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Pathobiology of periodontal disease progression
Periodontal disease initiation and progression occurs as a consequence of the host immune
inflammatory response to oral pathogens. Periodontal pathogens produce harmful by-products
and enzymes (e.g. hyaluronidases, collagenases, proteases) that break down extracellular
matrices, such as collagen, as well as host cell membranes, in order to produce nutrients for
their growth and possibly subsequent tissue invasion. Many of the microbial surface protein
and lipopolysaccharide molecules are responsible for eliciting a host immune response,
resulting in local tissue inflammation. Porphyromonas gingivalis, Actinobacillus
actinomycetemcomitans and other periodontal pathogens possess multiple virulence factors,
such as cytoplasmic membranes, peptidoglycans, outer membrane proteins,
lipopolysaccharide, capsules and cell-surface fimbriae (P. gingivalis). Once immune and
inflammatory processes are initiated, various inflammatory molecules, such as matrix
metalloproteinases, other host enzymes, cytokines and prostaglandins are released from
leukocytes, fibroblasts or other tissue-derived cells (59,60). Proteases can degrade the collagen
structure of periodontal tissues and thus create inroads for further leukocyte infiltration.
Although the production of collagenase from infiltrating neutrophils and resident periodontal
tissue cells is part of the natural host response to infection, in periodontal disease and other
chronic inflammatory diseases, there is an imbalance between the level of activated tissue-
destroying matrix metalloproteinases and their endogenous inhibitors (173).

The inflammatory infiltrate from the gingival tissue can initiate tissue and alveolar bone
destruction through the activation of several pro-inflammatory cytokines, including
interleukin-1β, tumor necrosis factor-α and interleukin-6. Within the diseased periodontal
tissues, activated osteoclasts comprise an integral component of bone destruction (8,28).
Multiple inflammatory signals can modulate the receptor activator of nuclear factor kappa B
(NF-κB) ligand (RANKL), RANK, or osteoprotegerin - three novel members of the tumor
necrosis factor ligand and receptor superfamilies. Briefly, a number of hormones and cytokines
modulate osteoclastogenesis by enhancing osteoclast differentiation, activation, life span and
function (reviewed in 9,75). These include parathyroid hormone, calcitriol, parathyroid
hormone-related protein, prostaglandin E2, interleukin-1β, interleukin-6 and interleukin-11.
The formation of active osteoclasts requires macrophage colony-stimulating factor and
involves cell-to-cell contact between precursors of the monocyte/macrophage lineage and
osteoblasts, marrow stromal cells, or T and B lymphocytes. These cells can all express RANKL,
which is essential for this process. For osteoclastogenesis to occur, RANKL must bind to its
cognate receptor, RANK, a receptor on the cell surface of osteoclasts and osteoclast precursors,
to stimulate proliferation and differentiation of cells from the monocyte/macrophage lineage
to form the functional osteoclasts. Osteoprotegerin, a soluble decoy receptor produced by
osteoblasts, marrow stromal cells and other cells, profoundly modifies the effects of RANKL
by inhibiting RANKL/RANK interaction and has shown promising results for the treatment
of bone-related diseases. In the presence of periodontal pathogens (e.g. A.
actinomycetencomitans), CD4+ T lymphocytes display increased expression of RANKL,
triggering the activation of osteoclasts that leads to bone loss, similar to mechanisms found in
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rheumatoid arthritis and osteoporotic bone destruction (107,171). The destructive pattern leads
to further accumulation of subgingival plaque biofilm, and the increase in microbial load
propagates the destructive periodontal lesion. As the periodontal pocket deepens, the
subgingival microflora becomes more anaerobic and the host response becomes more
destructive and chronic. The periodontitis lesion may eventually progress to such an extent
that the tooth is lost. Approaches to block the progression of inflammatory bone loss observed
in periodontitis include host modulation of matrix metalloproteinase or the blockage of
inflammatory cytokines. More recently, inflammatory cell signaling pathways that generate
these inflammatory and tissue destruction proteins have become promising therapeutic targets.
Both host-modulating strategies are the focus of this review.

Cell signaling mechanisms mediating the innate immune response
Chronic periodontal inflammation perpetuates and amplifies itself through numerous autocrine
and paracrine loops of cytokines, acting on cells within the periodontium. Central in the process
of inflammation-induced bone loss is the host defense against periodontal pathogens. During
periodontal disease, the host immune system functions to eliminate microbial pathogens and
protect the host. However, an improper or exuberate immune response leads directly towards
overproduction of inflammatory cytokines and consequently periodontal attachment loss. This
‘dualedged sword’ is ultimately responsible for perpetuating inflammatory bone loss in
periodontitis. Understanding molecular mechanisms governing inflammatory bone loss
initiated through the innate immune response in periodontitis is a key aspect towards the
development of rational therapeutics that may stop inflammatory bone loss in periodontitis
patients.

Unlike adaptive immunity, innate immunity does not recognize every possible antigen. Instead,
it is designed to recognize a few highly conserved structures present in many different
microorganisms. The structures recognized are pathogen-associated molecular patterns and
include lipopolysaccharide from the gram-negative cell wall, peptidoglycan, lipotechoic acids
from the gram-positive cell wall, the sugar mannose (common in microbial glycolipids and
glycoproteins but rare in humans), bacterial DNA, N-formylmethionine found in bacterial
proteins, double-stranded RNA from viruses, and glucans from fungal cell walls. Most body
defense cells have pattern-recognition receptors for these common pathogen-associated
molecular patterns and so there is an immediate response against the invading microorganism.
Pathogen-associated molecular patterns can also be recognized by a series of soluble pattern-
recognition receptors in the blood that function as opsonins and initiate the complement
pathways. In all, the innate immune system is thought to recognize ≈103 molecular patterns
(2,3).

Upon toll-like receptor recognition of pathogen-associated molecular patterns, a series of
orchestrated signaling events occur within host cells, resulting in the production of cytokines
that dictate the nature of the host response. Within periodontal tissues, toll-like receptor-2 and
toll-like receptor-4 expression is increased in severe disease states, suggesting that these
receptors have an increased capacity to signal and influence downstream cytokine expression
(120). When considering therapeutic strategies, it is essential to understand the major signaling
pathways initiated following toll-like receptor engagement. All toll-like receptors contain a
common extracellular leucine-rich domain and a conserved intracellular domain. The
intracellular tail of the receptor was shown to be homologous with the intracellular domain of
the interleukin-1 receptor type I, currently being designated as the Toll/IL-1R (TIR) domain.
The toll-like receptor-pathogen-associated molecular patterns interaction results in the
recruitment of specific adaptor molecules, such as MyD88 and Mal, which then bind the
interleukin-1R-associated kinase (IRAK). The signal is thereafter transmitted through a chain
of signaling molecules, which is apparently common to all toll-like receptors, involving the
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tumor necrosis factor receptor-associated factor-6 (TRAF6) and mitogen-activated protein
kinases (MAPKs) (3). Thereafter, phosphorylation of numerous transcription factors, including
NF-κB, activated protein-1, Elk-1 and others, leads towards transcriptional activation of genes
involved in the activation of the innate host defense, notably pro-inflammatory cytokines (Fig.
1) (6,128).

