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Periodontitis is a chronic infectious inflammatory disease primarily caused by
periodontal pathogenic bacteria, which poses a significant threat to human health.
The pathogenic mechanisms associated with Porphyromonas gingivalis (P. gingivalis),
a principal causative agent of periodontitis, are particularly complex and warrant
thorough investigation. The extensive array of virulence factors released by this
bacterium during its growth and pathogenesis not only inflicts localized damage
to periodontal tissues but is also intricately linked to the development of systemic
diseases through various mechanisms. The outer membrane vesicles (OMVs)
produced by P. gingivalis play a key role in this process. These OMVs serve as
important mediators of communication between bacteria and host cells and
other bacteria, carrying and delivering virulence factors to host cells and distant
tissues, thereby damaging host cells and exacerbating inflammatory responses.
The ability of these OMVs to disseminate and deliver bacterial virulence factors
allows P. gingivalis to play a pathogenic role far beyond the confines of the
periodontal tissue and has been closely associated with the development of a
variety of systemic diseases such as cardiovascular disease, Alzheimer's disease,
rheumatoid arthritis, diabetes mellitus, non-alcoholic hepatitis, and cancer. In
view of this, it is of great pathophysiological and clinical significance to deeply
investigate its pathogenic role and related mechanisms. This will not only help
to better understand the pathogenesis of periodontitis and its related systemic
diseases but also provide new ideas and more effective and precise strategies
for the early diagnosis, prevention, and treatment of these diseases. However,
the current research in this field is still insufficient and in-depth, and many key
issues and mechanisms need to be further elucidated. This article summarizes
the recent research progress on the role of P. gingivalis OMVs (P. g-OMVs) in
related diseases, with the aim of providing a theoretical basis and direction for
future research and revealing the pathogenic mechanism of P g-OMVs more
comprehensively.
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1 Introduction

Various cell types, such as immune cells, stem cells, endothelial cells (ECs), neuronal cells,
etc., as well as bacteria (including Gram-negative and Gram-positive bacteria) and fungi, have
the ability to release extracellular vesicles (EVs). Based on cellular origin, biological function,
size, biogenesis, and biochemical composition, EVs can be categorized into three main
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subclasses: extracellular vesicles, microvesicles, and apoptotic vesicles.
Among them, Gram-negative bacteria produce EVs, which are also
known as outer membrane vesicles (OMVs) (Beveridge, 1999;
Johnston et al., 2023). In the 1960s, S. N. Chatterjee and J. Das first
observed OMVss in the cell walls of Gram-negative bacteria by electron
microscopy (Chatterjee and Das, 1967). With the deepening
understanding of OMVs, it was found that OMVss have important
biological functions, such as delivering virulence factors to host cells,
inducing host immune responses, promoting bacterial biofilm
formation, maintaining biofilm homeostasis, and participating in the
bacterial stress response (Gui et al., 2016; Chatterjee and Das, 1967).
In addition, OMVs can utilize the advantages they possess to expand
the infection range of parental bacteria, enhance their pathogenicity,
and promote the immune inflammatory response of the host
organism. This suggests that OMVs may play an important role in
bacterial pathogenesis and in inducing the development of systemic
diseases (Santos et al., 2018; Olovo et al., 2024).

Porphyromonas gingivalis (P. gingivalis) is a Gram-negative,
specialized anaerobic bacterium that, as a key causative agent of
periodontitis, produces a large number of virulence factors that attack
host growth,
lipopolysaccharide (LPS), gingipains, and fimbriae, among others

cells during its including hemagglutinin,
(Williams and Holt, 1985). P. gingivalis and the virulence factors it
produces not only cause periodontal lesions leading to tooth loss but
also induce local production of pro-inflammatory cytokines,
prostaglandins, and matrix metalloproteinases (MMPs) throughout
the pathogenic process, which can diffuse into the systemic
circulation via the epithelium of the inner wall of ulcerated
periodontal pockets (Zheng et al., 2021). Thus, in addition to its
important pathogenic role in the periodontitis process, P. gingivalis is
also closely associated with the development of systemic diseases
(Zhou et al., 2021).

All P. gingivalis strains to date have been found to produce OMV's
and possess the main biological properties of the parental bacteria
(Zhang et al., 2021). P. ¢-OMVs concentrate and carry a large number
of virulence factors of the parental bacteria, including LPS, gingipains,
and peptidylarginine deiminase (PPAD), making them play important
pathogenic roles in the development of periodontitis and systemic
diseases (Grenier and Mayrand, 1987). Therefore, modulating or
inhibiting the formation of P g-OMV's may be one of the therapeutic
targets to reduce the virulence of P. gingivalis. More literature describes
the role of P. gingivalis in the development of related diseases and the
molecular mechanisms involved in the signaling of disease-related
cells, and so on (Xu et al., 2020). Therefore, this paper provides a more
comprehensive review on the occurrence and regulation of P. g-OMVs,
their components and pathogenic roles, as well as the roles of
P. ¢-OMVs in the association of periodontitis and systemic diseases
and related mechanisms, with the aim of providing new research ideas
and strategies for the prevention and treatment of periodontitis and
systemic diseases.

2 Biogenesis and regulation of
P. g-OMVs

The envelope of P, gingivalis is comprised of an inner membrane
formed by phospholipid bilayers, an outer membrane, and a
peptidoglycan layer situated between the two membranes. The
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interstitial space between the inner and outer membranes is referred
to as the periplasm, which contains proteins, peptidoglycans, and
various other components (Toyofuku et al., 2019). P. ¢-OMVs are
nanospherical structures generated by the budding of the outer
membranes, with diameters ranging from approximately 50 to 250
nanometers (Figures 1A-C). It has been documented that Gram-
negative bacteria can produce OMVs through multiple pathways, and
the mechanisms underlying OMVs formation can differ both among
distinct bacterial species and within the same species (Gui et al., 2016).

