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Periodontitis, a biofilm-associated inflammatory disease of the periodontium, is a major
cause of tooth loss in the world. This disease appears to have multiple etiologies, the most
studied of which are microbial and immunological. The primary microbial factor
contributing to disease is a shift in the content of the oral microflora, while the primary
immunological factor is the destructive host inflammatory response. Several techniques have
been used clinically to treat periodontitis, but the most successful ones appear to address
both the bacterial and inflammatory components of the condition. Therefore, this review will
detail the microbial and molecular nature of periodontitis, and it will also compare the
efficacy of traditional and emerging technologies for treating this costly disease.

THE MICROBIOLOGY OF BIOFILMS
Traditionally, the field of microbiology has focused on studying bacteria in planktonic
culture—that is, in test tubes. However, in the environment, bacteria grow in complex
polymicrobial associations known as biofilms. Research has shown that these biofilms
exhibit exquisite structural and functional heterogeneity that is not observed when these
same bacteria are grown in planktonic culture. Therefore, appreciating the fundamental
biology of biofilms is vital to understanding the pathogenesis of biofilm-associated diseases
such as periodontitis.

Biofilm Structure
In natural settings, biofilms generally take the form of polymicrobial communities attached
to biotic or abiotic surfaces. As a surface becomes colonized with individual cells, the
bacteria form microcolonies which then secrete a sticky extracellular polymeric substance
(18). The extracellular polymeric substance consists of polysaccharides, proteins, lipids,
nucleic acids, and other polymers, and it helps the bacteria adhere to the surface, as well as
to each other (42). Upon secretion of the extracellular polymeric substance, the biofilm
matures by becoming larger and taking on a distinctive architecture (18). (This process is
illustrated in Fig. 1.) Usually, this structure includes separate regions of fast- and slow-
growing cells (4), the presence of water channels which circulate metabolites (18), and the
establishment of nutrient gradients (28). Such complex structural organization allows the
biofilm to exhibit functional heterogeneity.

Biofilm Function
Before the study of biofilms, it was generally thought that only eukaryotic tissues were
capable of differentiated function. However, research has shown that subpopulations of
bacteria within biofilms are also able to exhibit functional heterogeneity. This phenomenon
appears to be due to several different factors.
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First, biofilms in the natural environment are polymicrobial. For instance, it is estimated that
over 700 bacterial species reside in the oral cavity (1). Interestingly, Streptococcus gordonii,
an early colonizer in the oral cavity, actively recruits other bacteria, such as Porphyromonas
gingivalis, to join the biofilm community via several genetic mechanisms. For example,
genes in S. gordonii which are vital to biofilm formation include: intercellular or
intracellular signaling genes (cbe and spxB); genes involved in cell wall integrity and
maintenance of adhesive proteins (murE, msrA and atf); extracellular capsule biosynthesis
genes (pgsA and atf); and genes involved in physiology (gdhA, ccmA and ntpB) (37). This
recruitment of metabolically diverse bacteria, therefore, contributes to the overall functional
heterogeneity of the biofilm. Second, subpopulations of the same bacterial species have
exhibited functional differentiation. For example, subpopulations of Pseudomonas
aeruginosa display varying susceptibilities to antimicrobial agents, with the most resistant
cells capping the mushroom-shaped biofilm and the most susceptible cells residing near the
attachment surface (4,24). Finally, cell-to-cell communication, which often takes the form of
quorum sensing in bacteria, can be used to regulate community behavior. Several different
species of oral bacteria, for instance, are able to produce and respond to the quorum sensing
molecule autoinducer-2 (35).