One major signaling pathway is represented by MAP kinase-kinase-kinase (MAPKKK), such
as TAK-1, which is located upstream of MAPK. TAK-1 activation can lead to the activation
of either activator protein-1, through MAPK pathways, or NF-κB, through the inhibitor of
nuclear factor kappa B (IKK) pathway (12,34,85,128). Regardless of proximal signaling
diversity, there are many common pathways, including NF-κB, c-jun N-terminal kinase (JNK)
and p38 MAPK pathways, which funnel these diverse signals. These common pathways
provide some of the attractive therapeutic targets to block bacterial-induced inflammatory
signals to manage chronic periodontitis (123,178).

Lipopolysaccharide-mediated bone destruction in periodontal disease
P. gingivalis and A. actinomycetemcomitans lipopolysaccharides are considered to be key
factors in the development of chronic periodontitis. Lipopolysaccharide induction of disease
leads to the initiation of a local host response in gingival tissues that involves recruitment of
inflammatory cells, generation of prostanoids and cytokines, elaboration of lytic enzymes and
activation of osteoclasts (10,73). Porphyromonas gingivalis lipopolysaccharide preferentially
utilizes toll-like receptor-2 and not toll-like receptor-4 (10,73,74). Earlier data indicated that
P. gingivalis lipopolysaccharide bound toll-like receptor-4 in gingival fibroblasts (178,179).
Regardless of which toll-like receptor is engaged, lipopolysaccharide increases osteoblastic
expression of RANKL, interleukin-1, interleukin-8, prostaglandin E2 and tumor necrosis
factor-α, each known to induce osteoclast activity, viability and differentiation (155,167). An
overview of bone resorption/formation and remodeling is shown in Fig. 2.

A variety of immune-associated cell populations are responsible for the pathogenesis of
periodontal diseases. Activated monocytes, macrophages, and fibroblasts all produce
cytokines, such as tumor necrosis factor-α, interleukin-1β and interleukin-6, within periodontal
lesions (98,145). These cytokines orchestrate the cascade of destructive events that occur in
the periodontal tissues, and trigger the production of an array of inflammatory enzymes and
mediators, including matrix metalloproteinases, prostaglandins and osteoclast recruitment and
differentiation through RANKL-dependent and -independent pathways, thus resulting in
irreversible hard and soft tissue damage. The pathogenic processes that result in chronic
periodontitis are remarkably similar in many ways to those that are observed in rheumatoid
arthritis, a destructive bone disease that displays periods of remission and exacerbation (Table
1) (113-115). It is this inherent similarity which provides a common therapeutic basis for
disruption of cytokine networks that ultimately result in alveolar bone in periodontitis or joint
destruction in rheumatoid arthritis.

Cytokines and inflammatory diseases
Tumor necrosis factor-α is an inflammatory cytokine that is released by activated monocytes,
macrophages and T lymphocytes, and promotes critical inflammatory responses during
periodontal disease. Tumor necrosis factor-α binds to two receptors - the type 1 tumor necrosis
factor receptor (tumor necrosis factor-R1; p55) and the type 2 receptor (tumor necrosis factor-
R2; p75) - that are expressed by a variety of cells (19). Activation of tumor necrosis factor-R1
up-regulates the inflammatory response, while tumor necrosis factor-R2 appears to dampen
the response. Tumor necrosis factor-R1 is expressed on multiple cell types, whereas the tumor
necrosis factor-R2 is more restricted to expression on endothelial cells and cells of
hematopoetic lineage. Blocking tumor necrosis factor-α has been proven to inhibit osteoclast
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formation effectively (27). Indeed, the blockade of tumor necrosis factor can be used as a probe
to understand the molecular basis of osteoclastogenesis and also as a target for therapeutic
agent development.

Patients with periodontal disease have high concentrations of tumor necrosis factor in the
gingival crevice fluid (98). Studies have shown a very strong association of active bone
resorption coincident with high local levels of tumor necrosis factor at the diseased sites.
Interleukin-1, interleukin-6 and tumor necrosis factor have all been found to be significantly
elevated in diseased periodontal sites compared with healthy or inactive sites (40,47,49,57,
164). Interleukin-1 has also been positively correlated with increased probing depth and
attachment loss (43,47,57). Other clinical data indicate that elevated interleukin-6 levels are
higher in refractory periodontitis, and increased gingival crevice fluid levels correlate with
gram-negative fimbriae (72,149).

Acting in concert with one another, pro-inflammatory cytokines amplify the inflammatory
condition. interleukin-1β has synergistic activity with tumor necrosis factor-α or lymphotoxin
in stimulating bone resorption (163). Reduction of the bacteria and associated metabolic by-
products through periodontal therapy also results in a decrease in both interleukin-1β (4,136)
and tumor necrosis factor-α (47,81). Although periodontal treatment can successfully reduce
inflammation, some individuals have demonstrated aggressive bone destruction and high levels
of pro-inflammatory cytokines that cannot be completely explained by the presence of bacteria
alone. Based on susceptibility analysis, cells from individuals with immune-mediated diseases
exhibit different cytokine-secretion profiles, which may be caused by genetic differences
between individuals, causing the hyper-responsiveness (71).

Therapeutic strategies in the treatment of periodontal diseases
Subantimicrobial doxycycline, non-steroidal anti-inflammatory drugs and bisphosphonates

Although the pathogenesis of periodontal disease is not completely understood, it is well
established that it is an infectious disease and that the host immune and inflammatory response
to the microbial challenge mediates tissue destruction (131). Based on this view, the therapeutic
strategies for the treatment of periodontal disease have been directed towards two different and
complementary paths: antimicrobial therapy and host modulation. Considering that the primary
etiology of the disease are bacteria in the plaque and their products, mechanical and chemical
approaches to reduce the presence of periodonto-pathogens in the plaque have been largely
used in the treatment of periodontal patients (61). Recently, a better understanding of the
participation of host immune-inflammatory mediators in the disease progression has increased
the investigation of the use of modulating agents as an adjunctive therapy to the periodontal
treatment. Inhibition or blockade of proteolytic enzymes, pro-inflammatory mediators and of
osteoclast activity has been the focus of these agents, which has led to encouraging results in
preclinical and clinical studies (148). More specifically, three categories of host-modulating
agents have been investigated in the periodontal therapy: antiproteinases (represented by
tetracyclines); anti-inflammatory drugs; and bone-sparing drugs (represented by antiresorptive
agents such as bisphosphonates).

