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Abstract: It is widely recognized that periodontal disease is an inflammatory entity of infectious
origin, in which the immune activation of the host leads to the destruction of the supporting tissues
of the tooth. Periodontal pathogenic bacteria like Porphyromonas gingivalis, that belongs to the
complex net of oral microflora, exhibits a toxicogenic potential by releasing endotoxins, which are
the lipopolysaccharide component (LPS) available in the outer cell wall of Gram-negative bacteria.
Endotoxins are released into the tissues causing damage after the cell is lysed. There are three
well-defined regions in the LPS: one of them, the lipid A, has a lipidic nature, and the other two,
the Core and the O-antigen, have a glycosidic nature, all of them with independent and synergistic
functions. Lipid A is the “bioactive center” of LPS, responsible for its toxicity, and shows great
variability along bacteria. In general, endotoxins have specific receptors at the cells, causing a
wide immunoinflammatory response by inducing the release of pro-inflammatory cytokines and the
production of matrix metalloproteinases. This response is not coordinated, favoring the dissemination
of LPS through blood vessels, as well as binding mainly to Toll-like receptor 4 (TLR4) expressed in
the host cells, leading to the destruction of the tissues and the detrimental effect in some systemic
pathologies. Lipid A can also act as a TLRs antagonist eliciting immune deregulation. Although
bacterial endotoxins have been extensively studied clinically and in a laboratory, their effects on
the oral cavity and particularly on periodontium deserve special attention since they affect the
connective tissue that supports the tooth, and can be linked to advanced medical conditions. This
review addresses the distribution of endotoxins associated with periodontal pathogenic bacteria and
its relationship with systemic diseases, as well as the effect of some therapeutic alternatives.

Keywords: endotoxins; LPS; lipopolysaccharide; Porphyromonas gingivalis; periodontal disease;
fluoride; therapeutic approach

Key Contribution: Endotoxins secreted in oral cavity by Gram-negative bacterial species can cause
not only oral pathological changes but also endotoxemia. The proposal is to modulate LPS in oral
infections with a regular professional plaque removal, fluoride treatment along with home-care
reinforcement and the use of a wide spectrum antibiotic treatment. Neutralization of LPS with
lipoprotein can also be considered as a potential therapeutic approach.

1. Introduction

The oral cavity is one of the areas of living organisms where the highest rates of
microorganisms are located. Among them, bacteria are the most common [1], and Gram-
negative bacteria play a key role in oral infections. The virulence factors used by some of
the bacteria involved in the evolution of oral infections include the release of lipopolysac-
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charide, a structural component of the bacterial cell wall that interacts with cells of host oral
cavity connective tissue, modulating its immune response and able to cause diseases [2].

One of the oral infections that arouses greater interest due to its epidemiology is peri-
odontal disease and its forms, periodontitis and gingivitis. Periodontitis is characterized
by inflammation and destruction of connective and periradicular tissues, resulting from
the interaction between microbial factors and the host immune response, which can lead to
tooth loss [3]. Literature supports the link between periodontitis and systemic diseases [4],
due to a continuous inflammation, bacterial circulation and bacterial products [5].

Among the periodontal pathogens, P. gingivalis is one of the most studied, capable of
releasing large amounts of external vesicles containing endotoxins [6]. It is a Gram-negative
bacterium, present in patients with periodontal disease (PD) that belongs to the group of
black-pigmented Bacteroides and is often presented in the form of a coccobacterium. It can
produce collagenase, proteases, hemolysins, endotoxins, fatty acids, ammonia, hydrogen
sulfide and indole, among other products [5].

P. gingivalis is a late colonizer of the biofilm that forms after tooth brushing and the
development of the glycoprotein of dental enamel [5]. It can penetrate the periodontal
tissue and thus participate in the host destructive innate response associated with the
disease [7]. The essential nutrients for the growth of P. gingivalis include hemin and
phosphate. Given the impossibility of bacteria to retain iron [8], it makes them dependent
on the heme group of erythrocytes, resulting in a decrease of oxygen in the periodontal
tissue that favors the appearance of ischemia [9].

The pathogenic potential of P. gingivalis is not limited to the oral cavity; it can cause en-
dotoxemia. For instance, P. gingivalis has been shown to influence glucose/lipid metabolism,
hepatic steatosis, and the intestinal microbiota in mice [10]. Likewise, it alters cardiac func-
tion in mice by activating myocardial fibroblast cells [11]. Furthermore, in animal model
studies it has been observed a close relation to rheumatoid arthritis [12,13]. An increasing
number of studies supports the presence of P. gingivalis-LPS in brain tissue of individuals
with Alzheimer’s disease 12-h postmortem [14]. These LPS also seem to promote atheroge-
nesis and a serum lipid distribution eventually leading to vascular inflammation and lipid
accumulation in macrophages [15].

Previous articles have checked the description of LPS biosynthesis [2,16-18] or the
biological response of the endotoxin lipid A in the host cells [19]. Our review focuses on
the periodontal disease and endotoxin-secreting bacteria involved in periodontitis, the
endotoxin effect in oral tissues, their relationship with systemic diseases and the advances
in therapeutic alternatives with emphasis in LPS control. Special attention is taken from a
microscopic point of view to the possible biological markers, in order to avoid the potential
damage to periodontal connective tissue supporting the teeth and the severe consequences
in patients due to the distribution of endotoxins throughout the circulation.

