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ABSTRACT

Periodontitis is a chronic inflammatory disease that is characterized by destruction of the tooth-support-
ing tissues, periodontal pocket formation, and ultimately, loss of teeth. The primary cause of periodonti-
tis is bacteria in the dental biofilm. The development of effective treatment strategies is challenging due to
the complex pathogenesis of the disease, which is best explained by a polymicrobial synergy and dysbiosis

model.
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INTRODUCTION

Periodontal disease is a general term that re-
fers to various conditions affecting the tissues sur-
rounding the teeth. The most common types of dis-
ease triggered by the buildup of dental plaque biofilm
are gingivitis and periodontitis (1). If left untreated,
gingivitis can progress to periodontitis. While gingi-
vitis is reversible and remains confined solely to the
gingiva, periodontitis involves the destruction of the
underlying bone and periodontal fibers (1).

In the 1970s, several studies showed that the
bacterial composition of dental plaque varies be-
tween individuals, as well as between diseased and
healthy sites in the same individual (2-6). This has
prompted scientists to search for bacterial species or
combinations of species whose presence in the dental
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biofilm is more strongly represented in cases of peri-
odontal destruction.

At the World Workshop on Periodontology in
1996, three bacterial species were accepted as prob-
able periodontopathogens: Aggregatibacter actino-
mycetemcomitans (A.a.), Porphyromonas gingivalis
(Pg.), and Tannerella forsythia (T.f) (7).

The introduction of molecular methods for
bacterial identification (PCR, DNA hybridization,
ELISA, etc.) greatly enhanced the potential for asso-
ciative studies, as limitations related to culturing mi-
croorganisms were overcome (8).

The fundamental work of Socransky et al. in
1998 (9) led to the grouping of bacterial species from
the dental biofilm into microbial complexes, which
are color-coded according to their virulence and time
of attachment. The red-complex bacteria (Tannerella
forsythia, Porphyromonas gingivalis and Treponema
denticola) were associated with increased clinical in-
dicators for periodontitis, particularly pocket depth,
and bleeding on probing. The study showed that mi-
croorganisms in dental plaque are not merely an ac-
cumulated mass of bacteria but they are highly orga-
nized with specific interactions between species.

Despite the association of Socransky’s Red
Complex with disease presence, it cannot be defin-
itively determined whether this association is caus-
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al or correlative. The red complex constitutes a small
portion of the total microorganisms in the oral
cavity, and its presence is also found in individu-
als without periodontitis (10). This inconsistency is
explained with the keystone-pathogen hypothesis
(11) and polymicrobial synergy and dysbiosis (PSD)
model (12), which encompass the current notion of
periodontal disease etiology.

The keystone-pathogen hypothesis is a concept
in microbiology and immunology that suggests that
certain microbial pathogens, despite being present in
relatively low abundance within a microbial commu-
nity, can disproportionately influence the composi-
tion and behavior of the entire community, leading
to disease (11,12).

Although bacteria in the tooth-associated bio-
film play an essential role in initiating periodontitis,
it is the host’s inflammatory response to these bacte-
ria, rather than the direct microbial action, that leads
to periodontal tissue breakdown (13-17). System-
ic host factors and behavioral factors, as well as ge-
netics, can modify the host response and aggravate
periodontal destruction, disease severity, and disease
progression (18).

AIM

The current review aims to summarize the
available data for the etiology of periodontitis.

MATERIALS AND METHODS

A search for publications between 1970 and
June 2024 in the online database of Medline/PubMed
and Google Scholar was conducted. After eliminat-
ing duplicates, 147 articles remained and were used
as a basis for the present review.

RESULTS AND DISCUSSION

Chronic periodontitis is a polymicrobial dis-
ease that results from the overgrowth of a limited
number of bacterial species that are normal mem-
bers of the oral microbiota (19). It is widely accepted
that T. denticola, P. gingivalis, and T. forsythia form
a bacterial consortium, often referred to as the Red
Complex, which is strongly associated with the clin-
ical progression of chronic periodontitis (9,20,21).
The levels of P. gingivalis and T. denticola in subgin-
gival plaque have been shown to allow for prediction
of periodontal breakdown in a longitudinal clinical

trial (22). A. actinomycetemcomitans is strongly as-
sociated with the rapidly progressing forms of peri-
odontitis (23-25).