One important group of proteolytic enzymes present in the periodontal tissues is formed by the
matrix metalloproteinases, which include collagenases, gelatinases and metalloelastases.
Matrix metalloproteinases are produced by fibroblasts, keratinocytes, macrophages,
neutrophils and endothelial cells, and are responsible for remodeling the extracellular matrix
(15). In pathological conditions, macrophage-derived tumor necrosis factor-α, interleukin-1β
and interleukin-6 markedly increase the local production of various matrix metalloproteinases
in periodontal tissues (142). In 1985, tetracyclines were discovered to have anticollagenolytic
activity and were proposed as a host-modulating agent for periodontal treatment (52). Initial
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studies demonstrated that doxycycline was the most potent tetracycline in the inhibition of
collagenolytic activities (23). This property of doxycycline provided the pharmacological
rationale for the use of a low or subantimicrobial dose of doxycycline, which was shown to be
efficient in inhibiting mammalian collagenase activity without developing antibiotic resistance
(53). Several clinical studies have been conducted, assessing the benefits of the sub-
antimicrobial dose of doxycycline as an adjunctive therapy to scaling and root planing in the
treatment of the periodontal disease. Reddy et al. (148) recently presented a meta-analysis of
six selected clinical studies (7,25,54,55,126,141), comparing a long-term systemic
subantimicrobial dose of doxycycline (20 mg b.i.d. doxycycline) with placebo control in
periodontal patients. A statistically significant adjunctive benefit on clinical attachment level
and probing depth was found when a subantimicrobial dose of doxycycline was used in
combination with scaling and root planing, in both 4-6 mm and ≤7 mm pocket depth categories.
No significant adverse effects were reported in any of the studies. Additional studies published
in the last 3 years (42,48,63,100,143), which evaluated subantimicrobial doses of doxycycline
in periodontal treatment, were reviewed and a summary is presented in Table 2.

Overall, these studies confirmed the clinical benefits of a subantimicrobial dose of doxycycline
therapy observed by previous studies. Three of these studies failed to find significantly better
results, with respect to gain in clinical attachment level, when a subantimicrobial dose of
doxycycline therapy was compared with placebo (42,48,63). Despite the results from these
more recent studies, the pharmacological basis for this host modulation therapy is strong. A
subantimicrobial dose of doxycycline was able to reduce gingival crevice fluid levels of matrix
metalloproteinase-8, matrix metalloproteinase-13 and cross-linked carboxyterminal
telopeptide of type I collagen (ICTP) levels compared with placebo (42,48,63,100). Matrix
metalloproteinase-8 is the predominant type of collagenase found in diseased periodontal
tissues and initiates the degradation of collagen (162,182). Although matrix
metalloproteinase-8 reduction was observed after mechanical periodontal therapy, a
subantimicrobial dose of doxycycline further suppressed matrix metalloproteinase-8 levels,
confirming the host-modulation effect of a subantimicrobial dose of doxycycline. Matrix
metalloproteinase-13 and cross-linked ICTP are related to bone resorption and their decrease
after a subantimicrobial dose of doxycycline therapy, consistent with the ability of a
subantimicrobial dose of doxycycline to function as a bone-sparing agent (48).

Another family of pharmacological agents that has been well studied as an inhibitor of the host
response in periodontal disease is represented by the non-steroidal anti-inflammatory drugs
(NSAIDs) (see Table 3). These agents have been shown to prevent prostanoid formation. In
this process, arachidonic acid liberated from membrane phospholipids of cells after tissue
damage or stimulus is metabolically transformed, via cyclooxygenase or lipooxygenase
pathways, in compounds with potent biological activities (135). The cyclooxygenase enzymes
are recognized to have two isoforms: cyclooxygenase 1 (COX-1), which is a constitutive
enzyme present in most cells, and cyclooxygenase 2 (COX-2), which is inducible and is present
in cells involved in the inflammatory processes (33). The cyclooxygenase pathway produces
prostaglandins, prostacyclin and thromboxane, called prostanoids. Some prostanoids have pro-
inflammatory properties and have been associated with destructive processes in inflammatory
diseases. In periodontal diseases, prostaglandin E2 has been extensively correlated with
inflammation and bone resorption (135). Its levels in gingival tissues and in the gingival crevice
fluid are significantly elevated in periodontally diseased patients compared with healthy
patients (32,132). Moreover, the gingival crevice fluid prostaglandin E2 concentration was
positively associated with the aggressiveness of the periodontal disease (133).

In vitro (51,56,160,176) and in vivo preclinical (93,127,134,180,183) studies using NSAIDs
have shown the extensive ability of the drugs to reduce prostanoid production by inhibiting
cyclooxygenases (see Table 3). Suppression of osteoclast differentiation, as measured by
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decreased osteoclast numbers and concomitant decreased alveolar bone resorption, is the most
frequent sequela following systemic or local delivery of NSAIDs. Recently, selective NSAIDs
that are capable of inhibiting COX-2, without affecting the constitutive isoform, COX-1, have
indicated sharing of the same bone-sparing effects (13,78,79,160) without inducing adverse
effects associated with COX-1 suppression, such as gastroduodenal problems and renal toxicity
(67,103).

Several adjunctive periodontal clinical trials have been conducted with NSAIDs. In a
systematic review (148), ten clinical studies, in which the therapeutic outcome of NSAIDs
were expressed in clinical attachment level or alveolar crestal height, as measured by
subtraction radiography, were selected (14,20,26,45,64,70,84,124,146,184). In these studies,
a variety of different NSAIDs, including flurbiprofen, meclofenamate, ibuprofen, ketorolac,
naproxen and aspirin, were systemically or locally administered. Although the heterogeneity
of data did not allow a meta-analysis, limited quantitative analysis tended to show a significant
benefit related to alveolar bone preservation when NSAIDs were associated with conventional
therapy (26,70,84,146,184). Otherwise, superior results were not consistently observed when
clinical attachment level was used as the outcome measure.