2. Endotoxin as a Component of Gram-Negative Bacteria

An endotoxin is a LPS released by most Gram-negative bacteria and is located in the
outer membrane of their cell wall [17,20-23]. The outer layer of the cell wall is composed
of an asymmetric phospholipid bilayer that contains the LPS, and the inner layer of the
membrane includes glycerophospholipids. LPS presence increases bacteria resistance to
antimicrobial components and environmental stress [24,25].

The structure and composition of LPS, an amphipathic molecule, allows to establish
ionic interactions with the components of the outer cell membrane, favoring the packing
of LPS and altering the fluidity of the membrane. It is well known that endotoxins have
three structural domains: lipid A, with a hydrophobic character, the core oligosaccharide
and a polysaccharide portion known as O-antigen [2,24] (Figure 1). Its biological activity
depends on the lipid A, a well-preserved part of the LPS, essential for its attachment to the
bacterial outer membrane.
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Figure 1. Endotoxin of Gram-negative bacteria.

Lipid A is a phosphorylated glucosamine disaccharide acylated with hydroxyl sat-
urated fatty acids [24,26], responsible for the toxic effects of Gram-negative bacterial
infections. Saturated fatty acids further 3-O-acylate the 3-hydroxyl groups of the fatty
acids of lipid A [19,27]. The core oligosaccharide bonds directly to lipid A and contributes
to the bacterial viability and stability of the outer membrane. This phosphorylated het-
erooligosaccharide is also well-preserved in the proximal area to the lipid A.

Even though the biosynthetic pathway and LPS export mechanisms are common to
most Gram-negative bacteria, the detailed structure of LPS varies from one bacterium to
another and this could affect the virulence. Moreover, some pathogens can modify the
basic structure of their LPS during the infection [17,19]. The difference between the LPS of
several Gram-negative bacteria is in the length of the fatty acid chains and these seem to be
related to the pathogenicity of the bacteria [28,29]. These variations are the basis of altered
host immune response [16].

The O-antigen is a polysaccharide portion with a hydrophilic character and a major
component with high variability on the surface of the LPS. Beside acting as a defense
barrier in the bacterial cell, it facilitates its adhesion to host cells mediated by adhesins
through the route of vesicular uptake [30]. The O-polysaccharide is formed of several units
of oligosaccharide, and it can be homopolymeric or heteropolymeric. The LPS O-antigen
confers antigenicity to the bacterial cell and thanks to the variability in its length, may
avoid the control of the host immune system and escape from death [25,31-33]. The size
and composition of the O-antigen is related to the virulence potential of the bacterial strain;
hence, they play a fundamental role in the infection process, being a key factor for the
interaction and colonization of the host cells as well as for the ability to bypass the defense
mechanisms of the host [24].

In general, endotoxins are released by secretion, in vesicles formed on the bacterial
outer membrane during the bacterium growth phase or are released during cell death,
damaging periodontal tissues and triggering inflammation [34]. The vesicles can deliver
virulence factors and modulate the host immune system during bacterial pathogenesis.
LPS also are released when the cell is chemically treated to remove this glycolipid.

The LPS of P. gingivalis provides integrity to the bacterium and offers a mechanism
for its interaction with other surfaces, allowing for the formation of biofilms [35]. During
its growing phase, pathogenicity factors are released from the outer membrane vesicles
(spherical microstructural bodies) [36,37], which are powerful stimulators of the innate
immune signal transduction pathways in a tissue/ cell-specific manner [38]. The P. gingivalis-
LPS basic chemical composition is typical of a bacterial endotoxin with a main difference:
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the Lipid A structure can undergo isomeric acylation in two ways, tetraacylation and
pentaacylation, depending on environmental factors such as hemin levels, phosphate
availability and incubation temperatures; thus, eliciting differential immunoinflammatory
responses [39].

There are two isolated forms of LPS from P. gingivalis: O-LPS and A-LPS. The main
constitutive variation is the nature of their polysaccharide. O-LPS is a polysaccharide of
the O-antigen tetrasaccharide repeating units, found in most Gram-negative bacteria, while
A-LPS is an anionic polysaccharide repeating unit. Both, O- and A-LPS, are bound to Lipid
A [9,39,40]. Furthermore, within the A-LPS, the nonphosphorylated penta-acylated and
the nonphosphorylated tetra-acylated forms have been isolated. These lipopolysaccharides
differ in size and are recognized by their molecular weight: LPS 1435/1449 for the tetra-
acylated form and LPS 1690 for the penta-acylated form [41]. These regions follow different
signaling pathways in the effector cells present in different organs and therefore, seems to
be involved in different systemic diseases [9].

O-LPS and A-LPS play a key role in the pathogenic activity of P. gingivalis. Studies
have shown the capacity of the nonpigmented mutant of P. gingivalis (mutant gtfB) with
defects in the polysaccharide portions of O-LPS and A-LPS and its relation to a complete
loss of gingipain-adhesion complexes, favoring auto-aggregation and an increased biofilm
formation [42].

Some studies based on specific strains also observed a third form, the K-LPS, which
contributes to the pathogenic effect of P. gingivalis by helping to maintain the structural
integrity of the bacteria in hostile environments. Relative contributions of these LPS to the
inflammatory potential of P. gingivalis and the possible variations in their proportions may
influence the pathogenic phenotype [43].