While no single species has been implicated as
the primary pathogen and the available evidence is
consistent with a polymicrobial disease etiology, the
red-complex bacteria consisting of P. gingivalis, T.
denticola, and T. forsythia have been strongly impli-
cated in the onset of periodontitis (9,15,26).

Red-Complex Bacteria

Porphyromonas gingivalis

Partly because P. gingivalis was the easiest of the
red-complex bacteria to grow and genetically manip-
ulate, it became the most widely studied periodontal
bacterium (12).

Porphyromonas gingivalis is a non-motile,
black-pigmented, asaccharolytic, Gram-negative mi-
croorganism that grows in anaerobic conditions in
the presence of heme or hemin and vitamin K (27). It
derives its necessary energy by metabolizing amino
acids; an ability crucial for its survival in deep peri-
odontal pockets, where carbohydrates are extreme-
ly scarce (27). The black pigmentation of P. gingiva-
lis colonies on blood agar is due to the aggregation of
heme on the bacterial surface (28, 29). There is a link
between the presence of heme in the nutrient envi-
ronment and the expression of virulence factors by
P. gingivalis; in the absence of heme, its virulence de-
creases (30).

P. gingivalis actively invades gingival cells,
where it maintains its vitality and ability to replicate
(31, 32). It can also invade macrophages, but its rep-
lication is less active in them (33). Once P. gingivalis
becomes intracellular, there are no signs of necrosis
or apoptosis in the invaded cell (34). It is suggested
that this is due to an ATP-hydrolyzing enzyme syn-
thesized by P. gingivalis, which suppresses ATP-de-
pendent apoptosis (35). Subsequently, P. gingivalis
can spread from cell to cell via the actin cytoskele-
ton without causing cell death (36), simultaneously
avoiding immune defense mechanisms (27).

To date, it has been established that P. gingivalis
is not an aggressor regarding the inflammatory re-
sponse but rather an opportunist that circumvents
and undermines the host’s defense mechanisms (27).
A recent study found that P. gingivalis not only does
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not stimulate an immune response but also has the
ability to suppress immune reactions against oth-
er microorganisms, allowing for their (and its own)
survival and replication (37).

P. gingivalis possesses several virulence factors
that define its opportunistic nature and establish its
role as a major periodontal pathogen (27). Some of
these virulence factors are associated with changes
in the systemic immune response, suggesting that P.
gingivalis may be involved in various systemic diseas-
es. This virulence factors include bacterial lypopoly-
sacharide (LPS), capsule (CPS, also known as K-anti-
gen), fimbriae, outer-membrane vesicles and bacteri-
al enzymes (27). The latter include the gingipains and
Porphyromonas gingivalis peptidylarginine deimi-
nase (PPAD). The production of PPAD is a unique
ability of P. gingivalis and a possible link between
periodontitis and rheumatoid arthritis (RA) (38).

Unlike the endotoxin of other Gram-negative
bacteria, lipid A from P. gingivalis LPS has a hetero-
geneous acylation pattern that varies with microen-
vironmental conditions and thus facilitates bacterial
cell survival (39). Structural changes are hemin-de-
pendent (39). Penta-acylated lipid A activates toll-like
receptor 4 (TLR4), while tetra-acylated lipid A acts as
an antagonist for TLR4 and thus modulates the im-
mune response (40). P. gingivalis LPS exhibits contro-
versial characteristics with respect to the induction
of an inflammatory response by the macroorganism
(27). It is a weaker cytokine activator compared to
LPS of enteropathogenic origin (41). It may also act
as an antagonist to cytokine stimulation by other pu-
tative pathogens (42, 43). The LPS of P. gingivalis in-
duces the so-called chemokine paralysis; it blocks the
secretion of the chemokine interleukin-8 (IL-8) from
the gingival epithelial cells, which inhibits the activa-
tion of neutrophils, eosinophils, and basophils (44).

The presence of a capsule is associated with in-
creased resistance to phagocytosis (44). On the other
hand, encapsulated P. gingivalis strains are less effi-
cient in terms of cell invasion than non-encapsulated
ones (45). The K-antigen of P. gingivalis has the abil-
ity to modulate the immune response of the macro-
organism to bacteria, reducing the synthesis of cy-
tokines, in particular IL-1, IL-6, and IL-8, by fibro-
blasts (46).

