prostaglandin production. Increased conversion of estrogens (estrone to the 

more active estradiol) in already inflamed gingiva caused the stimulation of PGE2 

production, which increased the inflammatory response (El Attar, 1976; reviewed 

by Sooriyamoorthy & Gower, 1989). Holmes & El Attar (1977), utilizing gingival 

biopsy samples, showed_ a positive correlation between estrogen conversion 
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rates and PGE2 levels. The biopsies of inflamed gingiva had estrogen 

conversion rates twice that found in normal gingiva. Other animal studies have 

shown the increased estrogen conversion rates in inflamed tissues to be as high 

as three times the normal rate (Formicola et al., 1970; El Attar & Hugosun, 1974; 

El Attar, 1976). Holmes & El Attar (1977), also showed that PGE2 levels were 12 

times higher in inflamed gingival biopsies when compared to normal controls 

(Holmes & El Attar, 1977). Thus, the relationship between estrogen and PGE2 is 

one of stimulation which increases inflammation. Although, the increase in 

enzymatic activity levels, which converts estrone to estradiol and arachidonic 

acid to PGE2, is most likely a reference to the IL-1 p signaling system for 

inflammation rather than a connection between estrogen conversion rates and 

prostaglandin concentration levels. 

Pregnancy-Associated lmmunosuppression 

Recently, studies have turned toward another physiological characteristic 

associated with pregnancy: an alteration in the immunoresponsiveness of the 

pregnant female. This reduction in immunoresponsiveness may make possible 

the continued existence of the _fetus as an allograft (Siiteri et_:·a1., 1977; Sridama 

et al., 1982). Reduced immunoresponsiveness may, in turn, enhance the 

susceptibility of the gingiva to become inflamed. The sex steroids, especially 

progesterone, may have immunosuppressive effects (Szekerez et al., 1981 ), thus 

altering cellular immunity (Miyagi et al., 1992). This new thought differs from the 

earlier studies (Lindhe & Bjorn, 1967; EI-Ashiry et al., 1971 ), which suggested 

that female sex hormones could disrupt mast cells ex vivo. Such an effect would 
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cause the release of histami~es and proteolytic enzymes, which would aggravate 

gingival inflammation caused by local irritants like plaque and calculus. These 

early studies were later disproved, as experimental methods became more 

sophisticated and sensitive. Most recent studies and publications describe 

pregnancy as a condition of relative immunosuppression. 

Szekeres-Bartho (1992) demonstrated that during pregnancy the progesterone 

binding capacity of the lymphocytes was increased which, in turn, reduced the 

cytotoxic activity of the lymphocytes. These researchers also noted that the 

immunosuppressive effects were limited by the ability of the, lymphocytes to bind 

progesterone, as lymphocytes with higher progesterone binding capacity had 

less cytotoxic activity toward fetal target tissue. Pregnant patients were also 

found to have lymphocytes with progesterone receptors, unlike non-pregnant 

patients. As the pregnancy progressed, the amount of progesterone receptor

positive lymphocytes increased in the peripheral circulation. Post-partum there 

was a significant drop in the percentage of receptor positive lymphocytes 

(Szekeres-Bartho, 1992). With increased progesterone levels, CD8+ 

lymphocytes released a protein which inhibited the release of arachidonic acid, 

thus, down-regulating prostaglandin synthesis. Inhibition of prostaglandin 
,• 

synthesis was shown to increase progesterone-binding ability and reduce 

cytotoxic activity of lymphocytes. These researchers also showed that the 

progesterone-mediated immunosuppression was only initiated after presentation 

of fetal antigens (reviewed by Szekeres-Bartho, 1992). This could explain some 
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of the systemic differences noted between those of pregnant patients and those 

taking oral contraceptives, which mimic the pregnant state. 

Other studies involving _the immune response demonstrate potent effects on the 

migratory inflammatory cells during pregnancy. A decrease in CD4 positive cells 

has been shown in peripheral blood of pregnant females versus the same 

patients 6 months post-partum. CD4 + cells are thought to 9e cytotoxic against 

B-cells and macrophages, the primary cells of the immune response against 

bacterial invasion. Cytotoxic effects on B-cells could reduce the antibody 

response to those bacterial pathogens which are nutritionally dependent on the 

circulating hormones (Raber-Durlacher et al., 1991; 1993). 

Resident macrophages participate in inflammation by release of cytokines rather 

than migration to the area of inflammation. The ·pregnancy-induced alteration in 

immunoresponsiveness of both in situ and migratory cells may allow the 

periodontopathic bacteria to become established before the immune system 

intervenes (Raber-Durlacher et al., 1991; 1993). Another study (Sridama et al., 

1982) reported a significant reduction in relative and absolute numbers of 

T-helper · (CD4 +) lymphocytes throughout pregnancy. Three to five months after 

parturition, the CD4+ population normalized, signifying a possible hormonal 

influence on lymphoid cells. This CD4 + reduction was believed to contribute to 

the increase in gingival inflammation, as these T-helper cells are thought to have 

a role that is primarily protective in the pathogenesis of periodontal disease. 
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Stashenko et al. (1991b) found that a low CD4+/CD8+ ratio was predictive for low 

T-cell response to oral microorganisms in periodontal patients. They also 

showed that non-pregnant patients with low CD4 + /CD8+ ratios had increased 

erythema and bleeding on probing in the presence of equal amounts of plaque, 

when compared to other periodontal patients with more "normal" ~ell ratios. 

Many studies have reported a decreased in vitro proliferative response of 

lymphocytes from pregnant patients to several bacterial assaults, especially from 

Prevotella intermedia (Hartzer et al., 1971; O'Neil, 1979a; Raber-Durlacher et al., 

1991 ). Researchers found a significant decrease in antibody activity to both. 

antigen and mitogen responses during the second and third trimesters (Hartzer 

et al., 1971 ). This immunosuppression was observed in all patients toward 5 of 6 

common orally associated bacterial antigens (Lopatin et al., 1980). 

Miyagi et al. (1992) showed that when estrogen and progesterone were used at 

the physiological levels seen during pregnancy, the chemotactic ability and 

random migration of polymorphonuclear leukocytes (PMNs) was reduced. The 

sex hormones did not alter the ability of the leukocytes to recognize FMLP 

(N-formyl-N-methionyl-N-leucyl-L-phenylalanine; a chemotactic peptide), but the 

stages of migration such as adherence, mobility, and/or deformability were 

reduced. This depression of lymphocyte response during pregnancy is great 

enough to produce some remission of autoimmune diseases such as lupus and 

ulcerative colitis and an increased susceptibility to viral infections like herpes and 



49 

cytomegalovirus (reviewed by O'Neil, 1979b). Decreased lymphocyte function 

can result in less effective antigen recognition and elimination and potentially a 

more extensive inflammatory reaction (Ebersole & Taubman, 1994 ). 

It is known that HGF, when treated with progesterone, will reduce their synthesis 

of IL-6 (Lapp et al., 1994). A similar finding was demonstrated with the 

application of dihydroxytestosterone (DHT) to HGF in culture_ (Gornstein et al., 

1999); DHT appears to affect the IL-6 gene at the transcriptional level in HGF 

(Parkar et al., 1998). Keller et al. (1996) found that 5a-DHT suppressed 

activation of the IL-6 promoter by inhibiting NF-KB activity. Gornstein et al. 

(1999) postulated f~om their results that th~ sex steroids investigated modulated 

IL-6 production by inhibiting or reducing NF-KB activity. Estrogen receptor has 

also been proven to act as a transcriptional repressor, by inhibiting the activity of 

transcription factors such as NF-KB and AP-1 (Shevde et al., 2000; Quaedackers 

et al., 2001 ). Some studies have demonstrated that estradiol can suppress NF

KB by enhancement of its inhibitor, but this has been cell-specific to this point 

(reviewed by Quaedackers et aL, 2001 ). Quaedackers et al. (2001) 

demonstrated that ER directly interacts with NF-KB to suppress its activity. 

Shevde et al. (2000) demonstrated that ·estrogen can suppress cellular 

responsiveness to mediators that would induce NF-KB activity. They also noted 

that estrogen directly down-regulated AP-1-mediated _gene transcription. 

Estrogen receptor has also been demonstrated to directly inhibit NF-KB actions 

on the IL-6 promoter (reviewed by Shevde et al., 2000). Since NF-KB and AP-1 
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are integral to the inflammatory response, this effect of the sex steroids on the 

transcription factors is presumed to be a major factor in pregnancy-associated 

immunosuppression. 

Summary 

Thus, it may be seen that multiple factors· may promote/or render the patient 

susceptible to gingivitis while in the pregnant state. There are combined effects 

from 1) bacterial mechanisms; 2) increased. inflammatory me~iators; 3) 

immunosuppression; 4) disaggregation (depolymerization) of g-i-ound substance, 

which changes the permeability of the connective tissue; and 5) increased 

plasma sex steroids acting on the oral tissues. 

In the endometrial tissues it has been proven that progesterone levels influence 

tissue remodeling. Concomitant with a decrease in progesterone, menstruation 

is initiated. However, in samples taken from perimenstrual endometrial tissue, 

the addition of progesterone will halt the tissue destruction mediated by MMPs. 