Of the three components of LPS, the glycan part is responsible for the immunogenicity
and can be used to detect the presence of an infection as it induces an innate immune
response through Toll-like receptors (TLR). LPS constitutes the main antigenic surface of P.
gingivalis and exhibits great activity in the human receptors TLR4 / MD2 / CD14 regarding
to what is observed in the mouse [44]. The LPS is recognized by the complex TLR4/MD2,
mediated by CD14 and accessory protein LBP, which induces the activation of several
transcriptional regulators like factor nuclear kB (NF-kB), activator protein 1 (AP-1) and
interferon (IFN) regulatory factors, leading to the expression of genes involved in the host
immune response [45,46].

3. Porphyromonas gingivalis and Dental Biofilm

Dental biofilm is a complex system of multiple bacterial strains that cooperate and
at the same time compete to colonize dental and periodontal tissues. Early interactions
occur between oral surfaces and bacterial cells, enabling the conditions to a coaggrega-
tion process [47]. There are more than 700 bacterial species that can colonize the oral
cavity, and a few have been identified as the main responsible for the expression of dental
and periodontal disease [48-50]. The couple Streptococcus oralis and Streptococcus mitis
on one hand; Streptococcus gordonii and Streptococcus oralis on the other hand; and finally,
Streptococcus sanguis are identified as primary colonizers. Subsequently, a complex pro-
cess of bacterial aggregation occurs with the incorporation of Fusobacterium nucleatum
which guarantees, directly or through Treponema denticola, the adhesion of P. gingivalis. P.
gingivalis is a late colonizer, like Actinomyces actinomycetemcomitans or the intermediate
Prevotella [5,51]. Remarkably, most of the periodontopathogens are Gram-negative strictly
anaerobic species [47] that require hemin and vitamin K to growth [52].

P. gingivalis can locally invade the periodontal tissue initiating immune and inflamma-
tory responses [53,54]. It colonizes plaque biofilms at and below the gingival margin as
well as other locations like the deep crypts of the tongue. The bacterial load is controlled
by the host immune response, keeping the numbers low at the sulcus. However, changes
in oral hygiene habits or in host responses can lead to an insufficient management and
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development of gingival inflammation, epithelial and connective tissue migration and
compromised attachment between tooth and alveolar bone [55].

Bostanci et al. (2012) [49] describe P. gingivalis as a black-pigmented, assaccharolytic,
non-motile Gram-negative microorganism that synthetizes amino acids to gain energy and
needs anaerobic conditions to live. It penetrates gingival epithelial cells and pass through
the epithelial barrier into deeper tissues. From the intracellular position, it uses the cellular
recycling pathways to exit invaded cells and interfere with clot formation by digesting the
fibrinogen, essential for wound healing, resulting in a persistent infection of periodontal
tissues [56,57]. The microorganism adheres to the host cell surface in a process that follows
the incorporation via lipid rafts, and the integration of the bacteria into early phagosomes,
activating cellular autophagy and suppressing the apoptosis providing a replicative niche.
The replicating vacuole contains host proteins delivered by autophagy that are used by
P. gingivalis to survive and replicate within the host cell [58].

P. gingivalis can produce several virulence factors, which allow to evade host defense
system and eventually cause damage and progression of periodontal disease, such as
gingipains, collagenase, lectins, protease, superoxide dismutase (SOD) and LPS [7,38]. Fur-
thermore, these products may enter the bloodstream through inflamed periodontal tissue
and lymph vessels or via saliva to the gastrointestinal tract, from occasional procedures
like dental practice or from daily routines like tooth brushing, leading to bacteremia or
endotoxemia [59].

4. Immunoinflammatory Response in Oral Tissues Due to the Presence of Endotoxins
Released by P. gingivalis. General Effects

Inflammation is an immune response to an infectious agent and /or molecular hazard
signal. Many innate immunity receptors participate in the inflammatory response and
induce transcriptional activation to produce numerous cytokines, chemokines and other
inflammatory mediators that can lead to osteoclastogenesis via osteoblast-related activi-
ties [60] (Figure 2). Cytokines of the IL-1 family, in addition to transcriptional activation,
require proteolytic processing to generate cytokines with biological activity. This process
is mediated by caspase-1, which in turn is controlled by several cytosolic multimolecular
complexes, among them, the NLRP3 [49,61]. Chen et al. (2017) [62] observed by immuno-
histochemical studies in animal models that P. gingivalis-LPS is negatively regulated by
NLRP3, precursor of IL-15 (pro-IL-13), and that IL-1g matures under normoxia. Instead,
under moderate hypoxia conditions (2% Oy), P. gingivalis-LPS increased the expression of
NLRP3 boosting the transcriptional activity of NF-kB.

In Gram-negative bacteria, lipid A activates responses by binding to TLR4 of the
host innate immune system, which triggers the production of pro-inflammatory cytokines
and promotes the elimination of bacteria (Figure 3). In the case of P. gingivalis, the lipid
A is a TLR2 activator, and regarding TLR4, it has been observed that the penta-acylated
form activates it, while the tetra-acylated form induces a weak antagonist activity on
TLR4 and does not elicit a significant immuno-inflammatory effect [41]. Lipid A acylation
depends on microenvironment conditions and P. gingivalis is able to modulate its binding
to TLR receptors. Likewise, the A-LPS needed for cell integrity and serum resistance, is
a weaker inducer of human monocyte cytokine responses, as compared to conventional
LPS. The heterogenicity of P. gingivalis-LPS through its opposite actions favor immune
deregulation. Strategically, this is in line with the manipulation of the host’s innate immune
system. [49,63]. Moreover, we should highlight the phenomenon known as “tolerance
to endotoxins”, consisting in a continuous exposure to LPS that produces a decrease in
cytokine levels in response [64].