Such structural and functional heterogeneity allows biofilms to demonstrate tremendous
metabolic and phenotypic flexibility. Obviously, this confers several new characteristics and
advantages on the biofilm. One such characteristic is an increased ability to attach to
surfaces, which is brought about by regulation of genes involved in attachment (e.g., pili)
and by production of the extracellular polymeric substance (18). Another advantage is
metabolic cooperation (18), wherein the waste product of one bacterial species serves as the
food source for another. In the dental plaque biofilm, streptococci ferment carbohydrates to
lactic acid, which is itself degraded to propionate and acetate by Veillonella spp. (45). Such
metabolic cooperation also allows bacterial communities to utilize food sources that
otherwise would be energetically impossible for any one species to utilize alone (18).
Additionally, and perhaps most relevant clinically, biofilms often exhibit resistance to
antibiotics that easily kill bacteria growing in planktonic culture. For example, minimal
inhibitory concentrations can be 20- to 100-fold higher for bacteria found in biofilms
compared to planktonic cultures (12). This could be because antibiotics have trouble
penetrating the sticky extracellular polymeric substance, or it could be due to the fact that
slow-growing subpopulations of bacteria found in specialized niches within the biofilm are
often less susceptible to antibiotics (28). Yet another advantage is the ability of biofilms to
avoid the host immune system. Antibodies are unable to perforate the matrix, and
phagocytes often have difficulty engulfing large biofilm fragments (23). Interestingly, recent
research suggests that evasion of host innate immunity can be induced when
Aggregatibacter actinomycetemcomitans—a pathogen associated with an aggressive form of
periodontitis—is co-cultured with S. gordonii (54). For example, it has been shown that
hydrogen peroxide released by S. gordonii as part of its normal metabolism is “sensed” by
A. actinomycetemcomitans, which in turn responds by inducing the complement resistance
protein ApiA, subsequently becoming serum resistant (54).

Research has now firmly established that dental plaque should be thought of as a biofilm
(16,45,68), and that periodontitis should be considered a biofilm-associated disease (59).
Because of the numerous advantages biofilms possess over planktonic bacteria, this can
make treatment of infections difficult. These complications must be kept in mind when
treating periodontitis and other biofilm-associated diseases.
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BIOFILMS AND HUMAN HEALTH
From the oral cavity to the intestinal tract, the human body constantly interacts with the
biofilms that constitute our normal microbial flora. Research has shown that the composition
of this microflora is closely tied to the health status of the host.

Biofilms Associated with Oral Health
With the understanding that many microorganisms associated with the human body are
uncultivable, the National Institutes of Health funded a new initiative known as the Human
Microbiome Project. The project's primary aim is metagenomics, that is, the global genetic
analysis of entire microbial communities associated with five regions of the human body:
oral cavity, nasal passages, skin, gastrointestinal tract, and urogenital tract (50). By
identifying members of the microflora and sequencing portions of their genomes, the project
hopes to reveal which microbial communities are associated with health and disease.

In the case of the oral cavity, attempts to characterize the normal microbial flora have met
with challenges. First, over 700 species have been detected in the oral cavity, over half of
which have never been cultivated (1). Second, there is substantial diversity in the content of
the microflora between individuals (48) and between different oral sites within the same
individual (1,5). Third, research has indicated that dietary changes combined with poor
hygiene can cause a shift in the composition of the oral microflora (2,5). Finally, some
evidence suggests that the oral microbiome changes as humans age (33). Such variation
makes it difficult to identify a “typical” oral microbiome for a healthy individual.

However, despite these obstacles, progress has been made. Some studies have identified
bacteria that appear to be associated with oral health. For instance, a positive association has
been observed between oral health and the presence of Veillonella (39) or Capnocytophaga
ochracea (57). Additionally, Streptococcus salivarius tends to inhabit the dorsal surface of
the tongue of healthy patients who lack halitosis (34). An ambitious study which attempted
to define the normal oral microbiome found that species such as Streptococcus mitis,
Gemella haemolysans, and Granulicatella adiacens were common in healthy subjects (1).
While agreement on exactly which species could be used as markers of oral health is yet to
be achieved, an overall picture of what types of bacteria are commonly found in healthy
individuals is starting to emerge. Despite what is still unknown, it is perfectly clear that the
health of the host is inextricably tied to the nature of the oral microflora.

Microbial Shift and Disease-Associated Biofilms
Just as entire microbial communities can be associated with health, current research also
points to the conclusion that entire microbial communities can be associated with disease.
Because more than one bacterial species may be associated with a particular disease, the
traditional concept of “one germ, one disease” may need modification. Perhaps even more
revolutionizing is the idea that the lack of a beneficial organism from a biofilm may be just
as important as the presence of a pathogen in the contribution to disease (66). Because of
these revelations, a hypothesis formed linking certain diseases to a shift in the membership
of the local microbiota.

