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Abstract:

Periodontitis patients are known to have increased circulating lipopolysaccharide activity and metabolic
disturbances, which may be either the cause or effect of endotoxemia.

This review approaches endotoxemia as a possible molecular mediator between periodontitis and increased risk of
cardiometabolic disorders. Observations that bacteria disseminate into circulation after toothbrushing and
periodontal procedures and assumptions that endotoxin may disseminate through inflamed periodontium and
bleeding gums support the idea of endotoxemia in periodontitis. However, the evidence that periodontitis-
associated dyshiosis contributes to endotoxemia is not as strong as in the case of gut microbiome dysbiosis.

We describe the structure-function relationship of lipopolysaccharide, the local and systemic inflammatory and
immunological responses caused by lipopolysaccharide, current knowledge

on endotoxemia in periodontitis, factors affecting the levels of endotoxemia, and its relation to cardiometabolic
disorders. They are physically, microbiologically, and biochemically connected to each other, and only crumbs of
information are known about this connection. Although the causality is insufficiently demonstrated thus far, many
studies have associated changes of the gut microbiome composition, function, and specific bacterial metabolites
with cardiometabolic diseases, whereas research on the oral microbiome has severely fallen behind.
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Introduction Several virulence factors or characteristics
Periodontitis patients are known to have contribute to the ability of a microbe to
increased circulating lipopolysaccharide cause disease.[3] Other factors, such as
activity and metabolic disturbances, which toxins and  proteases, are more
may be either the cause or effect of immunoinhibitory or immunosuppressive
endotoxemia.[1] and contribute to tissue-destructive capacity
Lipopolysaccharide is an important and evasion of host responses.
virulence factor of gram-negative bacteria. Lipopolysaccharide is a potent activator of
It is often referred to as endotoxin, which is innate and adaptive immune responses, as
used synonymously with well as of tissue destruction cascades.[4]
lipopolysaccharide, although there are a few It plays a major role in the pathogenesis of
endotoxins that are not periodontitis, where an abundant number of
lipopolysaccharides.[2] ~ Virulence s gram-negative  species is a typical
determined as the strength of the pathogenic determinant of the periodontal
potential, referring to the relative capacity microbiota.[3]

of a microbe to cause damage in the host Chronic endotoxemia is involved in the
and the ability to overcome host pathogenesis of many inflammation-driven

defenses.[3]
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cardiometabolic
atherosclerotic

conditions,
disorders,
cardiovascular

diseases, obesity, liver diseases, diabetes,
and metabolic syndrome, and thus it is
regarded as a risk factor.[4]

Periodontitis patients are known to have
increased circulating lipopolysaccharide
activity and metabolic disturbances, which
may be either the cause or effect of
endotoxemia.[4]

Observations that bacteria disseminate into
circulation  after  toothbrushing and
periodontal

Procedures [5,6] and assumptions that
endotoxin  may disseminate  through
inflamed periodontium and bleeding gums.
Bacteremia is not an absolute necessity for
the translocation of endotoxins, since
lipopolysaccharide may also be secreted as
part of the normal membrane vesicle
trafficking in bacterial outer membrane
vesicles, which contain virulence factors.[7]
This review approaches endotoxemia as a
possible molecular mediator between
periodontitis and increased risk of
cardiometabolic disorders. We describe the
structure-function relationship of
lipopolysaccharide, the local and systemic
inflammatory and immunological responses
caused by lipopolysaccharide, current
knowledge on endotoxemia in periodontitis,
factors affecting the levels of endotoxemia,
and its relation to cardiometabolic
disorders.[4]

especially
including

their
System

2  Lipopolysaccharide  and
Relationship  of  Immune
Responses and Inflammation
The bacterial cell envelope is essential for
the maintenance of cell shape and structural
integrity. The cellular wall represents the
first line of defense between a bacterium
and the host environment. Most gram-
positive bacteria are bounded by a single
cell membrane and a thick peptidoglycan
layer.