Bone resorption effect mediated by TLR2 has been observed in vitro in animal mod-
els [9]. Several authors referred to a decrease of oxygen and signs of ischemia apparently
associated to the lysis of erythrocytes, allowing P. gingivalis to obtain heme to be fed and to
grow persistently in favorable conditions [9,65-67].
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Figure 2. LPS adhesion to a gingival epithelial cell inducing the secretion of cytokines.

The heterogenous forms of lipid A from LPS of P. gingivalis might be a key factor to
understand how the host defense signaling mechanisms are altered and therefore deregu-
lated [68,69]. Herath et al. (2013) [41] mentioned that the NF-kB signaling pathway was
activated in human gingival fibroblasts (HGFs) by at least one form of LPS. The authors also
refer to human fibroblasts and the secretion of a different profile of the pro-inflammatory
cytokine expression like IL-6 and IL-8 and how a particular form of P. gingivalis LPS signifi-
cantly regulated the expression of IL-6 and IL-8 mRNA at the gene level in HGFs [9,41].
Bozkurt et al. (2021) [60] studied the impact of P. gingivalis LPS in HGFs, observing a sup-
pression of cell proliferation and an increase of pro-inflammatory changes in HGFs. Their
findings suggest that P. gingivalis LPS-induced changes of the phenotypic and inflammatory
characteristics in HGF, could potentially be a fundamental pathogenic mechanism for tissue
destruction, resulting in extracellular matrix destruction by the increase of collagenolytic
enzymes such as MMPs. In a subsequent study, the authors treated animal cementoblast
cells (OCCM-30) with P. gingivalis-LPS, observing a significant induction of MMP-1 and
MMP-2 plus the MMP-3 expression, indicating an excessive breakdown of the periodontal

connective tissue.

According to Rangarajan et al. (2008) [70], the A-LPS induces production of IL-1,
IL-15, IL-6 and IL-8. Pro-inflammatory genes were significantly upregulated by some
isoforms of LPS. HGFs matrix metalloproteinase MMP-3 and its protein were upregulated
by a penta-acylated P. gingivalis-LPS [41]. Lu et al. (2009) [71] refers to the upregulation
of human beta-defensins, hBD-1, hBD-2, and hBD-3 mRNAs in human epithelia by an
isoform of P. gingivalis. Furthermore, according to Ding et al. (2017) [72], the different
isoforms of LPS also can affect periodontal pathogenesis by disrupting pattern recognition
receptors (PRRs) like LPS-binding protein (LBP), helping a pathogen such as P. gingivalis to

escape from host defenses, leading to persistent signs of periodontal disease.
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When considering the mechanisms of bacteria to induce the release of pro-inflammatory
substances we must keep in mind that the interaction between bacteria and host cells results
in the release of one or more cytokines, their production depending mainly on the nature
of the bacteria and the host cells involved. LPS modulates cell behavior due to induction of
cytokine synthesis. Hence, the LPS of P. gingivalis can activate the host inflammatory and
defense responses [73]. LPS is received primarily by TLR4, which is expressed by immune
cells and other cell types. Induced by LPS, TLR4 activates the pro-inflammatory transcrip-
tion factor NF-kB that enters the nucleus and initiates pro-inflammatory gene transcription
that encode the pro-inflammatory cytokines, IL-1g, IL-6 and IL-8, leading to periodontal
tissue destruction [54]. It increases the expression of Ephrin type-B receptor 4 (EphB4) and
inhibits the expression of the protein EphrinB2 [74]. It also inhibits alkaline phosphatase
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activity, collagen type 1 Alpha 1, and the osteocalcin production and mineralization in the
periodontal ligament stem cells proliferation. It also produces IL-1g, IL-6 and IL-8 [7,75].

Several clinical studies have shown an increase in levels of cytokine IL-17 in the serum
of patients with aggressive periodontitis and elevated levels of IL-17 related cytokines in
tissues with periodontal disease [76-78]. By means of immunopathological trials, it has been
observed a significant correlation between IL-17 expression and bone loss in periodontitis,
mediated by the generation of pathogenic Th17 (Effector T-Cell differentiated) cells. A
constant presence of Th17 has been shown to support chronicity of inflammation and
mediate tissue destruction due to the activation of resident matrix cells such as fibroblasts
and osteoclasts [79-81].

5. Systemic Effects Related to Endotoxins Secreted by Microorganisms Involved
in Periodontitis

The colonization of endodontic or periodontal tissues by microorganisms in carious,
periodontal, and traumatic lesions leads to persistent infections such as dental pulpitis,
dental necrosis, periodontitis and endo-perio lesions, among others [82]. Local infections
of the oral cavity have been related to systemic conditions. The microbiota favors the
exposure to the lipopolysaccharides resulting in a condition of metabolic endotoxemia
with signs of low-grade inflammation, insulin resistance and increased cardiovascular
risk [59,83]. The toxicity driven by the bacteria products can cause cell and tissue damage
by the stimulation and release of chemical mediators [84] that appear to be closely related to
the virulence and progress of oral pathologies [85]. Moreover, it has been reported that they
target the macrophages, fibroblasts and neutrophiles [84,86], activate tumor necrosis factor
(TNF) [84,87], interleukins (IL-1, IL-5, IL-6, IL-8) [84,85,88] prostaglandins, alpha-interferon,
factor XII of coagulation and the complement system. This results in an increase of vascular
permeability, neutrophile and vascular chemotaxis and lysozyme and lymphokine release,
eventually causing local inflammatory reaction and alveolar bone resorption [84].