Instead of being associated with one particular etiologic agent, many chronic diseases appear
to follow the “microbial shift” hypothesis. Microbial shift, more commonly known as
dysbiosis, refers to the concept that some diseases are due to a decrease in the number of
beneficial symbionts and/or an increase in the number of pathogens (Fig. 2). For example,
intestinal dysbiosis is thought to be the cause of inflammatory bowel disease. Etiologic
agents for Crohn's disease and ulcerative colitis, the two major types of inflammatory bowel
disease, have never been discovered. However, there is an association between
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inflammatory bowel disease and a decrease in the overall numbers of intestinal bacteria, in
particular members of the phyla Bacteroidetes and Firmicutes (22). Because of findings like
this, probiotics (living microorganisms able to survive in the host and which are able to
induce beneficial results) and prebiotics (indigestible carbohydrates which stimulate the
growth of particular species of the host microflora) currently are being investigated for the
treatment of inflammatory bowel disease (15).

Other conditions which are linked to a shift in the composition of the microflora include
bacterial vaginosis and gastroesophageal reflux disease. In the case of bacterial vaginosis,
bacteria of the phyla Actinobacteria and Bacteroidetes appear to be associated with disease
(52). For gastroesophageal reflux disease, evidence suggests that a shift in the esophageal
microbiota from gram-positive aerobes to gram-negative anaerobes is linked with disease
(78), an association that has also been hypothesized for the development of periodontitis
(44). Additionally, research indicates otitis media is associated with dysbiosis (73).
Interestingly, even conditions that were never thought to be associated with bacteria may
end up being caused, at least in part, by dysbiosis. Recent research involving the gut
microbiome links obesity with an increase in bacteria of the phylum Firmicutes and a
decrease in bacteria of the phylum Bacteroidetes (41).

Microbial Shift Leading to Periodontitis
Similar to the diseases discussed above, recent research indicates that dysbiosis in the oral
cavity can lead to periodontitis. The long-standing paradigm is that as periodontitis
develops, the oral microbiota shifts from one consisting primarily of gram-positive aerobes
to one consisting primarily of gram-negative anaerobes (44). The development of oral
dysbiosis is likely to occur over an extended period of time, gradually changing the
symbiotic host-microbe relationship to a pathogenic one. During this metamorphosis, the
oral health of the host deteriorates until a state of clinical disease develops. Simultaneously,
a succession of distinguishable microbial complexes occurs. The first such complex that has
been associated with disease is the so-called “orange complex,” which consists of gram-
negative, anaerobic species such as Prevotella intermedia and Fusobacterium nucleatum
(64,66). As the disease worsens, the microbiota shift to the so-called “red complex,” which
consists of the periodontal pathogens Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola (64,66).

However, recent research has challenged this paradigm. For instance, Riep et al. (57)
discovered that periodontal pathogens such as P. gingivalis and T. forsythia could also be
frequently isolated from healthy controls. Kumar et al. (39) directly contradicted the existing
pattern when they observed that the gram-negative bacterium Veillonella was associated
with periodontal health, while the gram-positive anaerobe Filifactor alocis was associated
with disease. Even more daunting is the likelihood that other pathogens associated with
periodontitis have never been isolated. By cloning and sequencing 16S rRNA genes, an
investigation showed that uncultivated clones from the phyla Deferribacteres, Bacteroidetes,
OP11, and TM7 were associated with chronic periodontitis (38). To complicate matters even
further, it has been proposed that two different herpesvirus species, Epstein-Barr virus and
human cytomegalovirus, act synergistically with bacteria in the pathogenesis of periodontitis
(63).

Adding yet another layer of complexity in identifying the etiologic agents is the recent
discovery that periodontitis can spontaneously develop in several different kinds of
immunocompromised mice. For example, spontaneous disease develops in P/E-selectin
knockout mice (49), as well as in mice lacking the anti-inflammatory molecule
interleukin-10 (3). Perhaps most interestingly, mice overproducing interleukin-1α also
develop spontaneous periodontitis, even with the continuous administration of systemic
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antibiotics (19). Thus, these findings demonstrate that in addition to a bacterial etiology,
genetic and immunological factors also likely contribute to periodontitis. Concomitantly,
these revelations make choosing an appropriate treatment for periodontitis much more
difficult.