The most  fundamental role  of
lipopolysaccharide is to serve as a major
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structural component of the outer
membrane.[8] In contrast to many
biological membranes, the outer membrane
of gram-negative bacteria is not a
phospholipid bilayer.

In addition, lipopolysaccharide molecules
transform the outer membrane into an
effective permeability barrier against small,
hydrophobic molecules that can otherwise
cross phospholipid bilayers, making gram-
negative bacteria innately resistant to many
antimicrobial compounds.[9]

In some infections, characterized by the
presence of low lipopolysaccharide doses,
the

immune system responses are beneficial for
the host and lead to the rapid clearance of
the pathogens. A famous example of this is
Porphyromonas gingivalis, whose less
conical lipopolysaccharide may activate
different  toll-like receptor signaling
pathways.[10]

The remarkable heterogeneity of P.
gingivalis lipopolysaccharide may enable
multiple strategies that the bacterium has to
avoid the host defense and contribute to
tissue  destruction in  periodontal
pathogenesis.[11]

However, more research is necessary of the
role of lipopolysaccharide structure-
function relationship in the periodontal
biofilm.[12]

Lipid A lacking one or both phosphate
groups in Helicobacter pylori, Leptospira
interrogans, P. gingivalis, or Francisella
novicida is less inflammatory and has
reduced affinity for antimicrobial peptides
compared to with bisphosphorylated lipid A
precursors.[13]

Therefore, altering the bacterial surface
charge by adding positively charged
moieties to lipid A reduces the binding
affinity of cationic antimicrobial peptides to
the  bacterial outer membrane.[14]
Therefore, lipopolysaccharide is involved
both in microbial and nonmicrobial
patterns to trigger inflammation. For this
reason, the O-antigen is the basis for the
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serological classification of gram-negative
bacteria.[15]

3 Quantitation of Lipopolysaccharide
Lipopolysaccharide could be useful for
serological discrimination, as it is a
pathogen-specific

On the one hand, the Limulus amebocyte
lysate assay is highly sensitive, but on the
other hand, it is easily affected by
contaminations and inhibitors.

As described widely in the present review,
circulating lipopolysaccharide activity is
neutralized by several plasma proteins.
Other immunoassays used to quantitate
lipopolysaccharide are the enzyme-linked
immunosorbent assay, which can be used
either to detect lipopolysaccharide antigen
or anti—lipopolysaccharide antibodies.

The prerequisites for these methods are a
careful choice of antigen and production of
suitable antibodies, which both need to be
characterized.

They include measuring
lipopolysaccharide—transferring  proteins,
such as lipopolysaccharide-binding protein
and soluble cluster of differentiation [16] or
the capacity of plasma to neutralize the
activity of added
lipopolysaccharide.[17,18]

4 Human Microbiome, Bacteria, and
Lipopolysaccharide

The human microbiome/microbiota
consists of bacteria, archaea, eukaryotes,
and viruses. Commensal microorganisms
colonize all skin and mucosal surfaces.

The key role of the microbiota is to protect
and maintain the health of the host.
Diversity of the species in the microbial
community composition reduces the
possibilities of colonization for pathogens
and is important for the protective function
against the shift towards microbial
imbalance or dysbiosis.[6,9,11]
Commensal microbiota is site specific:
Distinct microbes reside in the oral cavity,
nasopharynx and respiratory tract, in the
gastrointestinal, genital and urinary tracts,
in the conjunctiva, and on skin surface.
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The majority of microbes are located in the
gastrointestinal tract. The commensal gut
flora benefit the host by protecting against
pathogens and epithelial cell
injury,regulating epithelial development
and host fat storage, stimulating intestinal
angiogenesis, and instructing innate
immunity.[19]

The specific commensal flora aims to keep
the balance, but changes in the microbiota
may lead to dysbiosis and microbiota-
associated diseases.

However, it remains to be studied further
whether dysbiosis can be effectively
treated, if the treatment decreases gut
permeability, and whether this lowers
endotoxemia and systemic nflammation.