Besides local effects, a relation between oral diseases and systemic conditions such
as atherosclerosis, diabetes, preterm birth, rheumatoid arthritis, pancreatic cancer and
Alzheimer’s disease (AD) has been observed. LPSs can induce the release of prostaglandins
and cytokines with a potential systemic effect such as inflammatory responses, cardiovas-
cular, respiratory, cognitive and other dysfunctions [12,54,89-91].

5.1. Hepatology

Fujita et al. (2018) [90] established the relationship between non-alcoholic fatty liver
disease and P. gingivalis-LPS. This microorganism was cultivated in order to extract LPS,
and once obtained and purified, was daily injected in the right palatine gingiva of rats,
resulting in mild fatty liver. This relationship was also detected due to the presence of lipid
deposition and focal necrosis with inflammatory cells [90,92,93]. These observations are
consistent with those reported by Isogai et al. (1988) [94], in which 10 ug of P. gingivalis-LPS
injected into the maxillary oral vestibular mucosa of rats induced inflammation and edema
whereas the intravenous injection of 100 pug resulted in necrotic lesions with many thrombi
in the liver.

5.2. Diabetology

Chronic exposure of the host to LPS has been associated with insulin resistance, weight
gain, and low-grade inflammation in animal models studies. High-fat diets facilitates the
absorption of LPS across the intestinal barrier, resulting in inflammation [59,95]. Manco
et al. (2009) [96] suggested that LPS is a factor that can trigger obesity and type-2 diabetes
(T2D) associated with high-fat diets. Epidemiological studies in humans supports the
association between periodontitis and elevated body weight [59,97-100]. Authors have
observed a correlation between the levels of, for example, TNF-o in gingival crevicular
fluid and plasma with the body mass index [101,102], and the expression of hyperlipidemia
when higher values of periodontal disease parameters are observed [59,103].
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Mesia et al. (2016) [104] studied the inflammatory responses in patients with T2D
using blood samples stimulated with ultrapure P. gingivalis-LPS and proceeded with the
quantification of cytokines/chemokines in culture supernatants. Their results demon-
strated higher unstimulated levels of interleukin 6 (IL-6), IL-15, tumor necrosis factor «,
interferon vy, IL-10, IL-8, macrophage inflammatory protein 1o (MIP14) and 1g (MIP1g)
and higher stimulated levels of IL-6, IL-8, IL-10, MIP1, and MIP1g in T2D. Moreover,
the LPS-induced levels of IL-6, IL-8, IL-10 and MIP1,, were strongly associated with the
severity of disease.

5.3. Neurology

Concerning the relation between P. gingivalis-LPS and cognitive mechanism, Zhang
etal. (2018) [91] focused on the behavior and emotional changes in animals, spatial learning
and memory, the activation of the microglia and astrocytes in cortex and hippocampus,
the expression of cytokines and the activation of the TRL4 signaling pathway. Their
results showed signs of memory loss. P. gingivalis-LPS plays an important role in the
neurodegeneration and inflammation observed in patients with AD through recognition
receptors (PRRs), such as TLRs, that stimulate CD14, TLR2 or TLR4 and send signals to
the nucleus by the MyD88 (the adaptor for inflammatory signaling) pathway, triggering a
cascade of events that result in an increased expression of proinflammatory cytokines.

Poole et al. (2013) [105] evaluated the presence of P. gingivalis and bacterial components
using immunolabeling and immunoblotting in brain tissue of individuals with and without
dementia. Their results showed the presence of P. gingivalis-LPS in AD cases, confirming
that LPS from periodontal bacteria can reach the brain during life and could potentially
contribute to the risk of progression of the disease.

Kamer et al. (2008) [106] suggested that periodontal disease can stimulate the produc-
tion of amyloid beta (Af3), the main component of the amyloid plaques found in the brains
of people with AD and tau protein in the brain, eventually leading to the neuropathology.
Wu et al. (2014) [14] observed that chronic systemic treatment with P. gingivalis-LPS in-
duced the intracellular accumulation in the hippocampal pyramidal neurons of Af1_4» and
chromo-granin A (CGA), a neurosecretory acidic glycoprotein present in senile plaques of
patients with AD. This resulted in memory deficits in middle-aged mice.

Recent studies conclude that P. gingivalis-LPS in microglial cells could activate
TLR2/TRL4-mediated NF-kB/STAT3 signaling pathways, leading to an immune-inflammatory
response in BV-2 microglia cell line [107]. The continuous brain exposure to P. gingivalis-LPS
initiated sarcopenia and cardiac injury without improving cognitive impairment [108,109].

5.4. Oncology

Regarding malignant pathologies, recent in vitro studies suggest a relation between P.
gingivalis-LPS stimulation and the exacerbated production of pro-inflammatory cytokines in
chronical affections like oral lichen planus (OLP), a precancerous condition that affects the
oral mucosal stratified squamous epithelium and the underlying lamina propria. According
to literature, the pathogenesis of OLP is associated with dysregulated T-cell responses to
exogenous triggers and an antigen-specific mechanism by keratinocytes and Langerhans
cells resulting in the activation of T-cells [110]. It has been observed that the normal
buccal fibroblasts secreted weaker cytokines than the OLP associated fibroblast under LPS
stimulation [110-112].