Epidemiology of Periodontitis: Rethinking Koch's Postulates
With the revelation that genetic, immunological, environmental, and microbial factors could
all plausibly be associated with chronic conditions such as periodontitis, the necessity to
reevaluate Koch's postulates has been brought to light. Even if it is to be assumed that the
underlying cause of periodontitis is strictly microbial, determining the precise bacterial
etiology still faces difficulties. Now that there is a wide consensus that periodontitis is a
biofilm-associated disease (14,59), the primary goal is determining which of the 700 species
or more found in the oral cavity is/are responsible. As discussed above, this goal has proven
to be quite elusive. While Koch's postulates served medical microbiologists well for
determining the causation of many human diseases, their limitations have been brought to
light in the study of chronic infections. However, two different concepts may help resolve
this issue.

The first is the concept of a “pathogenic microbial community” (78). This concept was
exquisitely explained in a review by Siqueira and Rôças (62). Essentially, the authors
suggest that since enormous variation in the composition of the oral microflora has been
observed—even between patients with the same disease—it is best to approach the etiology
of periodontitis from a “community-as-pathogen” model, as opposed to the traditional
single-pathogen model. This approach could be supported with the use of functional gene
arrays (79). Environmental microbiology, just like oral microbiology, must cope with the
presence of uncultivable bacteria. To sidestep this issue, it is common practice in the field to
assess the presence of genes involved in biogeochemical processes from environmental
samples, instead of assessing the presence of individual bacterial species or taxa. For
instance, one study determined if genes for carbon, nitrogen, phosphorus, and sulfur cycling
were present in sediment samples taken from the Gulf of Mexico (76). If this technology
was adapted to monitor the presence of genes involved in pathogenesis, it may prove useful
for medical microbiology. In the case of oral microbiology, bacterial communities from
healthy and diseased periodontal samples could be screened for “pathogenic genes” using
functional gene arrays, and correlations between the presence of pathogenic genes and
periodontitis could be established.

The second concept is Hill's criteria of causality. (See Table 1) Because of the rigid nature of
Koch's postulates, it is difficult or impossible to satisfy them for many chronic conditions.
The causal link between infection with Helicobacter pylori and peptic ulcer disease is
almost universally accepted not because it fulfills Koch's postulates, but because it fulfills
Hill's criteria of causality (43). In order for causation to be established, Hill's criteria
requires that most of the following be fulfilled: biological plausibility, dose response,
strength of association, specificity of association, consistency, and temporality (43). Thus,
given the current obstacles, it appears that the etiology of periodontitis might be more
readily established if current research combines the pathogenic microbial community
concept with Hill's criteria of causality.

Healthy vs. Diseased Periodontal Tissue
Despite the difficulty in defining the precise etiology of periodontitis, one thing that is
certain is the striking difference in the immune status of periodontal tissue between healthy
and diseased patients. Details of the many immunological differences were recently
discussed in a review by Darveau (17). Essentially, clinically healthy periodontal tissue
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maintains a highly ordered, mild state of inflammation. For example, E-selectin expression
(47) and an established interleukin-8 gradient (71) constantly guide neutrophils toward the
junctional epithelium that borders the normal oral microflora, which is thought to provide
the stimulus for this mild inflammatory response (17). However, clinically diseased
periodontal tissue exhibits a marked histopathology. For instance, the expression of
inflammatory molecules normally present in small amounts (such as Toll-like receptor-2) is
greatly increased (56); different inflammatory molecules (such as Toll-like receptor-4) are
expressed (17,56); and the highly ordered state of mild inflammation is replaced by a
disordered state of severe inflammation (17,70). Thus, it is proposed that the shift from a
symbiotic microflora to a dysbiotic, pathogenic community triggers the potent host
inflammatory response which contributes to the tissue destruction and alveolar bone loss
characteristic of periodontitis (17).

FIGHTING ORAL BIOFILMS: ADJUNCTIVE TREATMENTS FOR
PERIODONTITIS

Because multiple etiologies factor into the development of periodontitis, choosing
appropriate treatment options can be quite difficult. Is scaling and root planing alone
sufficient? If more aggressive therapy is chosen, which one is to be used? If antibiotics are
to be used, which bacterial species should be targeted? Does the patient have an underlying
genetic or immunological problem that needs to be addressed? Which treatments are most
cost-effective? Questions such as these must be taken into consideration when choosing an
appropriate therapy.