More recently, a selective COX-2 inhibitor (nimesulide)/scaling and root planing therapy was
compared with a non-selective COX inhibitor (naproxen)/scaling and root planing on
periodontal clinical parameters and on gingival tissues levels of prostaglandin E2 and
prostaglandin F2α. No additional increase was observed in clinical attachment levels and
probing depth reduction after both adjunctive therapies when compared with a placebo/scaling
and root planing group. Nevertheless, NSAID groups showed significant reduction of
prostaglandin F2α and prostaglandin E2 (only naproxen) levels, while the placebo group
showed an increase of these levels after 10 days of treatment. Based on the clinical results to
date, additional long-term studies are necessary to provide support for the adjunctive use of
NSAIDs in the treatment of periodontal disease.

Alveolar bone resorption is the principal sequela and the cause of tooth loss in patients afflicted
by periodontal disease. The use of bone-sparing drugs that inhibit alveolar bone resorption is
another field in host-modulation therapy. Bisphosphonates are a class of drugs structurally
similar to pyrophosphate, a component of human metabolism. It binds to the hydroxyapatite
crystals of bone and prevents their dissolution by interfering with osteoclasts function through
a variety of direct and indirect mechanisms (153). The antiresorptive properties of
bisphosphonates change according to their side chains (153). They are classified from first to
third generation as their potency increases. The principal therapeutic purpose of
bisphosphonates is in the prevention and treatment of osteoporosis and also in the treatment
of Paget’s disease and tumor bone disease (44). In periodontics, their use was proposed for a
diagnostic and therapeutic approach. In the latter, radiolabeled bisphosphonates are used to
detect changes of metabolic activities at bone (83), but this will not be discussed here. As a
therapeutic agent, bisphosphonates were shown to reduce alveolar bone loss and increase
mineral density, but not to improve clinical conditions in animal periodontitis models (21,
147). Five studies that assessed the effect of bisphosphonates as an adjunctive agent to scaling
and root planing in human periodontal treatment have been found to date (41,82,96,151,152).
Alendronate was the bisphosphonate used in four studies (41,82,151,152), during a period of
6 months. The last study used risedronate during 12 months (96). All the studies presented
significant clinical improvement when compared with placebo, including: probing depth
reduction (96,151,152), clinical attachment gain (96,151), bleeding on probing reduction (96,
151,152), alveolar bone gain (82,151,152) and increase in bone mineral density (41,152). These
results encourage the use of bisphosphonates as an adjunctive agent to periodontal therapy.
Additional studies need to be carried out to confirm the benefits of these drugs.
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Recently, the long-term use of bisphosphonates has been related to osteonecrosis of the jaw
(109,157). According to a web-based survey conducted by the International Myeloma
Foundation (39), an increased incidence of osteonecrosis of the jaw was observed 36 months
after the start of therapy in patients receiving zoledronic acid or pamidronate for the treatment
of myeloma or breast cancer. This data also indicated that patients with previous dental
problems might have a higher risk of osteonecrosis of the jaw. As the bisphosphonates are
potent osteoclast inhibitors, their long-term use may suppress bone turnover and compromise
healing of even physiologic micro-injuries within bone (130). Despite the encouraging
therapeutic results, further long-term studies are warranted to determine the relative risk-
benefit ratio of bisphosphonate therapy.

The improvement of knowledge, and better elucidation of the host mechanisms which
participate in the pathogenesis of the periodontal disease, have resulted in the proposal of new
agents aimed at host modulation through the inhibition of inflammatory mediators. Preclinical
studies in an animal experimental model of periodontitis have shown significant local benefits
and provide support for the development of new drugs to periodontal treatment in the future.
These studies are briefly discussed below.

Nitric oxide synthase (NOS) inhibitors have demonstrated protective effects against bone
resorption and inflammatory process in ligature-induced periodontitis in rats (101,105).
Inducible NOS (iNOS) is responsible for nitric oxide (NO) production by epithelial and
inflammatory cells in response to pro-inflammatory cytokines in some inflammatory diseases
(118), such as rheumatoid arthritis (166) and periodontal disease (97). Although NO has an
anti-microbial protective activity, its elevated concentration in the tissues has a cytotoxic effect
towards the host cells. Lohinai et al. (105) and Leitao et al. (101) found a reduction of alveolar
bone loss and gingival inflammation after the use of a selective iNOS inhibitor -
mercaptoethylguanidine - confirming that NO has a deleterious role in the pathophysiology of
periodontitis and that its modulation may prevent tissue destruction.

Interleukin-11 was shown to have anti-inflammatory effects by inhibition of tumor necrosis
factor-α and other pro-inflammatory cytokines (172). Moreover, it indirectly minimizes tissue
injury through stimulation of tissue inhibitor of metalloproteinases-1 (TIMP-1) (102). Based
on these previous studies, Martuscelli et al. (108) investigated the ability of recombinant human
interleukin-11 (rhIL-11) to reduce periodontal disease progression in dogs with ligature-
induced periodontitis. Significant reduction in the rate of clinical attachment and radiographic
bone loss were observed after an 8-week period of rhIL-11 administration, twice a week. The
authors suggested that new studies should be conducted towards the therapeutic use of rhIL-11
in periodontal treatment.

Recently, Vardar et al. (177) evaluated the use of omega-3 fatty acids with the purpose of
blocking arachidonic acid cascade in induced periodontal disease in rats. This would result in
the inhibition of production not only of prostanoids derived from the COX pathway but also
of leukotrienes derived from the lipooxygenase pathway. The authors based their therapeutic
approach on two facts: first, leukotriene B4, a mediator formed from arachidonic acid via
lipooxygenase, plays a significant role in alveolar bone resorption; and, second, inhibition of
COX with NSAIDs would result in the accumulation of arachidonic acid, which could be
metabolized by the lipooxygenase pathway and result in continuous bone loss. The authors
also combined omega-3 fatty acid with celecoxib, looking for a synergism of the anti-
inflammatory effects of these two agents. The associated therapy resulted in significant
superior reductions on periodontal tissue levels of prostaglandins, leukotriene B4 and platelet-
activating factor, which is also a pro-inflammatory mediator. No significant effect was
observed on bone loss, which was related to the short period of evaluation.
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Hyperproduction of interleukin-6 is observed in the rheumatoid arthritis patients and the serum
level of interleukin-6 is closely related to disease activity. Interleukin-6 is a pleiotropic cytokine
and its hyperfunctions explain most of the clinical symptoms in rheumatoid arthritis. MRA is
a humanized antibody from a mouse anti-human interleukin-6 receptor antibody, which can
be administered repeatedly because of its low antigenicity in humans. MRA inhibits
interleukin-6 function by blocking interleukin-6 binding to the interleukin-6 receptor, resulting
in the prevention of the development of collagen-inducing arthritis in cynomolgus monkeys
whose interleukin-6R cross-reacts with MRA. This evidence suggests that MRA has anti-
arthritic effects. Treatment of patients with rheumatoid arthritis in a multicenter, double-blind,
placebo-controlled studies with MRA for rheumatoid arthritis patients indicates that MRA is
as effective as anti-tumor necrosis factor alpha and anti-interleukin-1 therapies (125).