The tissues of the endometrium originate from the same embryonic layers as 

those tissues occurring in the 9ral cavity, e.g. epithelium from endoderm and 

connective tissues from mesoderm. Both oral and endometrial tissues 

demonstrate similar methods of tissue destruction, accomplished by MMPs. This 

proposal attempted to determine whether the inhibitory effects of progesterone 

on MMPs which is observed in other tissues, such as the endometrium, might be 
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operative in gingival cells, thus providing information about the natural inhibition 

of the progression to periodontitis in gestational gingivitis. 

Hypothesis 
The hypothesis to be tested herein was that increased levels of progesterone, at 

concentrations found during pregnancy, might have an inhibitory effect on the 

production of MMPs by gingival fibroblasts 



Materials and Methods 

Cell Culture: Primary cultures of male and female human gingival fibroblast 

(HGF) cells were used in this study. Cell lines were established from gingival 

explants that were taken from healthy (non-inflamed) tissue removed during 

routine surgical procedures. Explants were ri~sed 3 times in Hanks buffered salt 

solution (HBSS) containing penicillin G (100 U/ml), streptomycin (100 µg/ml) and 

fungizone (amphotericin B; 1 µg/ml). HBSS containing 0.5% sodium hypochlorite 

was used to disinfect the explants. The tissue was rinsed three times in HBSS 

and then· finely minced into pieces about 1-2 mm2
• The pieces were placed in 

tissue culture dishes, allowed to qry slightly, then carefully layered with 

Dulbecco's modified essential medium (DMEM, GIBCO) containing nonessential 

amino acids, penicillin-streptomycin, fungizone (0.5µg/ml) and 10% fetal bovine 

serum (FBS; Atlanta Biological, Norcross, GA). The explants were incubated 

undisturbed at 37°C, in humidified 95%air/5% CO2• After one week, cells were 

visible as outgrowths from the explants. The medium was then changed to 

DMEM with 6% FBS/4% NuSerum (Collaborative Research; Bedford, MA) 

without fungizone. Fibroblasts were harvested with 0.05% trypsin/0.53 mM EDTA 

(GIBCO) after 2 to 3 weeks, pooled into a single flask, and frozen or used 

between passages 3 and 10. Fibroblasts proliferating from cells frozen at -70°C 

52 
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in passage 3 were subcultured and used for experiments between passages 4 

and 10. The cells were maintained in DMEM, supplemented with 6% FBS/4% 

NuSerum and the antibiotics - penicillin, streptomycin, and gentamycin. 

Experimental Protocol 

For tests of hormonal effects, five female and two male cell lines were used and 

compared in these experiments. Cells were plated in either 24 well plat~s or 75 

cm2 flasks (Falcon) in phenol red-free DMEM containing 4% FBS, 15 mM HEPES 

(GIBCO), non-essential amino acids (GIBCO), 1.25X insulin-transferrin-selenium 

(ITS; Sigma_ Corporation), 6.4 µg/ml" oleic ~cid (GIBCO), 1.25 mg/ml bovine 

serum albumin (BSA; GIBCO), penicillin/streptomycin and gentamycin. After 

the · cells became confluent, this medium was: replaced for 24 hours with the 

same phenol red-free DMEM as above, without the FBS but containing 10 ng/ml 

epidermal w9wth factor (EGF). Following this transition day, HGF were pre

treated f~r- 72 hours in SF-DMEM (minus EGF) with or without the synthetic 

progestin medroxyprogesterone acetate (MPA, 10-6M; Sigma). · The MPA was 

dissolved in 95% · ethyl alcohol. Control cells had <0.1 % ethyl alcohol added to 

the media as a vehicle control. After 72 hours pretreatment media were replaced 

with fresh hormone-containing treatments plus IL-1 p (1.0 ng/ml; Upstate 

Biotechnology Inc., Saranac, NY), added to stimulate MMP release. Control cells 

that were not treateo with hormone or stimulated ,by IL-1 p were also· studied. 

After 24 hours, the supernatants were removed and the cells were harvested. 

The overall experimental design is outlined in Figure 1. 
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Figure 1: Outline of Experimental Protocol. 
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Zymograms: Media samples were tested to see whether MMPs were produced 

by the fibroblasts and released into the cell culture media, utilizing pre-cast 

15-well zymograms (NOVEX Corp.). All buffers were made as per Novex 

manufacturer instructions. These gels were 1 mm thick 10% 

acrylamide/bisacrylamide gels at pH 8.6 containing 0.1 % gelatin incorporated as 

a substrate. Experimental cell culture media were diluted 1: 1 with 2X sample 

buffer (0.125M Tris-HCI, 20% glycerol, 4% SOS, 0.005% bromophenol blue and 

distilled water) and 0.1 to 0.5µg sample/band was loaded in the gel wells. A 10 

kOa protein ladder (GIBCO) was loaded into a well on one side of the gel for 

reference. Electrophoresis_ was performed in the X Cell II Mini Cell buffer 

chamber (NOVEX Corp.) using 1X running buffer (0.2M Tris-HCI, 40% glycine, 

2% SOS and distilled water) with a constant voltage of 125V. The current started 

at ~35mA and ended at ~1 0mA. The gel was run for approximately 90 minutes 

or until the dye front reached the end of the gel. The gel was removed from the 

plastic case and submerged into 1X renaturing buffer (25% Triton X-100 and 

water) for 30 minutes at room temperature with gentle agitation, and then 

washed and allowed to sit for 30 minutes with gentle agitation in 1 X developing 

buffer (0.2M Tris-HCI, 30% NaCl, 5% CaC'2, 0.05% Brij 35 and distilled water). 

The developing buffer was decanted, fresh developing buffer added, and then 

the gel was allowed to incubate at 37°C overnight. In the morning, the gel was 

moved to the staining solution, composed of 0.5% Coomassie Blue R-250 and 

85% ethyl alcohol (EtOH), for approximately 60 minutes. When the gel was 

properly stained, the blue color was extremely intense; the gel was destained for 
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approximately 60 minutes to remove excess dye. At this time, the body of the gel 

was blue and the areas where the MMPs were allowed to degrade the gelatin, 

after electrophoresis, were shown to be clear bands in the body of the gel. The 

gels were placed on a view box and photographed with a digital camera. 

Reverse Transcriptase - Polymerase Chain Reaction {RT-PCR): RT-PCR 

was used to examine those enzymes whose activity was predicted to be affected 

by MPA. Total mRNA was isolated from flasks of confluent human gingival 

fibroblasts using Trizol Reagent (Life Technologies). The water was pre-treated 

with diethyl pyrocarbonate (DEPC) and sterilized by autoclaving (0.1 % final 

concentration). At the completion of the experiment, the cell culture media was 

removed and utilized for zymograms (see above) and the cells were harvested 

from the 75cm2 flask. This was accomplished by placing 7 .5ml of Trizol Reagent 

onto the cells, waiting 10 minutes, and scraping the cells off the flask. This 

mixture was removed by pipette, placed into a Corex glass centrifuge tube and 

1.5 ml of chloroform was added to the tube,. followed by agitation for 15 seconds. 

The mixture was allowed to sit at room temperature for 15 minutes. The tube 

was then centrifuged_ for 15 minutes at 12,000x g at 4°C. The tube then 

contained a clear phase (RNA), on top of a pink phase (protein), separated by an 

interface (DNA). The clear phase was carefully removed by pipette, without any 

phenol contamination, and 4 ml of isopropanol were added to the tube, which 

was agitated, and held at room temperature for 10 minutes. Next, there was a 

10-minute centrifuge cycle at 12,000 x g at 4°C. At this point, the precipitated 
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RNA appeared as a gelatinous mass on the side of the tube. The supernatant 

was removed and the RNA was washed with 7.5 ml of 75% EtOH in DEPC 

water. The mixture was vortexed and centrifuged for 5 minutes at 7,500 x g at 

4°C. The supernatant was removed after the centrifuge cycle and the RNA was 

briefly dried. Then 100 µI of DEPC water was added to the tube. The tube was 

heated in a water bath at 60°C for 15 minutes. The RNA solution was removed 

. by micropipette and placed in an RNase free tube. The RNA/water mixture was. 

then checked with the Shimadzl) spectrophotometer and quantitated against 

published standards (260/280 ratio~1.6 and normalized against DEPC water). 

The RiboGreen RNA quantification reagent and kit (Molecular Probes) were also 

used to check the quantity of the extracted RNA. The reagents were diluted 200 

fold and covered from light while preparing the RNA samples. The standard 

curve, utilizing standard RNA supplied in the kit plus TE buffer (1 0mM Tris-HCI, 

1 mM EDTA pH 7 .5) was prepared with a range from 0 ng/ml to 1 µg/ml. 

Samples were diluted 2000-fold to fit on the curve, and duplicate samples of 100 

µI of each were pl?tced in wells of a 96-well plate. RiboGreen reagent mixture 

( 100µ1) was added to each well by micropipette. After 10 minutes in the dark at 

room temperature, the fluorescence was measured using· .a fluorescence 

microplate reader and standard fluorescein wavelengths (excitation ~480 nm, 

emission ~520 nm). The associated computer program showed _the standard 

curve and the samples in relation to the curve. RNA samples.were stored at -

10°c. 
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Once the extracted RNA was checked and quantified, the samples were ready 

for the RT-PCR reaction. The cDNA (reverse and forward) primers were made 

from published sequences for MMPs 1, 3, 7, 9, 10, 13, and GAPDH (Table 1). 