Scaling and root planing is the primary therapy of choice for most clinicians, and it is widely
considered the “gold standard” for treating periodontitis. However, scaling and root planing
alone often does not produce the clinical outcomes desired in severe cases. For instance,
recolonization of pathogens and recurrence of disease are quite common. Because of the
underlying microbial basis of periodontitis, it is becoming more conventional to use
antimicrobial therapy adjunctively with scaling and root planing, especially when treating
more difficult cases of the disease. Additionally, because the host inflammatory response
also plays a major role in disease progression, treatments aimed at suppressing inflammation
(so-called “host modulation therapy”) can be used. The remainder of this review will focus
on traditional and emerging antimicrobial therapies and host modulation therapy, all of
which can be used in combination with scaling and root planing in the treatment of
periodontitis.

Antibiotics
Antibiotics are often used adjunctively with scaling and root planing, and they can be
applied locally or administered systemically. Dozens of studies on the efficacy of local
antibiotic therapy have been conducted. A meta-analysis of the literature determined that
local, sustained-release minocycline significantly improved patient outcomes when
compared to scaling and root planing alone (29). Another meta-analysis confirmed this
result, and it found that minocycline and tetracycline were the most effective local
adjunctive therapies as measured by probing depth reduction and clinical attachment level
gain (9).

Meta-analyses have also been performed to analyze the efficacy of systemically
administered antibiotics. One such study concluded that adjunctive use of spiramycin and
amoxicillin/metronidazole conferred statistically significant benefits for probing depth
reduction and clinical attachment level gain, respectively, over scaling and root planing
alone (31). In agreement with this, a recent clinical study showed that systemic
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administration of amoxicillin/metronidazole significantly improved clinical outcomes six
months after full-mouth periodontal debridement (13). Another meta-analysis determined
that systemic use of antibiotics, in some cases, could double the clinical attachment level
gain when compared to mechanical therapy alone (25). However, the same study concluded
that insufficient evidence existed to recommend the usage of any particular antibiotic, but
that administration of tetracycline, metronidazole, and amoxicillin/metronidazole showed
positive clinical effects (25). A separate review echoed the uncertainty in the literature in
regard to the efficacy of systemic antibiotics, but firmly concluded that systemic antibiotics
should only be used adjunctively with debridement and never as a standalone treatment (32).

It is perhaps not surprising that antibiotics yield only modest results clinically. It must be
kept in mind that periodontitis is a biofilm-associated disease, and biofilms are notoriously
difficult to treat with antibiotics. One complicating factor is that the identity of many oral
bacteria is still unknown, and even if antibiotics could successfully target a particular known
pathogen, there remains the possibility that other unidentified pathogens—which possibly
serve a functionally or ecologically equivalent role as the known pathogen—would be
unaffected by the treatment. Unfortunately, using multiple antibiotics simultaneously leaves
a patient susceptible to developing an oral yeast infection or experiencing other severe
systemic adverse effects. Yet another complication is the fact that even commensal bacteria
can trigger an immune response if they reach critically high numbers or are in an
inappropriate habitat within the host. Thus, the clinical spectrum of an antibiotic may be
more important than previously thought. Additionally, antibiotics pose an allergy risk or
produce side effects in some patients. Perhaps most importantly, the majority of antibiotics
do not directly suppress the host inflammatory response which is largely responsible for the
tissue destruction characteristic of periodontitis. Therefore, although antibiotics have been
clearly demonstrated to be of benefit, there remains a need for more effective anti-infective
therapies.

Antiseptics
Adjunctive application of antiseptics such as chlorhexidine, bleach (sodium hypochlorite),
povidone-iodine, and amine fluoride can be used as an alternative to antibiotics. As is the
case for antibiotics, many studies already have been conducted to determine the efficacy of
antiseptics in treating periodontitis. For instance, one such study concluded that
chlorhexidine was more effective than minocycline at destroying P. gingivalis biofilms in
vitro (51). Another in vitro biofilm study showed that P. gingivalis was completely
eradicated after 30 minutes of exposure to chlorhexidine, povidone-iodine, or Listerine (7).