In addition to the gut, the oral cavity
presents one of the most diverse microbial
communities among the human
sites.[20,21]

Indeed, up to 700 bacterial species
comprising typically 3000-7000 different
phylotypes (operational taxonomic units)
have been identified.

The oral microbiome and host factors
comprise a feed-forward loop with
appearance and persistence of dysbiosis.
Inflammation is crucial for the development
of dysbiosis: Subgingival plaque is the
niche in the oral cavity with the highest
richness and diversity of species.
Bacteroidetes, Fusobacteria,
Proteobacteria, TM7 (Saccharibacteria),
and Spirochaetes, and gram-positive
Firmicutes and Actinobacteria.[22]
Dysbiosis is characterized by a relative
increase of gram-negative species in the
subgingival plaque.

5 Inflammatory and immunologic al
responses to lipopolysaccharide

5.1 Signaling and inflammatory response
The chemotactic gradients created by the
bacteria and their virulence factors
(including lipopolysaccharide) in the
periodontal sulcus lead to inflammatory
responses.
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It has been shown that periodontitis-
associated bacteria (eg, Aggregatibacter
actinomycetemcomitans and P. gingivalis)
can invade the host epithelium and
underlying connective tissue; and within
epithelium, they are able to replicate and
spread to neighboring cells.[23]
Lipopolysaccharide represents a pathogen-
associated molecular pattern that typically
can readily stimulate the innate immune
system, which mediates the first-line local
inflammatory response.[24]

Patients with chronic periodontitis display
altered expression profiles of toll-like
receptors and cluster of differentiation
[16,25] which may indicate dysregulation
of host responses associated with
periodontitis.

Lipopolysaccharides from oral commensal
bacteria are considered mild toll-like
receptor 4 agonists, whereas subgingival
biofilm from diseased sites strongly
activates toll-like

receptor 4.[26]

P. Gingivalis synthesizes a heterogeneous
population of lipid A structures,

which may act in an agonistic, inert, or
antagonistic manner with toll-like receptor
4.[27]

In addition, P. gingivalis
lipopolysaccharide may also activate toll-
like receptor 2, which typically recognizes
pathogen-associated molecular patterns,
such as lipoproteins, lipoteichoic

acid, yeast cell-wall polysaccharides, and
peptidoglycan.

In fact, this toll-like receptor 2 activation
attributed to lipopolysaccharide or lipid A
may be due to other cell-membrane
components copurifying with P. gingivalis
lipopolysaccharide preparations.[28,29]

A review by Kieser and Kagan introduced a
more  complex ipopolysaccharide
recognition pattern by innate immunity
independently of toll-like Receptor 4.[30]
These further trigger a cascade enabling
nuclear factor-xB (NF-xB) and interferon
regulatory factor 3 (IRF3) to diffuse into the
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nucleus and to activate the transcription of
cytokines,
especially tumor necrosis factor alpha,

interleukin-1beta, interleukin-6,  and
interleukin-8,

and interferons, aiming at eliminating
pathogens. In the circulation,

lipopolysaccharide is transported by
lipopolysaccharide binding protein (LBP),
phospholipid transfer protein (PLTP), and
by lipoproteins.

5.2 | Immunological responses
Lipopolysaccharide acts as an activator and
modulator of inflammation, which is
haracterized by neutrophil infiltration.[31]
Lipopolysaccharide triggers the
redistribution of major histocompatibility
complex class | and Il molecules to the
surface of antigen-presenting dendritic
cells.[32] At the site of infection, the
adaptive immune response is controlled by
T cells, which regulate B cell differentiation
into antibody-producing plasma cells.
Antibodies complement the immune
defense against endotoxin. Secretory IgA
antibodies reduce the adherence of bacteria
to the oral surfaces, including mucosa and
teeth-shielding mucosal surfaces, from
invasion of pathogens. Secretory IgA is
composed of two IgA molecules, a joining
protein and a secretory component, whereas
plasma IgA is a monomer.