GAPDH was used as an internal control, as it is found in most cells and is 

generally considered to be a good "housekeeping" gene. RT-PCR was a two

stage process where the initial cycle of reverse transcription transcribed the 

mRNA and the second stage amplified cONA products. Perkin and Elmer's 

GeneAmp RT-PCR kit was used to perform these reactions. Initially, a master 

mix was made which was composed of 44µ1 of MgC'2, 22µ1 of 10X PCR II Buffer, 

11 µI of DEPC H2O, 22µ1 of dGTP, 22µ1 of dATP, 22µ1 of dTTP, 22µ1 of dCTP, 

· 11 µI of RNase inhibitor and 11 µI of random hexamers for 14 reactions. Tubes 

were then prepared with mRNA from each of the different experimental protocols: 

control cells unstimulated with IL-1 p (C/U), control cells stimulated (C/S), MPA 

treated cells plus IL-1 p (MPA/S) and the kit control (K). The kit control was an 

internal control to verify that the kit was working. The individual RNA samples 

were added (8µ1) to a tube containing 32 µI of the master mix, as well as 4µ1 of 

reverse transcriptase. RNase-free mineral oil was placed on top of the mixture to 

prevent evaporation of the reaction mixture. Reverse transcription was 

performed in a PCR thermocycler machine (Perkin and Elmer) with a cycle of 10 

minutes at 27°C, 15 minutes at 42°C, 5 minutes of 99°C and 5 minutes at 5°C. 

Another master mix was created for the PCR portion of the experiment. This 

consisted of 22µ1 of MgC'2, 44µ1 of 1 OX PCR 11 buffer, 4µ1 primers, and 341 µI of 
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Table 1: Primer sequences Utilized in RT-PCR. Dr. 
Terry Stoming of the Molecular Biology Core Facility 
produced oligonucleotide primers for these 
experiment$. Sequences are shpwn 5' to 3'. 



MMP1 Base Pair Reference# 
Forward ATT CTA CTG ATA TCG GGG CTT TGA PCR409 Modified from Lampert 
Reverse ATG TCC TTG GGG TAT CCG TGT AG 

MMP2 
Forward CCA CGT GAC AAG CCC ATG PCR480 Modified from lshiguro 
Reverse -GCA GCC TAG CCA GTC GGA T 

MMP3 
Forward ATG CCC ACT TIG ATG ATG ATG AAC PCR441 Modified from Lampert 
Reverse CCA CGC CTG AAG GAA GAG ATG 

MMP7 
Forward TGT T AA ACT CCC GCG TCA TAG AAA PCR268 Modified_ from Lampert 
Reverse CTC CTC GCG CAA AGC CAA TCA T 

MMP9 
Forward· CAC TGC TGG CCC TTC TAC G PCR623 Modified from lshiguro 
Reverse GCA CTG_CAG GAT GTC ATA GGT 

MMP10 
Forward ATG CGC AAG CCA AGG TGT G PCR 614 Modified from Lampert 
Reverse GGA GGG GGA GGTCCG TAG AGA 

MMP13 
Forward CCT GGC TGC CTI CCT CTI CTI GA PCR279 Modified from Lampert 
Reverse AAC CCC GCA TCT TGG CTI TIT C 

GADPH 
Forward GGA AGG TGA AGG TCG GAG TC PCR 789 Modified from Keyszer 
Reverse CCT GCT TCA CCA CCT TCT TG 

0\ 
I--' 
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DEPC H20. A tube for each primer set was made and the specific RNA mixture 

(10 µI) was added to each tube. As above, mineral oil was placed on top of the 

mixture. A hot-start was utilized. This initial cycle consisted of 7 minutes at 

95°C. 2µ1 of a 1 :8 diluted Taq solution (4µ1 of Taq DNA polymerase, 3µ1 of 1 OX 

PCR II buffer and 24µ1 of DEPC H20) were then added to the tubes. The next 

PCR cycle was 20°c for 1 0 minutes, 42°C for 15 minutes, 99°C for 5 minutes 

and 5°C for 5 minutes. Twenty-five amplification cycles ~ere used, as noted in 

prior studies, such that the amplification was expected to be in the exponential 

range for each primer set being studied. 

The molecular sizes of the primer-specific amplification products were estimated 

by their electrophoretic mobilities as resolved in a horizontal agarose gel, relative 

to known size standards. The gel was composed of 2.5 g of Nu Sieve agarose,, 

1.5 g of agarose, 10 µI ethidium bromide, and 200 ml of 1 X TAE buffer (1 M Tris

HCI, 20% glacial acetic acid, 15% EDTA). The running b_uffer was 1X TAE buffer 

and 0.5 µg/1 ethidium bromide. Samples (12 µI each) from the PCR reaction 

were added to a new tube with 20 µI of 5x OJ (20% Ficoll, 0.1 M EDTA pH 8.0, 

~0.1 % orange G). A 1 Kb DNA ladder (GIBCO) was used as a molecular weight 

standard. The samples were placed into the wells and the voltage turned to 60V 

for 10 minutes, which was long enough for the dye front to advance out of the 

wells. The voltage was then switched to 1 00V and the , electrophoresis 

continued for approximately 60 minutes. After completion, the gel was removed, 
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placed on an ultraviolet light box to visualize the bands, and photographed with a 

digital camera. 

Enzyme Linked lmmunosorbent Assay {ELISA): ELISA experiments were 

performed for MMPs-3 and MMP-13, providing a specific and quantitative 

determination of MMPs-3 and -13 levels in cell· culture media. For these 

experiments,. individual female celi lines were plated into 24-well plates (Falcon) 

with three experimental treatments: MPA-treated IL-1 p-stimulated cells (MPA/S), 

IL-1 p-stimulated controls (C/S) and unstimulated controls (C/U). The same 

protocols were used as for flasks, and the ·cell culture media were tested using 

an ELISA kit (Biotrak, Amersham Pharmacia). These assays were of the 

"sandwich" format, where the standards or samples were incubated in microtitre 

wells pre-coated with anti-MMP ~ntibody (for either MMPs-3 or -13). The MMP 

of interest was bound to the well, while all other components of the cell culture 

media were washed away. The MMP was identified by a peroxidase-labeled 

Fab' antibody specific for the same MMP. The quantity of peroxidase attached to 

the well was determined by the addition of 3,3'5,5'-tetramethylbenzidine (TMB) 

substrate to the well. This chemical reaction was terminated with the addition of 

1 M sulphuric acid, and the optical density of the colored product read at 450 nm 

in a microtitre plate spectrophotometer. A standard curve was used to 

interpolate the concentrations of MMP in the cell culture medium. 
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After the supernatants were removed from the above ELISA experiments, cell 

protein was harvested from each well, and quantified with the bicinchoninic acid 

assay (BCA, Pierce). Fresh protein standards were prepared by diluting the 2.0 

mg/ml bovine serum albumin (BSA) standard to final concentrations ranging from 

0 µg/ml to 500 µg/ml. BCA working reagent was prepared by mixing 50 parts of 

Reagent A with 1 part of Reagent B. Aliquots of 10 µI of each standard or 

sample were pipetted into duplicate microplate wells. Each well had 200 µI of the 

working reagent added and samples were allowed to incubate for 2 hours at 

37°C. The optical densities were then read on a microplate reader at 562 nm. 

The associated computer program showed the standard curve and calculated the 

samples in relation to it. Matrix metalloproteinase concentrations we~e finally 

calculated as ng or pg MMP per µg protein. 

Statistical Analysis 

For statistical purposes the Prism program (GraphPad) was utilized to compare 

g·roups for the ELISAs and for protein concentrations. Data were subjected to 

ANOVA, and if significant differences were detected,· the post-test of Newman-

Keuls was used. Differences were considered significant if P<0.05. 



Results 
Zymograms: Zymograms were used to detect MMPs, which had been released 

into the cell culture media. The zymograms demonstrated that large amounts of 

enzymatic activity were present in supernatants from the IL-1 p-stimulated 

controls (C/S) as well as the unstimulated control (C/U). The zymograms showed 

that electrophoretically-separated MMPs digested the gelatin, leaving clear 

bands in the gel. The media from controls (C/S, C/U) produced several more 

bands than the MPA- treated cell culture media (MPA/S). The cells that were 

treated with MPA and stimulated with IL-1 p (MPA/S) showed a marked decrease 

in the enzymatic activity, in both band intensity and number. Figure 2 shows the 

effects of MPA on IL-1 p-stimulated cells (MPA/S) versus controls (C/U, C/S) in 

four separate cell lines from female subjects. 

RT-PCR: RT-PCR was utilized to determine which MMPs were being 

·transcribed. Probes were synthesized for those MMPs which the literature 

suggested might be hormonally regulated, as well as for GAPDH. Treatment of 

the HGF with both MPA and IL-1 p usually provided no visible change in the 

levels of GAPDH mRNA, as determined byRT-PCR. GAPDH was an adequate 

internal control, in that this housekeeping gene was expressed under all the 

65 
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Figure 2: Zymograms . Showing MMP Activity From 
Cell Culture Media. C/U= UnsUmulated Control, C/S= 
Stimulated Control, and MPA= MPA f!1nd IL-1 p. The 
zymograms shown are representative of multiple cell 
lines that have been tested. These figures show that 
MMP production, by cells stimulated with IL-1P was 
reduced by the addition of MPA; and stimulated and 
unstimulated controls had similar levels of MMPs. 
Each sample was run twice, thus the labels used on 
the gel cover two lanes. 