However, despite the success of in vitro studies, research involving patients has been
controversial. Although one meta-analysis of the literature showed a significant increase in
clinical attachment level gain when compared to scaling and root planing alone for
sustained-release chlorhexidine chips (29), a different meta-analysis showed that
chlorhexidine was not as effective as minocycline or tetracycline in probing depth reduction
or clinical attachment level gain (9). Furthermore, a meta-analysis comparing the use of
chlorhexidine and other antiseptics in full-mouth disinfection procedures to conventional
staged debridement concluded that full-mouth disinfection conferred no clinically relevant
advantage over conventional staged debridement (40). However, the same study did show
that full-mouth disinfection conferred a slight benefit over conventional staged debridement
in probing depth reduction for both moderate pockets (mean difference of 0.2 mm) and deep
pockets (mean difference of 0.5 mm) (40). Finally, although one group showed that
chlorhexidine and bleach were able to substantially reduce the overall number of bacteria in
endodontic patients (61), a meta-analysis determined that the same two antiseptics exhibited
low efficacy in their ability to eliminate Enterococcus faecalis from endodontic patients
(20).
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It appears, therefore, that antiseptics may have substantial drawbacks when used as
adjunctive therapy. Besides exhibiting only slight improvements in probing depth reduction
or clinical attachment level gain, antiseptics also fail to address the issue of host
inflammation. Thus, as is the case with antibiotics, there are opportunities for further
research in this area.

Host Modulation Therapy
A promising approach is host modulation therapy, which as the name suggests, aims to
modulate the host by suppressing the inflammatory response. As discussed above,
periodontitis is characterized by detrimental inflammatory processes which destroy
periodontal tissue. Matrix metalloproteinases, many of which are produced by infiltrating
neutrophils, mediate this tissue destruction by degrading plasma membrane proteins and
extracellular matrix proteins such as collagen (53). Since matrix metalloproteinases also
promote bone resorption, it is thought that these enzymes significantly contribute to the
tissue destruction and alveolar bone loss that defines periodontitis (53). Additionally, it has
been long known that members of the tetracycline family of antibiotics possess the ability to
inhibit matrix metalloproteinases independent of their anti-microbial activities. Doxycycline
was found to be the most potent inhibitor of matrix metalloproteinases (53), and
subsequently, a meta-analysis determined that adjunctive administration of subantimicrobial
doses of doxycycline conferred a statistically significant benefit over scaling and root
planing alone (55). Specifically, subantimicrobial doses of doxycycline used adjunctively
with scaling and root planing showed a clinical attachment level gain that was 0.3-0.4 mm
greater than when scaling and root planing was used alone (53). By comparison, these
results are similar to those seen with the adjunctive use of locally administered antimicrobial
therapies (29).

Besides doxycycline, other host modulating drugs have been investigated. A meta-analysis
found that non-steroidal anti-inflammatory drugs and bone-sparing agents (such as
bisphosphonates) could have potential in the treatment of periodontal disease (55). Another
intriguing possibility is the use of “pro-resolving agents”—drugs that promote the resolution
of inflammation, as opposed to merely blocking it (8). Resolution of inflammation involves
host biochemical pathways that restore homeostasis to the periodontal tissue, and some
research indicates that periodontitis results from a failure in these resolution pathways (75).
Indeed, the pro-resolving agent resolvin E1, a derivative of omega-3 eicosapentaenoic acid,
was shown to regenerate lost tissue and bone in a P. gingivalis-induced model of
periodontitis in rabbits (30). Other known pro-resolving agents with potential therapeutic
uses include lipoxins and protectins (74).

Photodynamic Therapy
Another promising approach is the use of antimicrobial photodynamic therapy. This
technique uses long-wavelength visible light (red light) to activate photosensitizing agents
(photosensitizers) which produce reactive oxygen species, such as free radicals and singlet
oxygen (36). These toxic oxygen derivatives then react with essential cellular components
such as DNA, proteins, and lipids, leading to cell death. Clinically, most photosensitizers
used include dyes (such as methylene blue, acridine orange, and toluidine blue O),
porphyrins, chlorins, and furocoumarins (36). Conveniently, antimicrobial photodynamic
therapy can be highly localized by using certain dyes that preferentially stain bacteria, thus
limiting any unintended oxidative damage in the surrounding tissue (67).