Multiple types of cellular IgA receptors
have been characterized, and the binding of
IgA or IgA immune complexes to their
receptors may either dampen excessive
immune responses or initiate
proinflammatory cellular processes.[33]
Thus, lipopolysaccharide may escape the
host's immune  response or result in
immunological mimicry promoting harmful
auto-antigenicity. [34]

As the lipid domain of lipopolysaccharide is
hydrophobic, the molecule cannot float
freely in the circulation.

The lipoprotein unbound portion of
lipopolysaccharide  activity in  the
circulation may be recovered in vesicles,
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especially outer ~membrane vesicles
produced by gram-negative bacteria. In
addition to lipopolysaccharide, outer
membrane vesicles consist of outer
membrane phospholipids and proteins, such
as P. gingivalis gingipains,11 and they are
potent immunogens. They do not just bud
out from the outer membrane, but their
biogenesis is a regulated process.[35]
Therefore, outer membrane vesicles have
been proposed to act as diffusible vehicles
that can distribute multiple molecular
effectors, including those involved in host
immune modulation and dysregulation,
host-cell  interaction, and  biofilm
formation.[36]

For example, P. gingivalis outer membrane
vesicles can disturb the host immune
responses through the outer membrane
vesicle-associated  gingipains,  which
effectively degrade 1gG, immunoglobulin
M, and complement factor C3,79 [37] and
cluster of differentiation .[16,38]

5.3 | Tissue destruction
Lipopolysaccharide contributes to the
destruction of periodontal tissues by
increasing the expression and release of
proteolytic enzymes, such as matrix
metalloproteinases, by various cell types,
and by stimulating the migration,
differentiation, and activation of osteoclasts
via toll-like receptor signaling. [39,40]

In addition, the cytokines, chemokines, and
prostaglandins induced by
lipopolysaccharide stimulate the
degranulation of neutrophils, which release,
for example, matrix metalloproteinase-8
and myeloperoxidase to the extracellular
space. P. gingivalis lipopolysaccharide
enhances osteoclastogenesis and bone
resorption by stimulating receptor activator
of nuclear factor-«B ligand (RANKL) in
osteoblasts via toll-like receptor 2.[31]

In addition, the upregulation of CXC motif
chemokine receptor 4 promotes RANKL-
induced

osteoclast  differentiation.[40] Thus,
interleukin-17 also mediates the destruction
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of both soft and hard tissues in periodontitis.
Therefore, T helper 17 cell inhibition has
been proposed as a promising therapeutic
approach in periodontitis.[41]

5.4 | Endotoxin tolerance

The subgingival microbiota and their
virulence factors, both in health and disease,
represent a constant challenge to the host
immune system, and the maintenance of
periodontal health depends on the efficacy
of fine-tuning mechanisms responsible for
control of inflammation. The long-standing
belief that immunological memory is the
exclusive characteristic of the adaptive
immune system has recently been
challenged by emerging indications that
innate immunity can also maintain memory
of past events.[42]

In contrast, induction of immune tolerance
leads to attenuated immune responses to
repeated stimuli.[43]

Given the constant challenge of the local
innate immune system by subgingival
microbial communities, impaired induction
of immune tolerance or pronounced trained
immunity could lead to uncontrolled
inflammatory responses in periodontal
tissues.

Lipopolysaccharide preconditioning
attenuates the host inflammatory response
in mice but improves bacterial clearance
and survival in a polymicrobial model of
murine sepsis, possibly by increasing
phagocytic activity of macrophages.[44]
Interindividual variations of endotoxin
tolerance  induction could lead to
differential susceptibility to
lipopolysaccharide-triggered inflammatory
conditions.

Interestingly, human periodontal ligament
cells and gingival fibroblasts are unable to
develop the state of endotoxin tolerance and
might play an important role in sustaining
the inflammatory response in periodontal
disease.[45]

From a clinical point of view, a tailored use
of therapeutic interventions that modulate
the host inflammatory response and
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enhance bacterial clearance has obvious
potential.