Both TLR2 and TLR4 are found frequently overexpressed in pancreatic ductal carci-
noma. These TLRs recognize P. gingivalis-LPS. Lanki et al. (2018) [113] explored the effect
of systemic administration of P. gingivalis-LPS in mouse pancreas. The LPS was prepared
in physiological saline and administered intraperitoneally in a concentration of 5 mg/kg
every 3 days for 1 month. DNA microarray analysis of gene expression, staining with
hematoxylin—eosin and immunohistochemistry with anti-regenerating islet-derived 3A
and G (Reg3A/G) antibody was performed. Data allowed to observe that Reg3G, a gene
related to pancreatic cancer, was one of the 10 genes with the highest levels of expression
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in the pancreas stimulated with P. gingivalis-LPS suggesting the notion that periodontal
disease may be a risk factor for pancreatic cancer.

There is experimental evidence both in vitro and in vivo supporting that infection by
P. gingivalis promotes distant metastases of oral cancer, as well as its resistance to anticancer
agents. Woo et al. (2017) [114] have suggested that inflammatory signals are one of the most
important factors to modulate chemoresistance and establish metastatic lesions, as was
proved in tumor xenografts containing oral squamous cell carcinoma (OSCC) cells infected
with P. gingivalis which showed greater resistance to paclitaxel (Taxol®) by activation of
the Notchl gene, as compared with tumor elicited with uninfected cells. The presence of a
greater number of metastatic foci in the lung is even observed. These results led Woo et al.
(2017) [114] to suggest that eradication of chronic periodontitis might serve as a therapeutic
target for chemoresistant oral cancers, metastatic to the lung.

5.5. Rheumatology

Rheumatoid arthritis (RA) appears quite solidly related with periodontal disease. This
chronic, inflammatory synovitis based on systemic immune disease, is mainly manifested
as peripheral polyarthritis. It can cause the destruction of articular cartilage and joint
capsule and provoke joint deformities [115-117]. P. gingivalis-LPS, along with fimbriae
and gingipains, ensure the activation of TLR2, TLR4, nucleotide-binding oligomerization
domain-containing protein 2 (NOD2) and proteinase-activated receptor 2 (PAR2), leading
to inflammation. TLRs have been implicated in triggering and perpetuation of synovial
events with the expression of TLRS 2, 3, 4, 6, 7 and 9 demonstrated in the rheumatoid
joint. Bacterial endotoxins bound to TLR- receptors of the host oral cells, contributes to
pathogenicity and triggers periodontal disease [118]. Plaque accumulation and maturation
over time plus the lack of hygiene countermeasures, as well as susceptibility of the host will
lead to composition changes in the biofilms, allowing for the proliferation of Gram-negative
bacteria [119]. These pathogens exhibit metabolic features determinant for their virulence
such as the production of proteases, hydrogen sulfides, fatty acids and the molecular
properties of the LPS component of their wall [120-123]. Furthermore, dysregulation of the
cytokine network and aberrant activation of leukocytes participating in the innate immune
response against periodontal pathogens, activate the complement system, the receptor
activator for NF-«B ligand and the signaling pathways, as well as the differentiation of
T-helper cells, which contribute to the activation of the osteoclasts in affected joints [12].

6. Polymicrobial Oral Synergy and Endotoxins

The presence of periodontal pathogens and their metabolic subproducts in the mouth
modulate the immune response beyond the oral cavity, thus promoting the development
of systemic pathologies. The most frequent microorganisms in periodontal diseases are
Treponema, Bacteroides, Porphyromonas, Prevotella, Capnocytophaga, Peptostreptococcus, Fusobac-
terium, Actinobacillus and Eikenella [124].

Bacteria from the Actinomyces genus are common for the oral microorganism flora.
These microorganisms have an important role in the biofilm formation and plaque accu-
mulation in both supra and subgingival locations [125]. These optional anaerobic Gram-
positive bacteria are very often associated with caries, primary and secondary endodontic
infection, as well as with a progression of tooth decay [126]. Evidence places these microor-
ganisms among the main responsible of persistent extraradicular infections, complicated
endodontic treatments and periapical lesions in the presence or not of root canal restora-
tions, as was concluded by Dioguardi et al. (2020) [82], in a systematic review that provided
data on the prevalence of the Actinomyces in persistent root lesions. It is also mentioned
that infection can occur via mucosal lesions, endodontic pathways and periodontal disease.

Kononen et al. (2015) [127] refers to the clinical expression of human actinomycosis as
an indolent, slowly progressing granulomatous disease, which can be categorized according
to the body site, as orocervicofacial, thoracic and abdominopelvic forms. Other forms
include cutaneous actinomycosis, pericarditis, infection of the nervous central system,
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macroglossia and osteonecrosis of the jaw associated with bisphosphonate treatment,
as well as disseminated disease. Signs and symptoms include a persistent mass lesion
accompanied with abscess formation, fibrosis, and sulfur granules, swelling, cough, low-
grade fever and weight loss.