67 

Cell Lines #51 and #67 
' 

Cell Lines #55 and #59 
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experimental conditions. When MPA-treated cells were stimulated with IL-1 ~' the 

production of mRNA for MMPs-1, -2, -3, -7, -10 and -13 was markedly reduced. 

Figures 3, 4, 5, and 6 demonstrated, in four different female cell lines, that MPA 

significantly decreased the mRNA production for the MMPs being studied. This 

is evidenced by the absence of bands in the ethidium bromide gel representing 

MMPs; only the kit control (K) and the housekeeping gene GAPDH were seen. 

When the RT-PCR products were separated for the stimulated control cells 

(C/S), bands were evident for MMPs-1, -2, -3, -7, -10, and -13 in the ethidium 

bromide gel. However, when the RT-PCR products were separated for the 

unstimulated control cells (C/U), there were again no bands evident for the 

studied MMPs (Figure 7). In the unstimulated control cells (C/U) and the 

stimulated MPA-treated cells (MPA/S), the kit control (K) and GAPDH (G) 

attested to the functionality of the RT-PCR by virtue of bands seen in the 

ethidium bromide gels. 

Two male cell lines also were tested in the experimental protocol to determine if 

gender played a role in the cellular response. It was found t~at the male cell 

lines responded similarly to the female cell lines utilized; in these figures line #67 

was from a male. The results from both zymograms and RT-PCR were 

comparable to the female cell lines. Experiments involving ELISAs were not 

performed on the male lines. 
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Figure 3: Agarose Gel A, Stained With Ethidium 
Bromide. The RT-PCR products for cell line #55 are 
shown. The bands in the upper portion of the gel 
show MMP products from IL-1/3-treated cells grown in 
SF-DMEM (=Stimulated Control). The lower portion of 
the gels shows the absence of MMP products from 
MPA-treated cells after similar IL-1/J stimulation. 
G=GAPDH MMPs-1 -2 -3 -7 -10 and -13 are ' ' ' ' ' ' . 
shown. 
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Figure 4: Agarose Gel B, Stained With Ethidium 
Bromide. RT-PCR products for cell line #67, showing 
similar results. 
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Figure 5: Agarose Gel C, Stained With Ethidium 
Bromide. RT-PCR products for cell line #50, showing 
similar results. 
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Figure· 6: Agarose Gel D, Stained With Ethidium 
Bromide. RT-PCR products for cell line #59, showing 
similar results. 
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Figure 7: Unstimulated Control Agarose Gel. 
Representative agarose gels, stained with ·ethidium 
bromide, showing the relative absence of MMP 
products a.fter RT-PCR on RNA from control cells · · 
which were not stimulated with IL-1 fJ or treated with 
MPA. 
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ELISA: The hypothesis that MPA decreased mRNA expression and protein 

production for MMPs was confirmed by a third method: ELISA tests specific for 

MMP-3 and MMP-13. The ELISA for MMP-3 quantified levels of total MMP-3 

production by three different cell lines (Figure 8). The total MMP-3 per µg protein 

was significantly reduced (P<0.01) by treatment with 1 o-6M MPA in all three lines. 

Figures 9 and 11 demonstrate that cell protein was not always affected by MPA; 

in several experiments, MPA treatment increased protein per well (P values 

ranged from no difference to P<0.001 ). The ELISA for MMP-13 quantified levels 

of pro-MMP-13 production, which is a precursor form of MMP-13. Figure 10 

shows that the steroid inhibitory results were similar for this enzyme; MPA 

markedly decreased the production of pro-MMP-13 per µg of cellular protein 

(P<0.01 ). However, basal the production of this MMP was much lower than was 

seen for MMP-3. 
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Figure 8 : MMP-3 ELISA, Effects of MPA on MMP-3. 
U= Unstimulated Control, S= IL-1/3 Stimulated 
Control, and M=MPA and IL-1 /3. The cell culture 
media were tested with a commercial ELISA kit 
(Biotrak, Amersham Pharmacia) to quantify levels of 
total MMP-3 production by three different cell lines. 
Total MMP-3/µg protein was reduced by treatment 
with 10-6M MPA. 
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Figure 9: Effects of MPA on Protein for MMP-3 
Samples. The addition of MPA did not significantly 
effect the level of cellular protein production. 
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Figure 10: MMP-13 ELISA, Effects of MPA on 
MMP-13. MMP-13 production was also significantly 
reduced by MPA. Con/U= Unstimulated Control, 
Con/S= Stimulated Control, and MPAIS= MPA and. 
IL-1/3. An ELISA kit was used to quantify levels of 
pro-MMP-13 production, which is the precursor form 
of MMP-13. 
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Figure 11: Effects of MPA on Protein for MMP-13 
Samples. The addition of MPA did not significantly 
effect the level of cellular protein production. 
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Disc-ussion 

As reviewed above, interleukin-1, a pro-inflammatory cytokine with multiple 

cellular targets, has been shown to be a powerful stimulator of inflammation. 

This cytokine has been observed in high levels in many inflammatory ·diseases, 

including periodontitis, a chronic inflammation which results in the destruction of 

connective tissue and bone·, although the exact mechanisms are unknown. IL-1 a 

and IL-1 p have both been shown to b~ elevated in gingival crevicular fluid of 

p_atients with periodontitis (Masada et al., 1990; Wilton et al., 1992; Matsuki et al., 

1993; Hou et al., 1995). IL-1p was the primary form measured in periodontitis

affected tissues (Honig et al., 1989; Jandinski et al., 1991; Tokoro et al., 1996). 

Studies have shown that IL-1 p increased the expression and production of 

MMPs, especially MMP-1, MMP-3 and MMP-8, by both periodontal and gingival 

fibroblasts (Birkedal-Hansen, 1993b; Alvares et al., 1995; Nakaya et al., 1997). 

This stimulation also was observed in uterine and other mucosal tissues. For this 

reason, we have used IL-1 p to initiate the MMP production in human gingival · 

fibroblasts. In this work, three different methods were used to show that the 

production of several MMPs by IL-1 p-stimulated gingival fibroblasts was 

modulated by progesterone (or MPA). This was demonstrated by 1) zymograms, 
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which revealed reductions in multiple enzymatic activities; 2) RT-PCR, which 

demonstrated effects on MMP mRNA production; and 3) ELISAs, which 

quantified production of both total (MMP-3) and/or precursor (MMP-13) forms of 

these enzymes. Our results agree with multiple studi~s that indicate that MMPs 

participate in destruction/remodeling of connective tissue in both the 

endometrium and _in the periodontium. 

Zymograms: When utilizing the zymograms, we found that the activity of 

released MMPs from IL-1 p-stimulated cells was substantially reduced in the 

presence of MPA. Figure 2 shows that the larger bands seen in the IL-1 P

stimulated control and in the lanes from unstimulated cells demonstrated more 

collagenolytic activity than the smaller, narrower bands seen in the lanes with 

MPA-treated cell media. When comparing the unstimulated and the control 

lanes, a difference between them is apparent. The vehicle-control cells, which 

were stimulated with IL-1 p, usually demonstrated more gelatin degradation than 

the unstimulated vehicle-controlled cells. The control-stimulated cells also 

produced more bands than the MPA.;freated cells. There was a marked 

reduction of collagenase activity when the cells were treated with MPA. By 

referencing to the molecular weight ladder the upper band corresponds to around 

110,000 kDa. At this time we are unsure as to what MMP corresponds to this 

band in the zymograms. The next faster band most likely corresponds to MMP-

· 89 
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2, at about 72,000 kDa. There is a band with la_rger width in the ar!3a of MMP-2 

in control cells. This appears to result after MMP-2 is activated, so thafthe upper 

band probably represents the combination of proMMP-2 and activated MMP-2. 

Also in the area of the stimulated control cells is a band below that to the one that 

we believe corresponds to MMP-2. This faster band is possibly MMP-3, which is 

only seen in the stimulated control cell culture media. lmmunoblotting would be 

required to confirm these band assignments. -Attempts were made to use an 

MMP-9 "standard" for a reference, but this also produced multiple bands, 

indicating multiple enzyme activities. 

Our findings are in agreement with several studies involving the endometrium. 

Utilizing zymograms, Imada et al. -(1994) demonstrated in rabbit uterine 

fibroblasts that progesterone suppressed the production and release of MMPs-1, 

-2 and -3, while increasing the production of TIMPs-1 and -2. Using bovine 

endometrial cells, Salamonsen et al. (1993) noted that MMPs-1 and -2 were 

produced by stromal fibroblasts rather than endometrial epithelial cells. They 

also found that MMP-1 was produced after IL-1 p stimulation, whereas MMP-2 · 

production was constitutive. Thus, in our zymograms, one of the bands seen in 

both stimulated and unstimulated cells was most likely MMP-2. Working with 

rats, Hirsch et al. (1993) demonstrated that collagenase activity in the ovaries 

was initiated during the lutenizing hormone surge in the menstrual cycle. These 

researchers developed an experimental system which estimated collagenase 

activity levels in vivo, as the rat progressed through its reproductive cycle (Hirsch 
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et al., 1993). More recently, Hampton & Salamonsen (1999), utilizing both 

natural progesterone and progesterone analogues (synthetic progesterone), 

demonstrated that both types of progesterone equally inhibit the production of 

MMPs-1 and -3 visible in zymograms. 