Further studies are necessary to determine the applicability of these agents as therapeutic drugs.
Finally, the results of these research studies represent a crescent improvement in the
understanding of the immune-inflammatory mechanisms of periodontal disease. It is conceived
that new potential agents to modulate host responses will be developed in the future.

Disruption of cell signaling pathways for treating periodontitis
Strategies for preventing cell activation seek to inhibit the intracellular transduction of signals
produced when ligands bind to their membrane receptors. Signal transduction pathways are
activated not only by cytokines, but also by other factors, such as bacterial proteins,
lipopolysaccharide, or environmental stress. These stimuli act on receptors that are coupled to
the signal transduction pathways, causing activation of transcription factors and other proteins
that control the production of cytokines, proteases and many other compounds involved in the
inflammatory process. Inhibition of signal transduction pathways would be expected to abolish
both cell activation by cytokines or other stimuli and the production of pro-inflammatory
cytokines. Cytokines and bacterial components activate many signal transduction pathways.
Signal transduction pathways closely involved in inflammation include the MAPK pathway,
phosphatidylinositol-3 protein kinase (PI3) pathway, janus kinase-signal transducer and
activator of transcription (Jak-STAT) and NF-κB. In addition, other signal transduction
pathways are of fundamental importance in inflammation, such as those involving
immunoreceptors (integrins, selectins), G-protein coupled receptors (chemokine receptors) and
steroid hormone receptors. Therapeutic strategies have been directed towards many of these
major signaling pathways, notably MAPK and NF-κB, which are discussed below.

When a ligand binds to its membrane receptor (such as lipopolysaccharide-binding toll-like
receptor-4), the receptor undergoes a conformational change resulting in phosphorylation of
the receptor itself or of a receptor-associated enzyme. A complex series of phosphorylated
events, mediated by protein kinases, activate transcription factors or other proteins involved
in post-transcriptional gene regulation (mRNA stability or translation) to induce protein
synthesis. In general, transcription factors become activated upon phosphorylation by protein
kinases via enhanced nuclear import or increased transcription factor/DNA affinity. To balance
these phosphorylated-mediated events, protein kinase phosphatases (MKPs) can
dephosphorylate these kinase-phosphorylated proteins, thereby counteracting the effects of the
protein kinase. The importance of this regulation is underscored when MKP-1 isoform
knockout mice show enhanced inflammatory responses in macrophages (189). Regulation also
occurs at the post-transcriptional stage via RNA-binding proteins (RNABPs, e.g. TIA-1 and
TIAR) that bind to specific mRNA sequences called adenosine-uridine-rich elements (AUREs)
(31,62). These cis elements are located in the 3′ untranslated region (UTR) of many
inflammatory cytokines (including TNF-α, IL-6 and COX-2), conferring mRNA instability or
translational silencing, thereby decreasing protein synthesis. However, in stimulated cells,
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phosphorylation of TIA-1 and TIAR inhibits mRNA degradation and increases the production
of proteins. Thus, RNABPs may serve as a target of cytokine-mediated inflammation.

Other regulatory mechanisms control signal transmission during various steps along cell
signaling pathways. Before the ligand binds to the receptor, specific enzymes block the changes
needed to activate the ligand. Case in point, interleukin-1β is produced as an inactive molecule,
which becomes activated when the interleukin-1β-converting enzyme (ICE, caspase-1)
releases a peptide from interleukin-1β. In addition, tumor necrosis factor-α is converted from
a membrane form to a soluble form by the enzyme, tumor necrosis factor convertase (TACE).
ICE and TACE inhibitors have proved useful in experimental models of inflammation and
arthritis (35,144). The ICE inhibitor pralnacasan, developed by Aventis, showed modest
improvements in arthritis until clinical trials were discontinued because of liver toxicity
(156).

We will review, below, two major signal transduction pathways, namely NF-κB, and MAPK
pathways, directing special attention to the more promising potential therapeutic targets. The
transcription factors NF-κB and activator protein-1 control the expression of many mediators
involved in periodontal inflammation, such as IL-1, IL-6, tumor necrosis factor-α,
collagenases, adhesion molecules and chemokines (99,110).

The NF-κB pathway
The transcription factors NF-κB are homo- or heterodimers found in the cytoplasm of most
human cells. The NF-κB family includes NF-κB1 (p50), NF-κB2 (p52), p65 (RelA), RelB, and
c-Rel. In vitro studies have established that both P. gingivalis and other periopathogenic
bacteria can activate NF-κB in periodontal tissues (168). Bacterial lipopolysaccharide and the
pro-inflammatory cytokines interleukin-1 and tumor necrosis factor, all present in large
quantities in periodontal diseased tissues, can also activate NF-κB. More recently,
immunohistochemical staining for NF-κB (p50/p65) in human periodontitis indicated an
increased expression at sites of periodontal inflammation compared with healthy sites (5). In
models of experimental arthritis, activated NF-κB is expressed a few days after immunization
with collagen or Freund’s adjuvant and precedes pathosis development in this animal model.
NF-κB activation is regulated primarily through IκB and IκB kinase (IKK). In the absence of
stimulation, NF-κB is coupled with the inhibitory protein, IκB, which prevents nuclear
translocation of NF-κB (110). Stimulation by a pro-inflammatory cytokine induces recruitment
of co-stimulatory cytokines, such as TRAF, which leads to activation of the enzyme NF-κB-
inducing kinase (NIK). Thus, there are multiple points to inhibit NF-κB signalling. The
therapeutic implications are discussed below.

Proteasome inhibitors block NF-κB activation by preventing the degradation of IκB and
therefore the release of NF-κB. Phase I and II clinical trials of proteasome inhibitors have been
performed in patients with hematological malignancies. Bortezomib (Velcade®) was tested in
multiple myeloma with highly promising results and limited side effects (149). The first IKK
inhibitor, BMS-345541, was evaluated recently in the collagen-induced arthritis model. When
used in a preventive or therapeutic therapy, BMS-345541 improved disease activity scores and
decreased both synovial inflammation and joint destruction (111).

Another anti-NF-κB strategy involves increasing the expression of endogenous signal
transduction pathway inhibitors. This can be achieved either by administering the recombinant
protein or by gene therapy. One or more naturally occurring inhibitors have been identified for
each signal transduction pathway. In the classic pathway leading to NF-κB activation, IκB is
a natural inhibitor that prevents translocation of NF-κB from the cytosol to the nucleus.
Overexpression of IκB within rheumatoid synovial cells decreases the expression of the pro-
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inflammatory cytokines tumor necrosis factor-α, interleukin-1 and interleukin-6, and of matrix
metalloproteinase-1 and matrix metalloproteinase-3 (187).