Recent research has demonstrated a potential use for antimicrobial photodynamic therapy in
the treatment of periodontitis. An in vitro study showed that not only does antimicrobial
photodynamic therapy destroy P. gingivalis, it also inactivates a virulence-associated
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protease, as well as the destructive host inflammatory mediators tumor necrosis factor-α and
interleukin-1β (11). Another in vitro study suggested that antimicrobial photodynamic
therapy was more effective than antibiotics at killing bacterial cells in biofilms (21). Thus, in
vitro research involving antimicrobial photodynamic therapy has been encouraging, and
more studies examining its long-term efficacy should be conducted. Clinical trials with
antimicrobial photodynamic therapy are the subject of another review in this issue and
therefore will not be discussed here. However, because this treatment appears to
simultaneously destroy bacterial pathogens and suppress the destructive host inflammatory
response, there has been a strong interest in the therapeutic potential of antimicrobial
photodynamic therapy. (See Chapter XX.)

Probiotic Therapy
The use of probiotics to treat diseases associated with a shift in the microflora, such as
inflammatory bowel disease, is already being investigated. Therefore, probiotic therapy has
also been proposed for the treatment of periodontitis. Indeed, recent proof-of-concept
research has shown that when a mixture of streptococcal species was applied to the teeth of
canines as an adjunctive therapy following root planing, there was a delay in the
recolonization of periodontal pathogens and a reduction in inflammation (69). Also, patient
studies have shown that use of a mouth rinse containing Bacillus subtilis (72) or oral
administration of tablets containing Lactobacillus salivarius (46) is able to reduce the
number of periodontal pathogens. While this approach seems promising, it is still a
relatively new concept, and more research needs to be conducted to determine its clinical
efficacy.

Assessing the Efficacy of Treatment
Essentially, the parameters used to assess the efficacy of treatment fall within two broad
categories: biological and clinical. Biologically, it is important to determine if treatment
altered the content of the microflora and if treatment helped resolve the host inflammatory
response. Several methods have been employed to address the former issue.

A quick, accurate, and inexpensive approach for identifying the members of a complex
microbial biofilm is the DNA-DNA checkerboard (66). The technique relies upon the
hybridization of labeled probe DNA to the genomic DNA isolated from bacterial cells in
patient plaque samples. This technique has been used routinely to identify and quantify
bacteria using up to 40 different species-specific DNA probes at a time (66). With this
technology, researchers have been able to successfully characterize the microflora associated
with health and disease in subgingival (64) and supragingival (26) plaque. More
importantly, this technique has been used to determine the nature of the microbial biofilm
before and after treatment of periodontitis. For instance, one study showed a reduction in the
number of red and orange complex bacteria, as well as a reduction in the number of sites
colonized by these pathogenic bacteria, following various forms of treatment (65). Another
study showed that following scaling and root planing and weekly supragingival plaque
removal for three months, the microbial profile of the treated patients was similar to those of
periodontally healthy people (77). Thus, the DNA-DNA checkerboard technique has been
vital to both researchers and clinicians in characterizing the nature of the biofilms associated
with periodontal health and disease.

Despite its success, alternative procedures have been sought which are easier to perform or
more suitable to the preferences of particular researchers and clinicians. Among these is a
procedure which relies on multiplex PCR to identify bacteria in plaque samples. The
efficacy of this procedure, commercially available in a kit known as micro-IDent (add
company name and address), was comparable to that of the DNA-DNA checkerboard (27).
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Other techniques which have shown promise in monitoring the microflora during the course
of periodontal treatment include terminal restriction fragment length polymorphism analysis
(58) and real-time PCR (10).

Because suppression and resolution of host inflammation is also important in treating
periodontitis, a novel method to assess the efficacy of treatment is to examine the host
response directly. A recent study used microarrays and real-time PCR to demonstrate that
inflammatory genes were down-regulated in periodontitis patients following therapy (6). In
addition to analyzing the effectiveness of treatment, this method may also help reveal which
host genes are most responsible for the development and persistence of periodontitis.

The clinical parameters used to assess the efficacy of treatment are arguably the most
important because they directly measure the health of the patient. When it comes to patient
care, improving oral (and overall) health and the patient's quality of life are of paramount
concern. Biological considerations are meaningful from a scientific and academic viewpoint,
but they are of secondary importance. The clinical parameters typically measured—probing
depth reduction, clinical attachment level gain, bleeding-on-probing reduction, and
prevention of tooth loss—are both the most common and most clinically meaningful
measures of the efficacy of treatment.