P. gingivalis expresses two types of fimbriae on
its cell surface — major and minor fimbriae (44). Ma-
jor fimbriae play a leading role in colonization of the
host and invasion of its cells (27). Minor fimbriae
have pronounced proinflammatory properties (27).
Both types of fimbriae have an activating effect on
the production of cytokines (IL-1, IL-6, IL-8, TNF-a)
and matrix metalloproteinases (MMPs), especial-
ly MMP-9 (27). P. gingivalis fimbriae have been sug-
gested to play a role in the progression of atheroscle-
rosis by influencing the activity of regulatory T-lym-
phocytes (Tregs) and triggering an autoimmune re-
sponse (47). P. gingivalis fimbriae activate both TLR2
and TLR4 (27).

Outer membrane vesicles (OMVs) produced by
P. gingivalis transport bacterial nucleic acids and sig-
naling molecules to distant host organs (48). P. gin-
givalis OMVs can aggregate a wide range of micro-
organisms around them: Streptococcus spp., Fusobac-
terium nucleatum, T. denticola, Lachnoanaerobacu-
lum saburreum, Actinomyces naeslundii, and Actino-
myces viscosus (48 — 50). They can also protect other
bacterial species against complement actions, aiding
the pathogenetic processes in periodontitis (48).

Gingipains are cysteine proteinases produced
by P. gingivalis (27). They account for about 85%
of the proteolytic activity of P. gingivalis (51). Gin-
gipains cleave polypeptide chains at the C-terminal
region after a lysine or arginine residue (44). Accord-
ingly, they are divided into lysine-specific (Lys-X)
and arginine-specific (Arg-X) (27). Arg-X gingipains
are of two types — RgpA and RgpB (27). Lys-X gin-
gipain is only one type and is designated as Kgp (27).
Arg-X degrade extracellular matrix components (in-
tegrins, fibronectin), cytokines, immunoglobulins,
and factors of the complement system (44). Both
types of gingipains favor the growth of other peri-
odontal pathogens such as T. forsythia and A. actino-
mycetemcomitans (52,53).

Gingipains cleave the T-cell receptors CD2,
CD4, and CD8, which impairs the cell-mediated im-
mune response, and degrade anti-bacterial peptidas-
es such as a-defensins and complement factors (C3
and C4) (52, 54). They stimulate the production of
IL-6 by oral epithelial cells and IL-8 by gingival fi-
broblasts, which enhances the inflammatory re-
sponse (27). At the same time, they can inactivate
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both anti-inflammatory (IL-4, IL-5) and pro-inflam-
matory (IL-12, INF-y) cytokines (27). Gingipains de-
grade fibrinogen and heme-containing proteins,
which inhibits blood clotting, increases bleeding,
and thus provides the hemin required for bacterial
growth (44).

Tannerella forsythia

Tannerella forsythia was first isolated from ad-
vanced periodontal lesions in human oral cavities by
Tanner et al. at the Forsyth Dental Center in Boston,
MA, USA (55). T. forsythia is a Gram-negative non-
motile bacterium with filamentous cell morphol-
ogy when grown with external supply of the essen-
tial cell wall sugar N-acetylmuramic acid (MurNAc)
(56). Based on their metabolic activity, eight human-
derived T. forsythia strains can be identified (57).
The genome sequences of seven T. forsythia strains
are available in public databases (55). Interesting-
ly, a Tannerella species associated with periodontal
health was described, and it is the closest phyloge-
netic relative of T. forsythia (58,59). T. forsythia is as-
sociated more frequently and/or in higher levels with
disease, including gingivitis and periodontitis, than
with health (15). Several studies have also implicated
T. forsythia in the progression of clinical attachment
loss associated with periodontitis (60-62).

Tannerella forsythia is a Gram-negative, asa-
chrolytic rod (15). It exhibits a typical Gram-nega-
tive cell-membrane structure consisting of a cyto-
plasmic membrane, a periplasm and an outer mem-
brane that contains lipopolysaccharide (63). The out-
er membrane of the bacterium is completely covered
by a unique surface-layer (S-layer) (64).