In human studies, Rawdanowicz et al. (1994) utilized zymography to identify 

MMPs-1, -2, -3 and -9 in endometrial tissue samples which had been cultured in 

vitro and stimulated by IL-1 p. When such endometrial explants were treated 

with progesterone, MMP activity was almost completely terminated. However, 

after the withdrawal of progesterone, there was an increased production C?f 

MMPs-1, -2, -3, -7, -9 and -11 (Marbaix et al., 1992; Salamonsen et al., 1997; 

Osteen et al., 1999). Progesterone inhibited _MMPs-1, -2, -3, and -9 production 

by IL-1 p-stimulated human endometrial cells in co-culture with epithelial cells 

(Rawdanowicz et al., 1994; Singer et al., 2000). This may be the mechanism 

responsible for MMP-1 repression which occurs when systemic sex steroid 

concentrations become ·elevated, and _the increased MMP-1 production and 

activity during the perimenstrual phase when estrogen and progesterone 

concentrations are low. 

Breakthrough bleeding episodes are common side effects in patients utilizing 

progesterone-only birth control methods. Recently, Marbaix et al. (2000) 

investigated the cause of bleeding in patients who used Norplant, a 

levonorgestrel-releasing subcutaneous implant. These patients were found to 

have increased levels of MMPs-1, -2, -3, and -9 as determined by zymography 
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and in-situ hybridization in the foci of tissue breakdown. The researchers also 

found that TIMP-1 production was reduced in the same foci of degradation 

(Marbaix et al., 2000). Vincent et al. (2000a; b) corroborated these results in 

progestin-only contraceptive users. Regulation of the expression, activation, a·nd 

inhibition of several menstrual-specific MMPs was altered, resulting in increased 

activity at the start of bleeding. These findings may suggest that the ebb and 

flow of progesterone emanating from the implants would allow for inappropriate 

expression of MMPs when the progesterone is withdrawn, allowing for 

breakthrou·gh bleeding episodes. Alternatively, the level of estradiol in such 

patients may be too low for effective suppression of proteinase activity and/or 

maintenance of TIMP levels. These studies also confirm that MMPs are 

associated with focal sites of tissue breakdown in menstruation. 

Another population of women which experiences breakthrough-bleeding 

episodes includes postmenopausal women who are receiving hormone 

replacement therapy. A recent study demonstrated that long-term hormone 

· replacement therapy appears to alter endometrial expression of MMP-9 and 

TIMP-1 and also may change the locaCbalance between these molecules. This 

alteration may promote breakdown of the endometrial extracellular matrix and 

blood vessels, which could initiate the breakthrough bleeding episodes (Hickey et 

al., 2001 ). 
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Zymograms of extracts of other human tissues demonstrated that IL-1 P

stimulation of cardiac and conjunctiva! fibroblasts up-regulated the production of 

MMPs-1, -2, -3, -9, and -13 (Meller et al., 2000; Siwik et al., 2000). Martin et al. 

(2000), working with peritoneal mesothelial cells, established that although 

MMPs-2 and -3 were secreted basally, without IL-1 p, when -the cells were 

stimulated with this cytokine there was an increased level of MMP-9 in addition to 

MMPs-2 and -3. 

lngman et al. (1994b) utilized zymograms to demonstrate that MMPs-2 and -9 

were found in GCF of periodontitis patients. These findings are consistent with 

the hypothesis tha:t MMPs are up-regulated ·in periodontal disease sites: 

·Although useful as a screening method, the use of zymography for the study of 

MMPs presented numerous technical difficulties in this research.· If the enzyme 

concentration in the medium was not significantly diluted, the activity could totally 

remove the g'elatin from the gel, making it impossible to distinguish one band 

from another. This resulted in one continuous band in the lane. Similarly, if the 

samples were incubated too long, there was too much collagenolytic activity to 

distinguish between band sizes and widths. Again, the result would be one 

continuous band i~ the lane of interest. Another disadvantage of this technique 

was that results from zymograms were not quantitative. It_ was virtually 

impossible to determine exact MMP concentrations using this experimental 

method. 
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An additional consideration when dealing with zymograms was the lack of control 

over how much the endogenous Tl MPs might be disabling the secreted MMPs by 

binding to them in the culture media. When Meikle et al. (1989) cultured human 

gingival fibroblasts, they reported that these cells no longer secreted MMPs. 

These researcher~ noted that significant levels of Tl MPs were detected in the cell 

culture supernatant. These findings were corroborated by Nakaya et al. (1997) in 

their work with HGF. Several researchers, utilizing endometrial stromal 

fibroblasts in enzyme assays, zymograms, and in-situ hybridization, have 

reported that IL-1 p and progesterone have no effect on the synthesis and release 

of Tl MPs (Marbaix et al., 1996; Salamonsen et al., 1997). 

It is assumed that the vehicle-treated control cells, "Yhich were stimulated by 

IL-1 p to synthesize higher levels of MMPs, were also intrinsically producing and 

releasing TIMPs, which bind with MMPs at a molar ratio of 1 :1 (Bode et al., 

1999). This could lead to a misinterpretation of the results. Where it appeared 

that there was no MMP enzyme production,.the cells could have been producing 

TIMPs, which were binding the secreted MMPs. The zymograms showed the 

MMPs were in fact secreted above the level of the secreted TIMPs which are 

known to bind to them. None of the previous studies have demonstrated that the 

MMP/TIMP complexes can be visualized on zymograms, detected by enzyme 

assays, or demonstrated with in-situ hybridization, so it is not yet known if the 

presumably inactive MMP/TIMP .complex, when separated in an electrophoretic 
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field, can be visualized using another method. It was anticipated that TIMP-MMP 

complexes would run at a higher molecular weight and if activated, there would 

be bands visualized in the upper porti_on of the zymograms. In our experiments, 

it was not possible to identify such complexes. 

Another problem with electrophoretically separating zymogens, is that the 

proteinases are separated from each other. Multiple studies have demonstrated 

that some MMPs, especially MMPs-1 and -3, can convert or help convert other 

proMMP forms to the active MMPs (Ohshima et al., 1996; Marbaix et al., 2000; 

Salamonsen et al., 2000; Tervahartiala et al., 2000). Thus, by separating the 

MMPs, one effectively down-regulates the activation of some of the other MMPs. 

Detection of MMP Inhibition by RT-PCR: The reverse transcriptase

polymerase chain reaction was utilized to detect those MMP genes which were 

being transcribed in cells following stimulation by IL-1 p. In Figures 3, 4, 5, and 

6, the top portion of the gel shows that when RT-PCR was employed to evaluate 

the mRNA from the gingival fibroblasts, distinct bands were seen for MMPs-1, -2, 

-3, -7, -10 and -13 in the IL-1p-stimulated control cells. After the pretreatment 

with MPA, mRNA production for those MMPs fell below detectable levels, as can 

be seen in the bottom portion of the gels in Figures 3, 4, 5, and 6. This illustrates 

that the addition of MPA modu·lated the cell response to IL-1 p stimulation of the 

cells. Messenger RNA for MMP-9 was not detected for the cell lines utilized in 

this experiment. This finding compares well· with the results in the dental related 



96 

literature, as MMP-9 was generally detected only in PMNs (Birkedal-Hansen, 

1993a) 

When RT-PCR was performed on the control, unstimulated cells (no MPA or 

IL-1 p), there were no visible bands (PCR products) for any of the MMPs tested. 

Figure 7 demonstrates this result in two separate female cell lines. This finding 

agrees with several studies which showed that unstimulated gingival fibroblasts 

in culture did not secrete MMPs (Meikle et al., 1989; Takahashi et al., 1994a; 

Nakaya et al., 1997). Utilizing conjunctiva! fibroblasts, Meller et al. (2000), also 

showed that unstimulated cells did not secrete MMPs-1 or 3. The unstimulated 

control cells and the stimulated MPA-conditioned cells tested positive only for the 

internal control band of GAPDH, which is made contin"uously by most cells. 

When these results were compared to those found in the zymograms, there was 

a difference noted. The zymograms showed some MMP activity for the MPA

treated, IL-1 p-stimulated cells, whereas the RT-PCR results indicated that there 

was a total cessation of MMP transcription. An explanation that would account 

for this apparent discrepancy is that these two methods demonstrate the 

fundamental difference between transcription of a gene and secretion of stored 

product. When MPA was present in the IL-1 p-stimulated cell culture, the cells did 

not produce mRNA for MMP products. This was seen by the absence of bands 

in the ethidium bromide gels which separated the RT-PCR products. However, 

when supernatants from stimulated cells treated with MPA were used for the 
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zymograms, even though the cells may ·not hav~ been transcribing the MMP 

genes, there was intracellular storage. of MMPs as zymogens which could ~e 

released in response to IL-1 p. This could be why the band sizes were merely 

reduced, rather than eliminated in the zymograms,. Another possible explanation 

is that proteolytic activity in the zymogram resulted from an MMP which was not 

tested by RT-PCR. . 

These results correlate well with those found in the literature relating to female 

reproductive tissues. In humans, MMPs-1, -2, -3, -10, and -11 were produced by 

endometrial fibroblasts, an~ the withdrawal of progesterone caused these 

enzymes to be up-regulated in endometrial explants (Salamonsen et al., 2000). 