Fusobacterium nucleatum, an anaerobic Gram-negative bacterium, located in the inter-
mediate layers of mature subgingival biofilms [128], is associated with periodontitis and
colorectal cancer [129,130]. Histological studies have revealed that macrophages induced
by F. nucleatum aggravate the progression of colitis [131] and are also related with compli-
cations of pregnancy [132], the synthesis of LPS being important to be considered among
its pathogenicity factors [133]. Furthermore, it has been observed that F. nucleatum shows a
synergy with the presence of P. gingivalis favoring the loss of alveolar bone [134]. Both mi-
croorganisms increased the gene expression of TLR2 and TLR4 [135,136]. However, when
analyzing the relationship between periodontitis and arthritis in mice, in which a mixture
of P. gingivalis, F. nucleatum and Actinobacillus actinomycetemcomintans was inoculated, less
loss of alveolar bone was observed than when mice were inoculated with P. gingivalis alone,
and oral inoculation with F. nucleatum or A. actinomycetemcomintans alone accelerated the
subsequent onset and progression of arthritis [137].

A. actinomycetemcomitans, a periodontal bacterium [138], contains multiple virulence
factors, including lipopolysaccharides, that can activate host inflammatory responses to
initiate alveolar bone resorption [139,140]. Like P. gingivalis, it produces cytokines in
reaction to the inflammatory response. A. actinomycetemcomitans and P. gingivalis have been
associated with coronary heart disease and by means of immunofluorescent microscopy
tests, it has been proved that they also were able to invade cells of the atherosclerotic
plaque [141].

The latest review by Aquino-Martinez (2021) [142] highlights how the dissemination
of periodontal bacteria into lung tissues may cause lipopolysaccharide-induced senescence,
which facilitates SARS-CoV-2 cell attachment, entry and replication. The authors explain
that LPS interacts with the SARS-CoV-2 spike protein, which potentiates the NF-kB ac-
tivation, and referred to recent publications where a connection between periodontitis
and COVID-19 is suggested by a common proinflammatory cytokine expression profile.
Patients with severe symptoms of COVID-19 have increased IL-1, IL-7, IL-10, IL-17, IL-§,
TNF and MCP-1 serum levels when also afflicted with periodontal disease. Some of these
cytokines appear to have an important role in exacerbating lung condition and even can
serve as a biomarker of COVID-19.

Patients with SARS-CoV-2 might present progressive respiratory failure, the most
common cause to require intensive care assistance. The intubation and invasive ventilation
necessary in some of the cases is a high-risk procedure with potential complications as the
ventilator-associated pneumonia (VAP) described by Aquino-Martinez et al. (2021) [142].
The disease is a polymicrobial infection, but the major group of pathogens isolated from
samples of patients with VAP is Gram-negative bacteria like periodontal pathogens and
bacteria from the dorsal surface of the tongue or those contaminated present in upper
air-way secretions. This can be directly implicated in the pathogenesis of VAP and can
possibly lead to an increased secretion of cytokines.

7. Therapeutic Approaches of Oral Diseases and Their Effect on LPS
7.1. Fluoride as Bacterial LPS Inactivator

In general, preventive and therapeutic approach of periodontal and other oral diseases,
includes plaque control to reduce microorganism aggregation. This is achieved by sustained
and frequent oral hygiene employing mechanical and chemical tools to lower the viral
burden. Fluoride has been widely used in dentistry due to its anticaries effect, antimicrobial
properties, and desensitizing potential [143-149].

Madléna et al. (2012) [150] observed a decrease in plaque index, gingival index and
bleeding when testing in orthodontic patients using amine fluoride and stannous fluoride
(Am/SnF;) toothpaste in combination or not with a mouth rinse with Am/SnF,. Under
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these conditions, the dental plaque shifts towards less acidogenic, thus supporting an
antibacterial property of fluoride agents [150,151].

Haught et al. (2016) [152] applied antimicrobial solutions, containing stannous fluoride
(SnFy), to LPS from E. coli and P. gingivalis to determine, by fluorescence assays and mass
spectroscopy, the binding ability of SnF,. Stannous fluoride interfered with LPS and
inhibited the binding to TLR4 in both dying and cellular assays, hence, potentially reducing
their effect in the host cells. In another study, stannous fluoride inhibited gene expression
response of TLR4 and TLR2 in HEK293 cells, producing a complete inhibition at micromolar
concentrations. Moreover, the addition of stannous fluoride suppressed production of
TNF, IFN-g, IL-12p70, IL10, IL-1b, IL-2 and IL-6, and increased secretion of IL-8. Thus,
stannous fluoride had the potential to provide benefits in the early signs of periodontal
disease, directly decreasing the pathogenicity of plaque biofilms by blocking reactivity of
LPS with tissue receptors associated with inflammation [153].

Clinical improvements in gingivitis also have been reported after applying stannous
fluoride dentifrice [118]. These authors found significant changes in the number of cul-
tivable Gram-negative organisms in sampled supragingival and subgingival plaque and
a considerable reduction in promotion of TLR activation for subgingival plaque samples.
Furthermore, Xie et al. (2018) [154], in an expanded analysis of previous studies, observed
the hygienic treatment effects of stabilized stannous fluoride tooth paste on chemically
measured endotoxins and the activation of TLR based gene expression in TLR2 specific cell
line and a THP-1 (multi TLR reporter) cell line. These authors found that SnF, dentifrice
treatment potentially reduced the endotoxin content and virulence potentiation properties
of subgingival dental plaque, therefore concluding that SnF, might be beneficial to reduce
the pathogenicity of subgingival dental plaque.