Several virulence factors that likely contribute
to the pathogenicity of T. forsythia have been identi-
tied (15). Among them: the bacterium S-layer (65,66),
the outer membrane glycoprotein BspA (67,68), enve-
lope lipoproteins (69), PrtH protease (70), glycosidas-
es (15), lipopolysaccharide (26,63), and OMVs (71).

S-layers protect the bacterial cell and play a role
in the maintenance of bacterial integrity, display of
bacterial components and interaction with the host
cells (72-74). Compared to other S-layer-carrying
bacteria, T. forsythia is unique since it is the only
Gram-negative bacterium that is known to possess
a glycosylated S-layer comprising two glycosylated
proteins instead of just one (64,75). The S-layer gly-

coproteins are the most abundant glycoproteins of T.
forsythia (55).

It has been demonstrated that surface lipo-
proteins of T. forsythia activate host cells, prompt-
ing them to release proinflammatory cytokines and
triggering cellular apoptosis (69). Additionally, it was
found that lipoprotein fractions from T. forsythia,
which contain ester-bound fatty acids, stimulate hu-
man gingival fibroblasts and monocytic cells to se-
crete IL-6 and tumor necrosis factor alpha (TNF-a)
(69).

T. forsythia produces a cysteine proteinase
(PrtH), initially identified as a forsythia detachment
factor (FDF), because of its ability to detach cells
from the substratum (15). PrtH also increases mito-
chondrial oxidative membrane potential, leading to
IL-8 production from detached cells (15). It is impli-
cated in the disintegration of gingival epithelium and
IL-8 induction, potentially contributing to periodon-
tal disease (15). Clinical studies have shown that the
prtH genotype is associated with higher levels of T.
forsythia and an increased risk of periodontitis, with
baseline levels of prtH being lower in individuals
without attachment loss compared to those who ex-
perienced attachment loss (70).

Despite its asaccharolytic nature, T. forsythia
has been shown to express a variety of glycosidas-
es (15). These glycosidases can hydrolyze terminal
glycosidic linkages in complex oligosaccharides and
proteoglycans abundantly found in saliva, gingival
crevicular fluid and periodontal tissue (15). The deg-
radation of host oligosaccharides and proteoglycans
would affect the functional integrity of periodonti-
um and may promote disease progression. It can also
provide nutrients for other bacteria in the biofilm
community (15).

T. forsythia OMVs contain a number of viru-
lence factors and glycoproteins, and showed a con-
centration-dependent inflammatory response that
was significantly higher than that caused by whole
bacterial cells (71).

Stimulation of human macrophages with T. for-
sythia LPS resulted in the production of the proin-
flammatory cytokines IL-1, IL-6, and TNF-a in a
dose-dependent manner (63). The response to T. for-
sythia LPS was observed only upon stimulation in
the presence of fetal calf serum (FCS), whereas no
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cytokine production was observed in the absence of
FCS (63). This finding suggests that the presence of
certain additional cofactors is necessary for the im-
mune response induced by T. forsythia LPS.

Treponema denticola

Spirochetes comprise up to 50% of the poly-
microbial population in subgingival plaque in peri-
odontitis, and less than 1% in health (76). Only mem-
bers of the genus Treponema have been found in the
oral cavity (77). Among them Treponema denticola
is the most commonly isolated and cultivable species
(76). It is part of Socransky’s red microbial complex
).

T. denticola is a Gram-negative motile microor-
ganism that requires essential elements such as iron,
zinc and manganese for its survival (77). Its virulence
factors include a chymotrypsin-like protease (dentil-
isin), plasmids, major sheath protein (Msp), OMVs.