These proteolytic enzymes were only detected perimenstrually and during 

mensfruation (Kokorine et al., 1996; Marbaix et al., 1996; Salamonsen et al., 

2000) indicating that they were associated with, and likely responsible for, the 

massive tissue destruction and sloughing that is involved in menstruation. This 

hormone research supports the theory that menstruation initiates at focal points 

in the stroma. When DNA hybridization was performed, MMP-1 was detected at 

foci of stromal cells of the functionalis layer of the endometrium, where these 

tissues showed signs of menstrual breakdown, such as tissue fragmentation 

(Kokorine et al., 1996). The focal nature of MMP production and action was 

emphasized by lack of immunostaining for any MMPs in the intact tissue, while in 

the areas of degradation, there was a high degree of positive immunostaining for 

MMPs-1, -3 and -9 (Salamonsen et al., 2000). When shed menstrual tissue 
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was examined, MMP-1 mRNA was found in stromal cells preferentially localized 

at the periphery of the fragments and near arterioles, demonstrating a "tear along 

the dotted line" pattern of tissue destruction (Kokorine et al., 1996). These 

authors also found an inverse relationship between focal MMP-1 expression and 

progesterone steroid receptor detection in uterine tissue. This finding suggested 

that the lack of progesterone stimulation initiated or allowed the production and 

activation of MMPs (Kokorine et al., 1996). Salamonsen et al. (2000) also 

agreed that the absence of progesterone provides an environment permissive for 

·' 

MMP production, secretion and activation. _ If this were not the case, 

menstruation would be a quicker, more generalized degradation of the 

endometrium, rather than the observed process of focal deterioration of tissue 

occurring over several days. 

When our results with RT-PCR are compared to those found in the periodontal 

literature, there is good agreement. When human gingival fibroblasts were 
) 

stimulated with IL-1 p, others have also found an increased production of MMP-1 

(Alvares et al., 1995) and MMP-3 (Nakaya et al., 1997). Utilizing RT-PCR, 

Kubota et al. (1996) found that mRNA for MMPs-1, -3 and -8 and TIMPs-1 and 

-2 were increased in periodontitis-affected tissue samples. With in situ 

hybridization of periodontitis-affected human tissue, Tervahartiala et al. (2000) 

demonstrated elevated levels of MMPs-2, -7, -8, -13 and-14. Zhao et al. (1998), 

using a combination of RT-PCR, ELISA, and in situ hybridization, demonstrated 

that there was a cell-cycle dependent accumulation of TIMP-1, by active 
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transport, in the nuclei of HGF. These researchers also noted that there were 

time-dependent increases in concentrations of Tl M P-1, in the cytoplasm of 

normal cultured HGF (Zhao et al., 1998). Using semi-quantitative RT-PCR, 

Dahan et al. (2001) found that MMP-1 was significantly elevated in human 

gingival biopsies of patients with advanced periodontitis when compared to 

biopsies taken from healthy patients. 

When RT-PCR was performed utilizing other human tissues, several studies 

verified that fibroblasts, when stimulated with IL-1 p, increased the production of 

MMPs-1, -2, -3, -7, -9, -11. and -13 (Okada et al., 1995; Martin et al., 2000; 

Meller et al., 2000; Mengshol et al., 2000; Moore et al., 2000). A recent study 

examined human gingival and periodontal ligament fibroblasts under a 

continuous stretch force, and utilizing RT-PCR, noted elevated levels of MMPs-1 

and -2 (Bolcato-Bellemin et al., 2000). These researchers also found that the 

cells used did not produce MMP-9,. which correlates with our findings in this cell 

population. 

No attempts were made herein to quantify the bands produced by RT-PCR: 

First, quantification of RT-PCR has proven to be problematic (Freeman et al., 

1999). Secondly, the results were so dramatically obvious that this was not 

necessary. 
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ELISA Experiments With MMPs-3 and -13: We utilized two commercial ELISA 

kits for evaluating the production of total MMP-3 and precursor MMP-13 protein 

pro.duction in cell culture medium. The results of these experiments (Figures 8 & 

10) demonstrate that the production of MMP-3 and MMP-13 protein was 

significantly inhibited by the addition of MPA into the cell cultures. Figure 8 

shows, in 3 different cell lines, that when IL-1 p was used to stimulate human 

gingival fibroblasts (C/S), MMP-3 production w~s markedly increased in 

comparison to MPA-treated and _unstimulated control (C/U) cells, despite 

relatively equal amounts of protein produced by each experimental protocol (see 

Figure 9). Figure 10 reveals that in 2 cell lines MMP-13 production was 

significantly increased in C/S cells, while significantly (P<0.05) less in the MPA 

and C/U cells. Figure 11 also demonstrates that there was roughly equal 

production of protein for all wells of the experimental protocol, although MPA 

frequently increased cell protein per well in other experiments {data not shown). 

These ELISA findings are consistent with the results seen in this study utilizing 

zymograms and the RT-PCR experimental method. 

The results of our ELISA experiments are in agreement with other studies 

involving human gingival fibroblasts. Haerian et al. (1995), utilizing an ELISA, 

found that MMP-1 and -3 were elevated in periodontitis-affected GCF in 

comparison to healthy GCF samples. These authors then demonstrated, in a 

later study, that with cause-related periodontal therapy the levels of MMPs-1 and 

-3 were reduced, in the GCF of periodontitis patients, when compared to samples 
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of healthy GCF (Haerian et al., 1995). lngman et al. (1994a, 1996) utilizing 

ELISAs, established that production of MMPs-1, -3, -8 and -9 were elevated in 

periodontitis patients. 

In addition, our ELISA findings correlate well with those found in the literature on 

female reproductive tissues. Salamonsen et al. (1997), utilizing cell culture 

medium from endometrial stromal fibroblasts, demonstrated that when 

progesterone was withdrawn, the production of MMP-_1 was increased. 

Hampton & Salamonsen (1999) also using cell culture media from endometrial 

fibroblasts found that both synthetic and natural progesterone equally inhibited 

the production of MMPs-1 and -3 in ELISA experiments. 

Further Similarities in Mechanisms Governing MMP Regulation 

NF-KB: As indicated, there have been multiple studies investigating the 

mechanism of MMP regulation. Current theory suggests that inflammatory 

cytokines, such as IL-1 p and TN Fa, cause NF-KB, a transcription factor, to move 

to the nucleus, thus causing an increase in activity of target genes. This 

transcription factor amplifies the original signal by causing an increase in the 

transcription of many genes, such as cytokines and MMPs, which continue the 

inflammatory process. This gene activation may also involve binding of the 

transcription factor AP-1 to promoter sites. This has been demonstrated in 

multiple tissues in both human and animal models (Yokoo & Kitamura, 1996; 

Vincenti et al., 1998; Bond et al., 1999; Eberhardt et al., 2000; Mengshol et al., 
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2000). In health, there are natural inhibitors of these destructive enzymes, such 

as TIMPs (tissue inhibitors of metalloproteinases) so that they are tempered in 

their activities. However, in disease, the proteolytic ·enzymes overbalance the 

inhibitors and can destroy much of the local tissue. Thus th~ regulation of this 

proteolytic/inhibitory balance is of utmost importance in_- health, as well as in 

wound healing. 

Investigations of the NF-KB pathway in MMP synthesis and release have 

demonstrated that MMP transcription is dependent on the activity of NF-KB. In 

animal studies, both NF-KB stimulation and AP-1 activation were necessary for 

· the induction of MMPs-1 and -9 by IL-1 p-stimulated cells (Yokoo & Kitamura, 

1996; Vincenti et al., 1998). This result was corroborated by Barchowsky et al. 

(2000) with a modification; those researchers suggested that-instead of a dual 

requirement for NF-KB and AP-1, these transcription factors cooperate to 

mediate IL-1 p-induced MMP transcription. Bond et al. (1998) analyzed the 

MMP-9 promoter and identified an essential proximal AP-1 element and an 

upstream NF-KB site in both rabbit and human synovia_l fibroblasts._ These 

researchers also noted a synergistic up-regulation of IL-1 p-mediated MMP-1 

and-9 synthesis through NF-KB and AP-1 binding. Recent studies with human 

dermal fibroblasts and synovial fibroblasts have agreed with this finding for 

MMPs-1, -2, and -13 (Han et al., 2000; Mengshol et al., 2000). 
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Utilizing human gingival fibroblasts, Hamid et al. (2000) demonstrated that there 

was an AP-1 binding site in the collagenase promoter, and that regulation of 

MMP expression by IL-1 p involved this transcription factor. Maziere et al. (1999) 

noted that there was an increase i_n both AP-1 and NF-KB binding activity after 

cellular enrichment with polyunsaturated fatty acids, suggesting another possible

link between these transcription factors. Surh et al. (2000) suppressed the 

activation of both NF-KB and AP-1 with the addition of curcumin and capsaicin to 

HGF, also suggesting a link between these transcription factors. Recent studies 

reported that LPS up-regulated the expression of NF-KB and AP-1, leading to the 

production of MMP mRNA in human fibroblasts (Kim & Koh, 2000; Wang et al., 

2000). NF-KB also has been linked to IL-1 p-induced COX-2 gene expression, 

leading to prostaglandin production in gingival fibroblasts (Nakao et al., 2000). 