Inhibition of the protein kinases that activate IκB may also prevent NF-κB activation. IKKβ
blockade is a promising anti-inflammatory strategy because NF-κB activation depends largely
upon activation of the IKKβ isoform. In an adjuvant arthritis model, gene therapy, ensuring
intra-articular administration of the dominant negative form of IKKβ, reduces the number of
joints with synovitis (170). However, IKKβ knockout mice have been shown to develop liver
failure related to hepatocyte apoptosis, which is exacerbated in the presence of tumor necrosis
factor-α (106). Despite the pitfalls of systemic IKKβ inhibition, local administration may be
therapeutically and clinically useful.

The MAPK pathway
MAPKs are divided into three families: the extracellular signal-regulated kinases (ERK1/2);
JNKs; and p38. Mitogens and growth factors primarily activate ERK1/2, whereas the pro-
inflammatory cytokines interleukin-1 and tumor necrosis factor-α and cell stress-inducing
factors, such as heat shock, osmotic shock, ultraviolet radiation and oxygen radicals, chiefly
activate JNKs and p38. The three MAPKs control the activation of many transcription factors,
including activator protein-1 (homo- or heterodimers of the proteins c-fos and c-jun), NF-κB,
or C/EBP. MAPKs, most notably p38, can activate NF-κB.

All three MAPK families are assumed to be expressed in diseased periodontal tissues, although
the level of expression may differ depending upon the exact cell types activated and the degree
of inflammation. Within periodontal resident cell types, including tissue macrophages and
other periodontal cells, MAPKs are activated chiefly by lipopolysaccharide, interleukin-1 and
tumor necrosis factor-α. The p38 MAPK, most notably its p38α isoform (discussed below), is
activated mainly within cells involved in the inflammatory process. Activation of p38 induces
synthesis of pro-inflammatory cytokines, such as tumor necrosis factor-α, interleukin-1,
interleukin-6 and interleukin-8, either via direct activation of gene transcription or via mRNA
stabilization (77,88,95,139). The p38 MAPK stabilizes mRNA via the enzyme substrate, MAP
kinase-activated protein kinase 2 (MK2), which may act on one or more proteins capable of
binding to mRNA (186). In addition, p38 MAPK controls the synthesis of other compounds,
including chemokines, metalloproteinases and prostaglandins (99).

The role for p38 MAPK in the various stages of inflammation has prompted the production of
several imidazole compounds capable of inhibiting p38 (SB203580, RWJ 67657, L-167307,
VX-745, RPR200765A and others). These pharmacological inhibitors are cytokine-
suppressive anti-inflammatory drugs (CSAIDs) responsible for in vitro and in vivo inhibition
of lipopolysaccharide-induced tumor necrosis factor-α expression (1). CSAIDs were initially
shown to inhibit various inflammatory cytokines before the p38 MAPK was actually
discovered. Thus, this class of agents defined the role of p38 well before the activation,
regulation and substrates of p38 MAPK were identified.

Most CSAIDs (p38 inhibitors) act through reversible, competitive binding to the ATP-binding
pocket (158). This region is often the target of inhibitor drugs because binding of ATP to a
protein kinase is critical for phosphotransferase activity (46). Crystallography studies revealed
that a Thr106 in the hinge of the p38α ATP-binding pocket interacts with a fluorine atom of
SB203580. This places the drug in a preferable orientation for binding. Other structural classes
have emerged, namely diphenylimidazoles, pyrimidinylimidazoles and the recent 4-phenyl-5-
pyridyl-1,3 thiazole analogues (37,38,112). The novel BIRB796 is a pyrazole urea, primarily
targeting the site of kinase activity and also interacting with the ATP-binding site, making it
concomitantly competitive and non-competitive (46).
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A multitude of pharmaceutical companies are developing protein kinase inhibitors,
highlighting their enormous therapeutic promise. Few p38 inhibitors have proceeded to clinical
trials (36,46) (Table 3). At the present time, only BIRB-796 and SCIOS-469 are in phase III
for the treatment of psoriasis and rheumatoid arthritis, respectively. One p38 inhibitor
(VX-745; Vertex) was discontinued from trials, citing that proof of concept information had
been obtained. Interestingly, concurrent animal testing revealed adverse neurological effects
from high-dose VX-745, although no such effects were reported in human subjects. Studies of
VX-702, a newer p38 inhibitor which does not pass through the blood-brain barrier, are
currently underway (17).

In experimental arthritis models, p38 inhibitors prevent the development of arthritis and bone
erosions. RWJ 67657 has been tested in human volunteers who were given endotoxin. After a
single oral dose of RWJ 67657, serum levels of the pro-inflammatory cytokines tumor necrosis
factor-α, interleukin-6 and interleukin-8 were decreased by 90% compared with their plasma
peak (138). No major side effects were noted, even with the highest doses of p38 inhibitor.
Phase II clinical trials of p38 inhibitors are underway in patients with rheumatoid arthritis.
Weisman (181) reported preliminary findings from a randomized placebo-controlled study
evaluating the efficacy of the oral p38 inhibitor, VX-745, in patients with rheumatoid arthritis.
Of the 44 patients included in the Weisman study, 14 were withdrawn because the treatment
was ineffective or induced side effects, most notably gastrointestinal symptoms. Although
modest improvements were observed, these changes provide promise for future p38 inhibitor
trials.

Pharmacological inhibitors of JNK, ERK1/2 and PI3 kinase have shown in vitro and in vivo
efficacy in inhibiting the production of pro-inflammatory compounds. The specific JNK
inhibitor, SP600125, not only diminishes the production of tumor necrosis factor-α, interferon-
γ, interleukin-6, COX-2 and matrix metalloproteinase, but also decreases joint destruction in
the adjuvant arthritis model (65). The specific ERK1/2 inhibitor, Ro 09-2210, blocks T-
lymphocyte activation and proliferation and induces modest anti-inflammatory effects in
several experimental models (185). To date, no human trials have been initiated with these
inhibitors. With JNK, it seems that both isoforms (JNK1 and JNK2) must be inhibited to
produce an anti-inflammatory effect. In mice lacking the JNK2 gene, expression of the
transcription factor activator protein-1 is comparable to that in control mice. In contrast, mice
that are missing both the JNK1 and the JNK2 genes have decreased levels of activator protein-1
and collagenase within synovial fibroblasts (119).