6. Endotoxemia in periodontitis

Owing to the presence of a large number of
gram-negative  bacterial ~ species in
subgingival microbiota, patients with
periodontitis suffer from endotoxemia and
have antibodies against lipopolysaccharide
deriving from periodontal
pathogens.[46,47-49]

In accordance with the hypothesis, only the
quantity of gram-negative oral species,
especially the classical periodontal
pathogens, contributed to salivary
lipopolysaccharide activity. [50]

Saliva lipopolysaccharide activity had a
weak but significant correlation with serum
lipopolysaccharide in the whole study

population, and this correlation
strengthened when periodontally healthy
patients were removed from the

analysis.[50]

Therefore, saliva lipopolysaccharide can be
considered as a merged biomarker of gram-
negative subgingival species.

Similarly, saliva lipopolysaccharide is
associated with a high cumulative risk score
of periodontitis, number of teeth, and
alveolar bone loss,[50-52] whereas the
association between the cumulative risk
score and serum lipopolysaccharide is
weaker.[52]

The cumulative risk score is a salivary
biomarker for the risk of periodontitis
composed

of three measurements connected to the
periodontal inflammatory process: bacteria,
inflammation, and tissue destruction. [53]
Several lipopolysaccharide-transferring
proteins have been detected in periodontitis.
Periodontitis is associated with soluble
cluster of differentiation 14 levels, which
also decreased due to periodontal treatment
and predicted the severity of periodontal
destruction.[54,55]

Endotoxin levels were higher in patients
with localized aggressive periodontitis than
in healthy subjects, and the levels correlated
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with gingival crevicular fluid inflammatory
markers

and clinical signs of periodontitis.[56]
Serum phospholipid transfer protein
activity  decreases  after  periodontal
treatment,166 whereas its salivary activity
does not correlate with any periodontal
parameters even though phospholipid
transfer protein can be detected in saliva.
[57]

Serum lipopolysaccharide-binding protein
concentrations were higher in patients with
aggressive periodontitis than in healthy
controls.[58]

Lipopolysaccharide-binding protein
concentrations decreased after periodontal
treatment in liver cirrhosis patients along
with decreasing lipopolysaccharide levels,
whereas these levels

increased during the 30-day follow-up in
cirrhosis patients not receiving periodontal
therapy.[59]

Importantly, these alterations  were
accompanied with improved dysbiosis in
stool and saliva, underlining the role of
local inflammation in the oral-gut-hepatic
axis. [59]

Very low-density lipoprotein (and low-
density lipoprotein) preparations isolated

from  periodontitis  patients  induce
macrophages to produce cytokines and to
convert into foam cells, connecting
periodontitis with atherogenic
processes.[60]

Endotoxemia may  persist  despite

successful periodontal treatment, and only
small alterations

can be seen in the lipopolysaccharide
distribution among the lipoprotein
classes.[61]

Dental extraction causes bacteremia, which
is rapidly cleared, and endotoxemia, which
is quickly detoxified.[62,63]

However, if the exposure is repeated or
continuous, then low-grade inflammation is
sustained, forming a threat to overall health.
The number of missing teeth correlates
strongly with both lipopolysaccharide
activity and C-reactive protein.
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Interestingly, the edentulous subjects have
both high lipopolysaccharide activity and
high C-reactive protein, clearly showing
that there are also other sources of
lipopolysaccharide than the oral cavity.

At the same time, edentulous subjects have
low antibody levels against periodontal
bacteria that derive from dysbiotic oral
microbiota. [64]

Regardless of the source of systemic
lipopolysaccharide,  lipopolysaccharide-
associated  systemic  inflammationmay
additionally cause long-term metabolic and
epigenetic rewiring in hematopoietic stem
cells, leading to sustained enhancement of
inflammatory  myelopoiesis that may
aggravate both cardiometabolic disorders
and periodontitis.[65]

Although  metabolic endotoxemia is
regarded to result from translocation of
lipopolysaccharide from the gut, the gut and
the mouth are not separated.

They are physically, microbiologically, and
biochemically connected to each other,

and only crumbs of information are known
about this connection.

For example, increases of triglyceride-rich
lipoproteins during inflammation provide
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