As has been mentioned, PGE2 is also elevated in periodontal disease (Goodson 

et al., 1974; El Attar et al., 1976; Offenbacher et al., 1996). 

Strakova et al. (2000) reported the NF-KB pathway to be active in_ IL-1 P

stimulated MMP transcription in baboon endometrium. These researchers found 

NF-KB activity was up-regulated within 10 minutes of IL-1 p stimulation (Strakova 

et al., 2000), a finding that agreed with the study by Tewari et al. (1996) in HGF. 

Utilizing RT-PCR in human endometrium, King et al. (2001 a) reported the 

presence of activated NF-KB in endometrial fibroblasts during menstruation, and 

suggested that in early pregnancy NF-KB may control the expression of 

molecules essential for ir:nplantation and maintenance of pregnancy. Laird et al. 
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(2000) demonstrated that the NF-KB pathway was a necessary mediator 

between IL-1 p stimulation and IL-6 production in human endometrial cells. 

Recent studies have demonstrated that NF-KB activation was necessary for 

osteoclast differentiation (Wei et al., 2001 ), and that the addition of estrogen 

suppressed the NF-KB-mediated osteoclast differentiation (Shevde et al., 2000). 

Quaedackers et al. (2001) suggested that estrogen can prevent osteoporosis by 

repressing the transcription of NF-KB target genes, such as IL-1 and-6, which are 

known mediators of bone resorption (Birkedal-Hansen, 1993b ). 

The ability of progesterone to down-regulate the activities of multiple members of 

the MMP family of enzymes suggests a mechanism of action that is directed at 

shared structural or functional or regulatory characteristics of the enzymes. As 

summarized, at least one of the shared mechanisms is the alteration of the 

NF-KB pathway. When progesterone binds specific cell receptors for the steroid 

hormone, it modulates the NF-KB-initiated transcription of MMPs. Kelly et al. 

(2001) demonstrated · that progesterone inhibited NF-KB activity by either 

stimulating the synthesis of NF-KB's inhibitor, or after binding to the nuclear 

receptor, competing with NF-KB for recognition sites on. the relevant gene(s). 

These results demonstrate that progesterone can modulate pro-inflammatory 

pathways. This was also shown by Lapp et al. (1995), who showed that IL-6 

production was similarly inhibited by progesterone, presumably by the same 

mechanism. 
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CD40: Another common mechanism that multiple tissues use to modulate the 

transcription and production of MMPs is CD40 expression. The cell surface 

receptor, CD40, has a primary role in B-lymphocytes by enhancing their 

activation, proliferation, immunoglobulin production and synthesis of cytokines. 

CD40 is a member of the tumor necrosis factor {TNF) receptor superfamily, and 

its ligand is a TNF-a-like protein, CD40L. In addition to being an i_mportant 

signaling mechanism for B lymphocytes, the CD40-CD40L intercellular ligand 

interaction can provide a necessary "second signal" to help drive cytokine 

production (Sempowski et al., 1998; Brouty-Boye et al., 2000). Researchers 

have found that multiple fibroblast types (dermal, gingival, and endometrial) 

displayed CD40 on their cell membranes (Fries et al., 1995; Brouty-Boye et_ al., 

2000). The engagement of CD40 with its ligand CD40L resulted in the increased 

secretion of cytokines IL-6 and -8, plus increased PGE2 concentrations in human 

gingival fibroblasts (Dongari-Bagtzoglou et al., 1997; 1998; Sempowski et al., 

1997; Brouty-Boye et al., 2000). This inflammatory mediator secretion was also 

seen in B-cells when CD40 engaged its ligand (Pearson et al.~ 2001 ). There was 

a direct correlation between the number of CD40 receptors and the amount of 

IL-6 and -8 secreted by HGF (Dongari:..Bagtzoglou et al., 1997; 1998). CD40-

CD40L interactions also have been hypothesized to activate the NF-KB pathway 

(se·mpowski et al., 1998; reviewed by Kelly et al., 2001 ). It was suggested that 

NF-KB was mobilized after fibroblasts were triggered through CD40 ligation. 

Thus mobilization of NF-KB acts as a conduit for cellular activation relevant to the 

transcriptional up-regulation of many genes involved in inflammatory and specific 
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immune responses. Recent studies with HGF demonstrated that CD40 ligation 

may down-regulate the transcription- of MMPs · by the. production of IL-6 

(Sempowski et al., 1997; Wassenaar et al., 1999). These results were 

corroborated in the endometrium as well (King et al., 2001 b). These findings are 

contrary to earlier studies involving human monocytes and smooth· muscle cells, 

where the ligation of CD40 produced inflammatory cytokines, which increased 

the production of MMPs (Malik et al., 1996; Schonbeck et al., 1997). However, 

somewhat different time periods may be involved in these studies. 

Observations in· patients with X-linked hyper-lgM syndrome provide evidence for 

the importance of the CD40-CD40L pathway in immune responses. These 

patients have mutations in the CD40L gene, which interrupts CD40-CD40L 

signaling. This disruption causes B cells to be functionally deficient, with 

abnormal lg class switching and a significant incapability to react to bacterial 

antigens. The CD40-CD40L pathway has also been demonstrated·to play a key 

role in autoimmune diseases that have significant B lymphocyte involvement. 

Therapies with anti-CD40L antibodies are useful in inhibiting the onset of disease 

in animal models of collagenase-induced arthritis, experimental autoimmune 

encephalomyelitis, and lupus nephritis (reviewed by Sempowski et al., 1998). 

The effects of progesterone on the CD40-C_D40L signaling system are poorly 

understood. At this time there have been no studies of CD40 interactions during 

pregnancy or in regard to steroid hormones. 
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Leukocyte Invasion: Common to both periodontal disease and initiation of 

menstruation is a massive infiltration of leukocytes into the affected tissues. 

Although leukocytes usually do not possess significant numbers of ovarian 

steroid hormone receptors, their numbers in the endometrium vary consistently, 

relative to the menstrual cycle (Lathbury & Salamonsen, 2000; Salamonsen & 

Lathbury, 2000). Lathbury & Salamonsen (2000) demonstrated that during the 

.immediate premenstrual and .menstrual phases of the human reproductive cycle, 

significant numbers of neutrophils were found extravascularly. These 

researchers also found that when these ~ndometrial neutrophils were cultured 

with endometrial stromal fibroblasts, latent MMPs-2, -3 and -9 were released into 

cell culture media at levels greater than when either cell type was cultured alone. 

A variety of proteases, chemokines and cytokines are produced by leukocytes, 

as well as by fibroblasts. These inflammatory mediators work together to result 

in focal production and activation of MMPs by endometrial cells and the 

subsequent breakdown of tissue that characterizes menstruation (Salamonsen & 

Lathbury, 2000). Daloia et al. (2000) cultured endometrial cells in the presence 

of increasing amounts of estrogen or progesterone for 5 days. RT-PCR was 

used to determine · relative levels of the gene expr~ssion for monocyte 

chemotactic proteins (MCP). These researchers found that although fibroblasts 

were able to produce MCP mRNA, levels of gene expression did not vary relative 

to hormone treatment. This finding suggests that something other than MCP was 
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responsible for the menstrual cycle-related leukocyte recruitment (Daloia et al., 

2000). 

In a recent study, researchers noted that some women using progestin-only birth 

control (Norplant or Depo Provera) demonstrated abnormal uterine bleeding 

(Vincent & Salamonsen, 2000). When the investigators biopsied patients having 

breakthrough bleeding episodes, they noted large leukocyte infiltrations into the. 

areas of tissue breakdown and a preponderance of MMPs-1, -3 and -9 in focal 

areas of degradation. The authors suggested that as the levels of progesterone 

fluctuated, (as the release of hormone from .the implants/injection was not 

constant), MMP activity was up-regulated and breakthrough bleeding occurred 

(Vincent & Salamonsen, 2000). However, at this point no one has documented 

the proposed fluctuation of progesterone levels concomitant with abnormal 

uterine bleeding episodes. 

Some recent studies have examined the role of ICAM-1 expression and 

leukocyte interactions in endometrial cells. Thomson et al. (1999) noted that 

stromal expression of ICAM-1 was up-regulated in menstrual specimens. There 

was a widespread distribution of ICAM-1, which suggested that this molecule 

was involved in the process of menstruation and/or regulation of leukocyte 

transport into the tissues. An earlier study demonstrated an increase in ICAM-1 

expression on stromal cells upon IL-1J3 stimulation (Vigano et al., 1994); this 

same study also reported that there was no difference in ICAM-1 expression 
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throughout the menstrual cycle. However, there have been recent 

advancements in sensitivity levels for ICAM-1 detection which might account for 

this discrepancy. 

As noted above, there are several publications which report a massive leukocyte 

invasion into areas of gingival inflammation associated with gingivitis and 

periodontitis. There are also periodontal studies that have demonstrated an 

increased expression of ICAM-1 expression in HGF during inflammation which 

aids in the recruitment of leukocytes. Thus there are a number of significant 

biochemical similarities seen between endometrial and oral tissues. 