T. denticola produces a chymotrypsin-like ser-
ine protease (dentilisin), which is expressed as a sur-
face protein of the outer membrane and is able to de-
grade diverse substrates, including extracellular ma-
trix proteins (ECM), immunoglobulins (IgA), a -
antitrypsin, complement C3, bioactive peptides, cy-
tokines (IL-1f, IL-6, and TNF-a) (78 - 82), suggest-
ing involvement in bacterial adhesion, tissue pen-
etration, and immune evasion. In vitro studies on
T. denticola have revealed that its outer membrane
(OM) dentilisin damages the intercellular contacts
of oral epithelial cells, leading to the loss of desmo-
somes and a reduction in transepithelial electrical
impedance and barrier function (76,83). Exposure
of KB-cells to T. denticola results in the rapid depo-
lymerization of cortical filamentous actin (F-actin),
cell shrinkage, and the eventual detachment of por-
tions of cells from the substratum (84). Outer mem-
brane extracts of T. denticola contain dentilisin ac-
tivity and cause depolymerization of F-actin in host
cells (85). T. denticola is able to bind and degrade gin-
gival epithelial proteoglycans and matrix proteins
like laminin and fibronectin in cultures of human
gingival fibroblasts (HGFs) (86, 87). Through its ca-
pacity to cause these unique cytopathic effects, the
chymotrypsin-like proteinase of T. denticola has the
potential to contribute to the initiation of periodon-
tal disease (83).

T. denticola harbours plasmids, like pT'SI, and is
able to transfer DNA between itself and other Trepo-
nema species (88). It had also been found that genet-
ic transfer is possible between T. denticola and mem-
bers of other genus like the mitis group streptococci
and S. gordonii in particular (89). This probably al-
lows T. denticola, like other spirochetes, to adapt to
the host environment and evade host immune re-
sponses through intragenomic recombination (77).

The Msp is the most abundant protein in the
T. denticola outer membrane (19). It is one of the im-
munodominant T. denticola antigens recognized by
human serum antibodies (90). It mediates coloniza-
tion of host tissues and has cytopathic pore-forming
activity against cultured epithelial cells (91). Interac-
tion of host cells with T. denticola Msp causes actin
remodeling and reorganization, which leads to im-
paired neutrophil chemotaxis and phagocytic activ-
ity (92-96).

T. denticola OMVs have been proposed as a
long-range virulence factor that can penetrate tissues
more readily than the bacterium itself (97-99).

Cell-surface components, especially proteins,
act as the sensors and effectors of interactions with
the host and other bacteria and are largely the tar-
gets of the host adaptive immune response. One of
the unifying features of the red-complex bacteria,
which are responsible for chronic periodontitis pro-
gression, is their high levels of extracellular proteo-
lytic activity that is mediated by cell-surface-located
proteases (19).

Aggregatibacter actinomycetemcomitans

Aggregatibacter actinomycetemcomitans (for-
merly known as Actinobacillus actinomycetemcomi-
tans) has been associated for decades with the rapidly
progressing forms of periodontitis (23, 25). It is also
implicated in some severe non-oral infections (25,
100). A.a. is part of the HACEK group (Haemophi-
lus and Aggregatibacter spp., A. actinomycetemcomi-
tans, Cardiobacterium hominis, Eikenella corrodens,
and Kingella kingae), and is associated with systemic
diseases, especially endocarditis (100-102).

A. actinomycetemcomitans is a facultative an-
aerobic Gram-negative coccobacillus (103). It forms
two types of colonies, depending on the presence or
absence of fimbriae: colonies with star-shaped interi-
or (star-positive) for the fimbriated strains and star-
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negative for the non-fimbriated strains, respectively
(103). A.a. has seven serotypes (a, b, ¢, d, e, f, and g),
depending on its LPS O-antigen structural charac-
teristics (23,25,103). The virulence potential of A.a.
varies among strains (25,104). Serotypes a, b, and
c are the most commonly found in the oral cavity
(105). A specific clone of serotype b, the JP2 clone,
known for its high leukotoxic activity (104), is pri-
marily linked to cases of localized rapidly progress-
ing forms of periodontitis (24, 106-108). In contrast,
serotype c is frequently detected in healthy individu-
als (105). A.a. can be transmitted from one individu-
al to another (108). It possesses an array of virulence
factors, including: leukotoxin (LtxA), cytolethal dis-
tending toxin (CDT), LPS, and OM Vs (109).

A. actinomycetemcomitans can invade epitheli-
al cells and increase the production of pro-inflam-
matory cytokines TNF-a, IL-1B, IL-6, and IL-8, as
well as cell apoptosis (110, 111).

The A.a. leukotoxin is considered a prima-
ry virulence factor in some forms of periodontitis
(previously known as localized juvenile periodonti-
tis) (107). The LtxA triggers neutrophil degranula-
tion, leading to the massive release of lysosomal en-
zymes, net-like structures, and MMPs; and also in-
duces apoptosis in lymphocytes (112-114).