In conclusion, the efficacy of anticytokine biotherapies in patients with inflammatory bone
diseases is proof that blocking the effects of a cytokine can slow a disease process. In recent
years, the identification of pro-inflammatory signal transduction pathways has suggested new
therapeutic targets. Because these pathways are shared by several cytokines, their inhibition
will probably prove more powerful than current treatment strategies. Pharmacological
inhibitors are undergoing evaluation in patients with rheumatoid arthritis. Although promising,
the preliminary results were obtained in only small numbers of patients. The main advantages
of pharmacological inhibitors are ease of administration and low cost compared with
biotherapies or gene therapy. Finally, the well-founded enthusiasm generated by this new
therapeutic family should perhaps be tempered by the knowledge that signal transduction
pathways contribute to physiological processes and that their inhibition may therefore result
in adverse effects.
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Novel protein antagonist strategies in the treatment of periodontal diseases
Disruption of the RANKL/RANK/osteoprotegerin axis

Osteotrophic factors such as hormones (vitamin D3, parathyroid hormone, parathyroid
hormone-related protein), cytokines (interleukin-1, interleukin-6, interleukin-11 and
interleukin-17), growth factors (tumor necrosis factor-α and bone morphogenetic protein-2)
and other molecules [prostaglandin E2, the T-cell-activating CD40 ligand (CD40L), and
glucocorticoids] all enhance expression of the RANKL gene in osteoblasts/stromal cells (76,
122). Sequentially, RANKL mediates a signal for osteoclastogenesis through RANK on pre-
osteoclast cells. In summary, the RANKL/RANK interaction is responsible for differentiation
and maturation of osteoclast precursor cells to activate osteoclasts. Osteoprotegerin acts as a
decoy receptor, expressed by osteoblastic cells, which binds to RANKL and inhibits osteoclast
development. Several studies have shown the opposite effect of RANKL and osteoprotegerin
in bone modulation. Osteoprotegerin over-expressing or RANKL-/- mice resulted in
osteopetrosis (92,161). An opposite phenotype was observed in RANKL over-expressing and
osteoprotegerin-/- mice which developed osteoporosis (22,116,174). Moreover, several
stimulators of bone resorption that up-regulate RANKL expression inhibit osteoprotegerin
expression in osteoblasts/stromal cells (66,76).

In pathological bone resorption observed in hormonal disorders, inflammatory diseases and in
certain types of cancer, the equilibrium of this interaction is disregulated. In periodontal
disease, the role of RANKL in alveolar bone resorption was first investigated by Teng et al.
(171). Several previous studies had suggested that T lymphocytes could modulate
inflammation and/or alveolar bone resorption, but the mechanism by which host immune
responses contribute to alveolar destruction remained unclear. Teng et al. (171) orally
inoculated HuPBL-NOD/SCID mice (mice that lack endogenous T and B cells and seeded with
human CD4+ cells) with A. actinomycetencomitans, which resulted in the activation of
CD4+ T cells, up-regulation of RANKL in these cells and alveolar bone destruction. This result
suggests that RANKL expression by CD4+ T cells has a significant role in the bone destruction
observed in periodontitis. Liu et al. (104) and Crotti et al. (28), in 2003, demonstrated an over-
expression of RANKL in inflamed periodontal tissues, as evidenced by
immunohistochemistry, semiquantitative reverse transcription-polymerase chain reaction and
in situ hybridization, suggesting expression by lymphocytes and macrophages. Moreover, the
RANKL/osteoprotegerin ratio was increased in periodontitis when compared with healthy
subjects, suggesting that this molecular interaction may play an important role in modulating
local bone loss. The RANKL/osteoprotegerin ratio was found to be significantly increased in
the crevicular fluid of patients with periodontitis as compared to healthy patients (117).

The use of osteoprotegerin as a therapeutic agent was first evaluated by Simonet et al. (161)
when they treated ovariectomized rats with murine osteoprotegerin-Fc protein and protected
them against losses of bone volume associated with deficiencies of estrogen. Other preclinical
studies demonstrated a potential therapeutic role of osteoprotegerin in the prevention and
reduction of lytic bone lesions associated with skeletal tumor, prostatic carcinoma metastases,
hypercalcemia of malignancy and breast cancer (24,121,137,188). Osteoprotegerin blocked
increased osteoclast formation responsible for resorptive processes in rheumatoid arthritis
patients (69,91,154) and periprosthetic bone tissue (50,68,87). Gene therapy for the lifelong
delivery of osteoprotegerin has also been proposed as a more practical therapy for chronic
inflammatory diseases. Osteoprotegerin-expressing adenoviral vectors provided sustained and
efficacious levels of circulating osteoprotegerin that enhanced bone mineral density and
reduced osteoclast numbers for an extended period of time (18 months) in ovariectomized mice
(18). A recombinant adeno-associated virus vector co-expressing osteoprotegerin, and
administered in a single injection, demonstrated complete inhibition of osteolysis in a
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periprosthetic bone resorption model in mice (175) and reversed osteopenia in ovariectomized
mice without liver toxicity (94).

Osteoprotegerin administered by single injection to postmenopausal women resulted in a
significant decrease in bone collagen degradation products measured in urine, without adverse
side effects, suggesting a potential use of osteoprotegerin in osteoporosis treatment (11). The
antiresorptive effect of AMGN-0007, a genetically engineered osteoprotegerin-Fc construct,
with lytic bone disease associated with breast carcinoma or multiple myeloma was shown to
be effective in inhibiting bone resorption (16).

The use of osteoprotegerin as an inhibitor of bone alveolar destruction in periodontal disease
was investigated in mice orally infected with A. actinomycemcomitans (107,171). Inhibition
of RANKL function with osteoprotegerin treatment significantly reduced the number of
osteoclasts and the alveolar bone destruction in both studies.

In summary, based on pre-clinical animal studies and on preliminary human clinical studies,
the osteoprotegerin/RANKL/RANK axis is a new target for the treatment of destructive
periodontal disease and other bone resorption-related diseases. Further studies are necessary
to determine the most efficacious therapeutic approach on that molecular interaction.

Tumor necrosis factor antagonists to block inflammatory diseases
Tumor necrosis factor-α, an inflammatory cytokine that is released by activated monocytes,
macrophages and T lymphocytes, promotes inflammatory responses that are important in the
pathogenesis of rheumatoid arthritis and periodontal diseases. Tumor necrosis factor-α binds
to two receptors that are expressed by a variety of cells: the type 1 tumor necrosis factor receptor
(p55); and the type 2 receptor (p75) (19). Activation of tumor necrosis factor-R1 upregulates
the inflammatory response, while tumor necrosis factor-R2 appears to dampen the response
(140). Tumor necrosis factor-R1 is expressed on multiple cell types, whereas tumor necrosis
factor-R2 is more restricted to expression on endothelial cells and cells of hematopoetic lineage
(80).