Limitations of the Present Study 

Fibroblast heterogeneity: One of the problems associated with the protocol 

used herein is that we utilized a single cell type from an area of the body that is 

composed of multiple cell types. Human gingiva is composed of connective 

tissue fibroblasts (which were utilized here), epithelial cells, leukocytes, 

periodontal ligament fibroblasts, and osseous cells. Not only are there multiple 

cell types within a specific tissue, there is evidence that within the cell type itself 

there are unique subpopulations of that cell type. Cultured populations of "pure" 

fibroblasts are highly diverse populations of cells that exhibit a considerable 

degree of heterogeneity, including variations in proliferative potential, response to 

growth factors, collagenase production and cytoskeletal proteins. Such 

differences could impact the tissue response to environmental change in vivo 
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(Lekik et al., 1997). Investigators have suggested that pathological alterations of 

periodontal and other oral connective tissues may result from a clonal imbalance 

of resident fibroblast su~-types rather than the presence of abnormal cells. 

These putative sub-types may be modulated by certain cellular interactions with 

regulatory molecules such as cytokines. Cytokines can be produced by the 

fibroblasts themselves as well as epithelial cells, platelets, and migrating 

phagocytes and inflammatory cells. It is hypothesized that once the tissue 

inflammation has resolved. the fibroblast sub-types will return to their normal 

stable ratios (reviewed-by Van Dyke et al., 1993). 

When cultured in vitro, such different subpopulations could markedly impact 

results from the experimental protocol. In culturing tissue samples, researchers 

are indirectly selecting the fibroblasts that will survive the culturing method. 

Once again, when the cells are subcultured, researchers are selecting for the 

cells which will attach to the flask and rapidly grow. By the methods used, 

investigators inadvertently are selecting specific subpopulations of fibroblasts 

which may not have been the dominant type seen in vivo; thus the re~ponse to a 

given experimental protocol may not mimic that which would occur in vivo. For 

example, utilizing human gingival fibroblasts, researchers suggested that there 

are subpopulations of cells in vivo that phenotypically have higher cytokine 

secretory capacity (Dongari-Bagtzoglou et . -al., 1998). Obviously, such 

distribution might · affect local response to pathogenic bacteria. In the 

endometrium, it is hypothesized that a subset of stromal cells plays a role in the 
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initiation of menstruation. It has been suggested that it may be those cells which 

have progesterone receptors and are more severely affected when there is a 

dramatic drop in progesterone levels perimenstrually (reviewed by Kelly et al., 

2001 ). 

For our studies, tissue samples were taken from patients without inflammation or 

periodontal disease; therefore the cell populations in those samples may be 

different from cells taken from patients with active disease. This alsq, makes it 

difficult to compare our Jesuits with those of other studies which utilized 

inflammation-affected HGF. Fibroblasts which were cultured from inflamed 

gingival tissues, demonstrated · an increased rate of· metabolic activity with 

androgen substrates as compared to those cells passaged from non-inflamed 

tissues (Sooriyamoorthy & Gower, _1989; Soory, 1995; Soory & Kasasa, 1997). 

Hakkinen and Larjava (1992) found that HGF grown in an environment of chronic 

inflammation represented a phenotypically unique fibroblast population. These 

researchers suggested that the cells were cloned for their functional demands in 

an inflammatory environment and maintained their altered phenotype over 

several cell passages. This phenomenon has also been observed in our 

laboratory, where elevated IL-6 production was- sustained by HGF cultured from 

an inflamed site (Lapp, personal communication). 

Relative to genetic aspects of periodontal disease, Lang et al. (2000) reported 

that some patients have a more vigorous response than other patients to the 
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same stimulus. _ These people have a "hyperinflammatory phenotype", allelic 

variations of the IL-1 receptor genotype, which may result in a higher local 

inflammatory response to plaque. Genotype positive patients have been shown 
\ 

to have an increased Gingival Index and have a higher risk for tooth loss over . 

time (Lang et al., 2000). These genotype-positive patients, when 

pregnant/immunosuppressed, may exhibit an even more aggressive form of 

gingivitis. Such genetic information could help to explain why not all females 

develop gingivitis during pregnancy. 

Stromal-Epithelial interactions: In vivo, tissues are composed of several cell 

types functioning together. Stromal-epithelial interactions are complex and can 

involve direct cell-cell contact, extracellular matrix interactions, and soluble 

paracrine factors. If researchers desire observations of an in vivo response to an 

experimental protocol, which should be closer to the "true" response, it would be 

best to culture two or-more cell types together. Only two such studies designed 

to measure what effect epithelial cells have on MMP production of the connective 

tissue been reported in the periodontal literature (Ohshima et al., 1995; Decarlo 

et al., 1998). Both of these studies corroborate that the epithelium releases 

some type of stimulatory signal to accentuate the MMP production of the HGF. 

The reproductive literature contains many examples of co-culture experiments. 
( 

Multiple studies have shown that when epithelial cells are cultured with stromal 

fibroblasts, they directly influence each other's response to experimental 
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protocols. (Osteen et al., 1994; Bruner et al., 1995; Sala_monsen et al., 1997; 

Singer et al., 2000; Pierro et al., 2001 ). Pierro et al. (2001) demonstrated that 
,_ 

epithelial cells in co-culture with stromal fibroblasts have a much greater 

proliferation rate in response to estrogen than when cultured separately. · Osteen 

et al. (1994 ), using similar co-culture techniques, noted that stromal .cells could 

mediate progesterone suppression of a~ epithelial-specific -protein. They also 

noted that soluble factors produced by the stroma in response to progesterone 

might be the principal signal which suppresses epithelial cell production of 

MMP-7. This endometrial finding was corroborated by Bruner et al. (1995). It is 

unlikely that the requirement for the participation of the stroma in mediating 

epithelial MMP expression is a relationship unique to the normal cycling 

endometrium. 

Co-culture can also be used to demonstrate cellular relationships that may occur 

during implantation of the trophoblasts into the endometrial stoma. Recent 

studies cultured stromal fibroblasts with trophoblasts. The proximity of the two 

cell types stimulated the stromal cells to produce higher levels of progesterone 

which attenuated the expression of MMPs by the trophoblasts; i.e. a paracrine 

relationship (Bellingard et al., 1996; Shimonovitz et al., 1998). Many effects of 

culturing two tissue types together have been demonstrated in the endometrial 

studies. It is highly likely that similar effects could be demonstrated in the 

periodontal tissues by utilizing co-culture. 
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In summary, this study sought to test the hypothesis that increased levels of 

progesterone, specifically the levels found during pregnancy, might have an 

inhibiting effect on the productio'n of MMPs by gingival fibroblasts. Using three 

measures of MMP expression, it was shown that the addition of MPA to IL-1 P

stimulated human gingival fibroblasts down-regulated MMP production when 

compared to unstimulated and IL-1 p-stimulated control cells. These results 

strongly support the hypothesis. For future study, co-culture of HGF with human 

epithelial cells might give a more detailed view of cell interactions and how such 

could modulate the MMP expression seen in inflammation. Our studies were 

directed only toward those MMPs for which some evidence of hormonal effects 

might be inferred; MMP-2 was included because it was expected to be basally 

secreted. However, new commercial ELISA kits are available for MMPs other 

than MMPs-3 and -13, and there are several new antibodies for multiple MMPs. 

These new methods could be utilized to better investigate which MMPs are 

functioning in the periodontal inflammatory process. 



Summary 

During pregnancy many women suffer from severe gingivitis, which almost never 

progresses to periodontitis, and resolves post-partum. Since progesterone is 

elevated during pregnancy and is known to influence MMPs in some reproductive 

tissues, we theorized that similar effects might be seen in oral tissue. The 

purpose of this research was to study gestational gingival changes in vitro, some 

of which may be due to progesterone modulation of certain MMPs. 

The primary objective of this study was to evaluate the effect of 

medroxyprogesterone acetate· (MPA) on the production/secretion of matrix 

metalloproteinases (MMPs) by interleukin-1 p (IL-1 P)-stimulated human gingival 

fibroblasts. The methods used were screening by zymograms, detection by RT

PCR of specific mRNA, and measurement of MMP protein by ELISA. 

Primary cultu·res of non-pregnant female and male human gingival fibroblasts 

(HGF) cells were grown to confluence in 4% FBS in phenol red-free DMEM. The 

cells were then pre-treated for 72 hours in serum-free DMEM, .without or with 

10-6 M medroxyprogesterone acetate (MPA). IL-1 p (1 ng/ml) was added to 

initiate MMP production. After 24 hours, medium was removed and cells 
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harvested for RT-PCR. Media samples were tested for collagenase production, 

utilizing zymograms (agarose gels containing gelatin). Commercial ELISAs 

quantified production of total MMP-3 and pro-MMP-13. The mRNAs for MMPs-1, 

-2, -3, -7, -9, -10, -13 and GAPDH (control) were amplified by RT-PCR in order to 

determine which were modulated by IL-1 p +/- MPA. MPA-treated and untreated 

cells were compared; cells from male and female sources behaved similarly. 

Our results indicated that high levels of MMP activity were detected in untreated 

cells and control cells stimulated by IL-1 p with zymogram gels, and levels 

decreased with MPA treatment. The RT-PCR showed that with the addition of 

MPA to HGF cultures, there was almost total cessation of specific, MMP gene 

transcription for MMPs-1, -2, -3, -7, -10 and -13 in response to IL-1p. The 

ELISAs confirmed significantly decreased MMP-3 and -13 protein levels 

(P<0.05). 

We conclude that MPA has the ability to significantly decrease production and 

activity of MMPs in response to IL-1 p, which could help to explain why pregnancy 

gingivitis usually doesn't lead to periodontitis. 
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