CONCLUDING REMARKS
The literature as it currently stands appears to indicate that oral dysbiosis, or a shift from
beneficial symbiotic bacteria to pathogenic bacteria, is at least partially responsible for the
development of periodontitis. However, despite great advances in our knowledge of the
underlying microbial basis of this disease, the fact still remains that periodontitis has
multiple etiologies which have yet to be fully understood. Thus, while a microbial shift is
known to play a significant role in the development of periodontitis, genetic, immunologic,
and environmental factors must also be investigated in order for clinicians and researchers to
fully understand disease progression (Fig. 3).

Because of the various risk factors that contribute to periodontitis, it is possible that there
will be no “magic bullet” treatment. It is also likely true that the underlying cause of
periodontitis is different in different patients. For instance, one patient's periodontitis may be
due to a shift in the oral microflora due to poor hygiene, while another patient's periodontitis
may be due to an underlying genetic abnormality that leads to a destructive immune
response. In light of this, periodontitis is perhaps better described not as a disease but as a
symptom of an underlying condition. For successful treatment, it is imperative that this
underlying cause be identified and addressed. Indeed, the complexity of periodontitis
emphasizes the necessity of “individualized medicine” and implementing a treatment that is
highly tailored to the specific needs of the patient.

Despite these complications, recent advances show tremendous potential to help patients
suffering from periodontitis. Host modulation therapy, photodynamic therapy, and probiotic
therapy may provide advantages not observed when antibiotics or antiseptics are used.
However, much research still needs to be conducted on these new alternatives. Most
importantly, well-designed and large-scale randomized clinical trials need to be performed
comparing the “gold standard” of scaling and root planing to the new therapies used alone or
adjunctively with scaling and root planing. Additionally, the future development of the
“$1000 genome” (60) may help clinicians identify mutations in their patients’ DNA which
might predispose them to aberrant immune responses.

Overall, the goal for both researchers and clinicians is to find the best treatment. From a
biological perspective, the most successful treatments will likely need to attack the integrity
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of the periodontal biofilm and suppress the destructive host inflammatory response. From a
clinical perspective, the best treatments are those that are simple, affordable, and able to
confer a clinically relevant benefit to the patient.
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Fig. 1.
The process of biofilm formation. Initially, individual bacterial cells attach to a surface.
These cells then produce a sticky extracellular polymeric substance, which aids in
attachment and allows the biofilm to grow larger. As it matures, the biofilm takes on a
distinctive architecture, including water channels and nutrient gradients. The diagram is
courtesy of P. Dirckx at the MSU Center for Biofilm Engineering.
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Fig. 2.
Examples of human diseases associated with a shift in the content of the microflora.
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Fig. 3.
The various causes and treatments of periodontitis. Antibiotics, antiseptics, and probiotics
have been used to control the microbial nature of periodontitis. Host modulation therapy has
been used to reduce the destructive inflammatory response underlying periodontitis.
Photodynamic therapy, a unique and promising technology, has been shown to address both
the microbial and immunological basis of the disease. Proper diet and hygiene have been
used to treat the environmental and behavioral aspects of periodontitis. As of yet, no
treatment exists to address any potential underlying genetic predisposition to periodontitis.
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Table 1

Hill's criteria of causality applied to periodontitis*.

Questions Examples of Questions Specific to Periodontitis

Biological Plausibility Does a hypothesized effect make sense in
the context of current biological knowledge?

Can dysbiosis (microbial shift) be associated with chronic human
disease?

Dose Response

                Natural Does disease occur more in individuals
closer to the source?

Are higher levels of pathogenic bacteria associated with
periodontitis?

                Interventional Does disease recede with antimicrobial
treatment?

Does therapy reduce the number of suspected agents and improve
the oral health of the patient?

Strength of Association What is the risk of disease after infection? Do most patients who have these pathogens develop
periodontitis? Are most patients with periodontitis colonized with
the same bacterial pathogens (e.g., “red complex” bacteria)?

Specificity of Association Is the agent associated with only one clinical
syndrome?

Do “red complex” bacteria cause diseases other than
periodontitis?

Consistency Do studies by different groups consistently
arrive at the same findings?

Do most laboratories agree upon which bacterial species are
associated with periodontitis?

Temporality Does infection precede disease? Does infection with the suspected pathogens precede development
of periodontitis? Can these pathogens induce periodontitis in
animal models?

*
Table adapted from Lowe et al. (43).

Periodontol 2000. Author manuscript; available in PMC 2012 February 1.