The CDT family comprises a number of bac-
terial protein exotoxins that is expressed by sever-
al Gram-negative species (109). A. actinomycetem-
comitans is the only oral species to date known for
expressing CDT. Approximately 66% to 86% of its
strains produce CDT, which is associated with peri-
odontal disease (115). The pathogenic effects of A.a.
CDT are likely linked to its ability to induce DNA
damage, cell cycle arrest, and apoptosis in affected
cells (115). These effects have been observed in struc-
tural cells such as gingival fibroblasts and periodon-
tal ligament cells (116,117), gingival epithelial cells
(111,118-120), and gingival tissue explants (119).

Dental plaque bacteria exist as part of a com-
plex, structured multispecies biofilm in the relatively
protected region of the gingival crevice or periodon-
tal pocket, which is largely protected from the shear
forces associated with salivary flow and the effects
of mastication (19). The red-complex bacteria tend to
inhabit the deeper periodontal pockets and are late
colonizers of the subgingival plaque (121). Trepo-

nemes, including T. denticola, are located on the sur-
face of the dense subgingival bacterial biofilm, at the
interface of the biofilm and the gingival epithelium
(122-124). T. denticola has been shown to bind spe-
cifically to both P. gingivalis and T. forsythia with
similar avidity, which may explain the close associa-
tion of the species (19).

T. denticola and P. gingivalis display symbio-
sis in protein degradation, nutrient utilization, and
growth promotion (123,125-127). When grown to-
gether in continuous culture, P.g. and T.d. bind to
each other and develop a stable cell ratio of 6:1, re-
spectively, as determined by real-time PCR (19). This
indicates that they do not directly compete under
specific growth conditions. It has been shown that
T.d. and Pg synergistically hydrolyze fibrinogen,
thereby promoting vascular disruption, bleeding,
and inflammation and retarding tissue repair (128).

P. gingivalis can bind specifically to S. Gordonii.
This interaction is mediated by the minor fimbriae
which bind with discrete domains on the streptococ-
cal surface proteins (12-131). The P. gingivalis-S.gor-
donii communities exhibit mutualistic growth (132).
In mice co-aggregates of Pg and S.g induce great-
er alveolar bone loss compared with either species
alone, while interference with P. gingivalis-S. gordo-
nii binding abrogates bone loss (133). This underlines
the importance of coadhesion and subsequent signal-
ing in the development of a pathogenic community.

It has been demonstrated that co-culture of A.a.
with S. gordonii enhances the pathogenicity of A.a. in
a mouse abscess model (134).

Although traditionally seen as commensals,
some studies have shown a higher proportion of S.
gordonii in the subgingival biofilm of periodontitis
subjects compared with healthy individuals (135).
Organisms such as the mitis group streptococci,
whose pathogenic potential only becomes evident in
the context of a heterotypic microbial community,
are considered accessory pathogens (136).

A number of studies have illustrated that both
eukaryotic and prokaryotic viruses within subgin-
gival plaque and periodontal tissues affect the puta-
tive periodontopathogens and the host immune re-
sponse (137-146), and suggest implication on peri-
odontitis onset. In addition, the microbial ecology
of the oral cavity is shaped by the omnipresence of
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bacteriophages (147). Understanding the variety of
mechanisms that bacteriophages have evolved to in-
fect their bacterial hosts suggests that bacteriophag-
es potentially play a role in the microbial dysbiosis
and immune dysregulation that occurs in periodon-
titis (147).

CONCLUSION

Periodontitis is a complex disease resulting
from the interplay of microbial and host-related fac-
tors. The primary etiological agents of periodon-
tal disease are pathogenic microorganisms in den-
tal plaque. Plaque biofilms consist of a diverse micro-
bial community, with certain bacteria playing pivot-
al roles in disease progression. Additionally, factors
that change the oral ecosystem or modify the host
immune response can trigger disease onset or aggra-
vate present disease. A comprehensive understand-
ing of periodontal disease etiology and pathogenetic
mechanisms is essential for developing targeted pre-
vention and treatment strategies.

Future research should focus on elucidating the
precise mechanisms, through which all contributing
factors interact, and identifying potential therapeutic
targets to mitigate disease progression.
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