Patients with rheumatoid arthritis and periodontal disease have high concentrations of tumor
necrosis factor in the synovial fluid and gingival crevice fluid, respectively. Studies of
experimental models of rheumatoid arthritis and periodontal diseases have shown a very strong
association of active bone resorption, coincident with high local levels of tumor necrosis factor
at the disease sites. Both interleukin-1 and tumor necrosis factor-α have been found to be
significantly elevated in diseased periodontal sites compared with healthy or inactive sites
(40,47,57,165). Interleukin-1 has also been positively correlated with increased probing depth
and attachment loss (30). In addition, interleukin-1β has synergistic activity with tumor
necrosis factor-α or lymphotoxin in stimulating bone resorption. Incubation of interleukin-1
with tumor necrosis factor or lymphotoxin in an in vitro model resulted in a twofold increase
in the bone-resorbing activity of interleukin-1, and in a 100-fold increase in the activity of
tumor necrosis factor or lymphotoxin (163). Reduction of the bacteria and their metabolic by-
products through periodontal therapy also results in a decrease in both interleukin-1 (4,136)
and tumor necrosis factor (47,81). Thus, improvement in clinical parameters is paralleled by
a decrease in these cytokines, suggesting their significance in the pathogenesis of periodontitis.

Blocking the activity of pro-inflammatory cytokines may be a beneficial therapeutic modality
for periodontitis. Investigations on the soluble protein delivery of antagonists to interleukin-1
and tumor necrosis factor in a primate model of periodontitis have shown promising results
(29,30,129). Histological investigations revealed a 51% reduction in connective tissue
attachment loss and a 91% reduction in alveolar bone loss (29). To date, the only therapy
available that acts as a host modulatory agent for periodontal disease is a low-dose formulation
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of the antibiotic doxycycline, which requires twice-daily administration (25,48,126). However,
the harsh enzymatic environment in periodontal lesions may destroy the soluble cytokine
antagonists prior to their peak activity, which may necessitate more frequent administration of
the active agents to the defects. Thus, gene transfer of TNFR antagonists may offer a more
efficient mode of delivery of disease-controlling agents to the periodontal structures (169).
Thus, the blocking of tumor necrosis factor pathways offers significant potential in blocking
disease progression.

Summary
A variety of treatment strategies have been developed to target the host response to periodontal
infection. This review has sought to provide mechanistic overviews and clinical applications
on the use of host modulatory therapeutic regimens for periodontal disease management.
Matrix metalloproteinase inhibitors, such as low-dose formulations of doxycycline, have been
used in combination with scaling and root planing or surgical therapy. In addition, high-risk
patient populations, such as patients with diabetes or refractory periodontal disease, have
benefited from systemic matrix metalloproteinase administration. Encouraging results have
been shown using soluble antagonists of tumor necrosis factor and interleukin-1 delivered
locally to periodontal tissues in non-human primates, as well as more recent evidence using
gene therapy vectors to provide a longer-term delivery of tumor necrosis factor receptor
antagonists at the periodontium. In addition, the use of lipoxins has demonstrated significant
potential in the management of the host response to periodontitis (86,159).

Other therapeutic strategies being explored are aimed at inhibiting signal transduction
pathways involved in inflammation. Pharmacological inhibitors of NF-κB and p38 MAPK
pathways are actively being developed to manage rheumatoid arthritis and inflammatory bone
diseases (1,95). Using this novel strategy, inflammatory mediators, including pro-
inflammatory cytokines (interleukin-1, tumor necrosis factor, interleukin-6), matrix
metalloproteinases and others, would be inhibited at the level of cell-signaling pathways
required for transcription factor activation necessary for inflammatory gene expression or
mRNA stability. These therapies may provide the next wave of disease-specific
chemotherapeutics to manage chronic periodontitis.
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Fig. 1.
Toll-like receptor (TLR) signaling: stimulation of TLRs by periodontal pathogen associated
molecular patterns triggers the association of myleloid differentiation primary-response protein
88 (MyD88), which in turn recruits IL-1 receptor associated kinase-4 (IRAK) [which
phosphorylates IRAK1 (represented by IRAK)]. Tumor-necrosis factor receptor associated
factor-6 (TRAF6) is also recruited to the phosphorylated IRAK complex. IRAK/TRAF6 then
dissociate from the receptor complex to a new complex with transforming growth factor β-
activated kinase (TAK1) along with TAK-1 and -2 binding protein (TAB1 and -2) (data not
shown) which phosphorylate TAK1. TAK1, in turn, phosphorylates both mitogen activated
protein kinase kinases-3 and -6 (MKK3, MKK6) and the inhibitor of nuclear factor κB (IκB)-
kinase complex (IKK complex) (data not shown). The IKK complex then phosphorylates IκB,
which allows nuclear factor-kappa B (NF-κB) transcription factors (p50/p65) to translocate to
the nucleus and induce gene expression of cytokine genes. Similarly, MKK3/6 can
phosphorylate p38 mitogen-activated protein kinase (MAPK) to activate activator protein-1
transcription factors and initiate gene expression. In addition, p38 can phosphorylate RNA-
binding proteins, which can stabilize cytokine mRNA and thus amplify cytokine production.
AP1, activating protein-1; ERK, extracellular signal-regulated kinases; MEK, MAPK/ERK
kinase; SRE, serum response element.

Kirkwood et al. Page 25

Periodontol 2000. Author manuscript; available in PMC 2008 October 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Potential therapeutic strategies to treat bone resorption: agents that block the differentiation or
activity of osteoclasts are potential therapeutic agents. Osteoprotegerin (OPG) inhibits the
differentiation of osteoclasts through its action as a decoy receptor that blocks receptor activator
of nuclear factor-kappa B (NF-κB) ligand (RANKL) and RANK juxtacrine interaction. Non-
steroidal anti-inflammatory drugs (NSAIDs) and other anti-inflammatory molecules [including
p38 mitogen-activated protein kinase (MAPK) inhibitors, c-jun N-terminal kinase (JNK)
inhibitors and NF-κB inhibitors] can inhibit the formation of hematoprogenitor cells to pre-
osteoclasts. Antibodies to RANKL can also block this interaction. Matrix metalloproteinase
(MMP) inhibitors reduce the protease degradation of the organic matrix, and anti-integrins
block the initial osteoclast adhesion to the matrix. IL, interleukin; LPS, lipopolysaccharide;
M-CSF, macrophage colony-stimulating factor; sRANKL, soluble RANKL; TNF-α, tumor
necrosis factor-α; TNFsRC, TNF soluble receptor.
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