7.2. Surgical and Non-Surgical Periodontal Treatment as a LPS Modulator

Authors agree that periodontal treatment can reduce the bacterial burden and there-
fore the level of LPS, attenuating their potential inflammatory effect in short term. The
therapeutic approach, consisting in professional plaque removal together with home-care
reinforcement, combined with an antibiotic treatment based in 500 mg amoxicillin and
250 mg metronidazole, three times a day for seven days, was effective in partially modulat-
ing LPS responsiveness [155].

Following the periodontal treatment protocol for patients with localized aggressive
periodontitis (LAP) described by Shaddox et al. (2013) [155], in which an ultrasonic full-
mouth debridement, site-specific scaling and root planning was performed together with
the prescription of wide spectrum antibiotics, combined with home-care instructions, a
decrease in clinical parameters of the disease was observed probably due to a reduction
in the cytokine/chemokine LPS response after treatment [156]. These studies refer to a
rebound effect in LPS inflammatory response after six to twelve months, that apparently
do not influence the ability of high responsive patients to show reductions in their clinical
parameters of disease, likely due to LPS tolerance in these subjects [155-157].

7.3. LPS Neutralization by High Density Lipoproteins

Most of lipoproteins have been reported to bind LPS. The high-density lipoproteins
(HDLs) seem to be the more efficient for binding and inactivating different types of LPS.
According to Meilhac (2012) [158], the plasma phospholipid-transfer protein (PLTP) was
then reported to transfer LPS to HDL in conjunction with the LPS-binding protein (LBP)
leading to LPS neutralization. LBP and PLTP can remove LPS from bacterial membranes
and transfer it to HDLs [158,159]. Lipid A diglucosamine-phosphate region seems to be
responsible for the association of LPS with HDLs and its neutralization relies on LBP, which
may form a complex between CD14 and LPS, favoring its binding to HDL particles and
subsequent neutralization, revealing a protective and possible contributory potential in
periodontal disease treatment [158,160].
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8. Concluding Remarks

From an epidemiologic point of view, periodontal disease is one of the most wor-
rying of oral diseases. Through an immunologic activation directed by endotoxins of
Gram-negative bacteria present in the dental biofilms, it can lead to the destruction of the
supporting tissues of the teeth. In addition, numerous experimental studies offer suffi-
cient evidence that periodontitis adversely impacts systemic health through biologically
plausible mechanisms.

More than 700 bacterial species colonize the oral cavity, Gram-negative strictly anaer-
obes, such as P. gingivalis, being identified as main periodontopathogens. The release
of LPS present in the outer cell wall of these bacteria either in vesicles or after bacterial
lysis, causes tissue damage and modulation of the immune response in the host. Among
components of LPS, lipid A is responsible for the toxic effects, while O-antigen is a key
factor for the interaction and colonization of host cell.

Changes in oral hygiene habits and/or in host responses, together with bacterial
virulence factors like gingipains, collagenase, lectins, proteases, SOD and LPS, lead to
occurrence of pathologies. In this regard, endotoxins secreted in oral cavity infections
cause not only oral pathological changes, such as gingival inflammation, epithelial and
connective tissue migration or compromised attachment between tooth and alveolar bone,
but also endotoxemia leading to systemic deleterious repercussions on the outcome of
clinical entities such as atherosclerosis, diabetes, preterm birth, non-alcoholic fatty liver,
arthritis, colorectal cancer, oral cancer metastases, coronary heart disease, Alzheimer’s
disease and COVID-19.

Further consideration to highlight is that endotoxins, by binding to Toll-like receptors
4 (TLR4) in the innate immune system of the host, activates nuclear factor kB (NFkB)
triggering the production of pro-inflammatory cytokines to promote bacteria destruction.
At the same time, bacteria defense themselves by means of LPS lipid A which may act as a
TLR4 antagonist leading to immune deregulation and disrupting the pattern recognition
receptors in host cells to help the pathogen escape from death. The composition of the
microbiota present in the oral cavity also must be taken into account since synergistic
actions among different bacteria have been described, such as the association between
Fusobacterium nucleatum and P.gingivalis favoring loss of alveolar bone.

Given the importance of these infections and their release of endotoxins leading to the
mentioned systemic repercussions, they deserve much greater attention. Therefore, more
research is needed to find out the mechanisms whereby LPS provokes deregulation of the
innate immune system and why particular systemic pathologies are influenced, in order to
apply preventive actions, early detection and curative treatment. Currently, periodontitis,
gingivitis and other oral infections have been proved to respond favorably to stannous
fluoride or to a mixture of it with amine fluoride, albeit this response varies across the
different bacterial species. Evidence supports that through a clinical periodontal treatment
the serum level of inflammatory factors is decreased while metabolic control and other
markers of systemic diseases are improved. Maintenance is also necessary, and therefore,
the use of other therapeutic techniques and supportive measures like fluoride exposure are
needed. Fluoride seems to decrease the number of microorganisms and blocks the binding
of endotoxins to TLR, making it suitable as a component to be employed together with
mechanical tools in a sustained and frequent oral hygiene for plaque control. The recom-
mendation to modulate LPS in oral infections is a professional plaque removal along with
home-care reinforcement combined with wide spectrum antibiotic treatment. In addition,
neutralization of LPS with lipoprotein also appears as a potential therapeutic approach.
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