The biogenesis of P g-OMVs remains incompletely understood;
however, several models have been proposed to elucidate this process
(Figure 2). Initially, the Vac]J/Yrb genes are known to regulate lipid
homeostasis within the outer membrane (Toyofuku et al., 2019).
Collectively, the Vac] and Yrb genes form the Maintenance of Lipid
Asymmetry (Mla) system, which is crucial for preserving lipid
asymmetry in the outer membrane of P. gingivalis. Vac] encodes
transmembrane proteins that facilitate the transport of phospholipids
within the inner leaflet of the outer membrane, enabling the recycling
of excess phospholipids from the outer membrane back to the inner
membrane through reverse transport. The Yrb complex, located in
both the periplasm and the inner membrane, collaborates with Vac]
to function as a phospholipid “reverse transporter expression of either
the Vac] or Yrb genes is diminished or absent, the recycling of
phospholipids becomes inefficient, resulting in an abnormal
accumulation of phospholipids in the inner leaflet of the outer
membrane. This accumulation disrupts the natural lipid asymmetry
of the outer membrane, leading to localized asymmetric dilation and
the formation of outwardly expanding vesicular structures.
Additionally, membrane curvature facilitates the enrichment of
phospholipids and promotes vesicle outgrowth (Gui et al., 20165
Rocha et al,, 2021). The excessive accumulation of phospholipids in
the outer membrane alters the physical properties of the membrane
lipids. Regions exhibiting positive curvature (convexity) and negative
curvature (concavity) contribute to the further enrichment of
phospholipid molecules in areas of high tension, thereby creating
localized membrane curvature. This curvature effect directly supports
the outward budding of the outer membrane, ultimately resulting in
the release of OMVs. Moreover, periplasmic pressure and the
accumulation of molecules further promote the expansion of the outer
membrane (Juodeikis and Carding, 2022). The buildup of misfolded
proteins and molecules, such as LPS and peptidoglycan fragments,
within the periplasm exerts compressive forces that induce the
outward expansion of the outer membrane of P. gingivalis, thereby
facilitating the formation of OMVs. Additionally, the disruption of the
connection between the outer membrane and the peptidoglycan layer
is essential for OMV formation. The outer membrane is covalently
linked to the underlying peptidoglycan layer via lipoproteins, which
are critical for maintaining structural stability. The formation of
OMVs necessitates localized disruption of this connection. The
degradation of the peptidoglycan layer by glycosidases or peptidases,
along with the physical tension experienced during membrane
expansion, can compromise the outer membrane-peptidoglycan layer
connection, allowing the outer membrane to detach from the cell wall
and facilitate vesicle release (Juodeikis and Carding, 2022).

The biogenesis of P. ¢-OMV:s is influenced by a variety of factors.
Previous research has indicated that elements such as the production
levels of autolysin, the genotype of fimbriae protein A (FimA), and the
presence of gingipains (including arginine gingipains [Rgps] and
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FIGURE 1

Electron microscope image of Porphyromonas g-OMVs (unpublished results). (A) Scanning electron micrograph showing OMVs blebbing from the
surface of a P. gingivalis cell. (B) Scanning electron microscope showing a large number of OMVs scattered around P. gingivalis. (C) Transmission
electron microscopy showing a large number of similar spherical P. g-OMVs with diameters ranging from 20 to 250 nm. (D) Scanning electron
microscope showing a large number of OMVs on and around the surface of P. gingivalis under the effect of 2-fold MIC metronidazole concentration.
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lysine gingipains [Kgp]) significantly affect the biogenesis of
P. g¢-OMVs (Juodeikis and Carding, 2022; Mantri et al., 2015). Recent
studies have identified additional factors that impact the production
of P g-OMVs. Outer membrane protein A (OmpA) possesses a unique
structure and characteristics that enhance the support and stability of
the outer membrane by cross-linking with the peptidoglycan layer,
thereby maintaining the integrity and normal architecture of the outer
membrane (Iwami et al., 2007). The distribution and localization of
OmpA within the cell membrane may influence membrane bending
and deformation, which in turn promotes the bulging of localized
regions of the outer membrane and is implicated in the regulation of
OMYV formation. Iwami et al. (2007) observed that the surface of the
P, gingivalis OmpA mutant and its surrounding medium exhibited a
significantly higher quantity of OMVs compared to the control group.
LPS is composed of lipid A, a polysaccharide core, and a long chain of
polysaccharides known as the O-antigen. This structure is involved in
the selective sorting of outer membrane proteins (OMPs) into
P. g-OMVs, and its phosphorylation status may also influence the
stability of the outer membrane of P. gingivalis, potentially affecting
the formation process of P g¢-OMVss (Haurat et al., 2011). Lipid A is a
critical component of the bacterial outer membrane, and its structural
and modification status can impact the stability and curvature of the
outer membrane, which is essential for regulating OMV formation.
Alaei et al. (2024) demonstrated that lipid A C4’-phosphatase (IpxF)
deletion mutant strains of P. gingivalis, as well as strains with
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inactivating point mutations in the LpxF active site, exhibited
significantly reduced production of P. ¢-OMV's compared to wild-type
strains. This finding suggests that the removal of the C4’-phosphate
group from lipid A is necessary for the formation of P. g-OMVs. LpxF
is an enzyme that plays a vital role in the biosynthesis of bacterial lipid
A. The removal of the C4’-phosphate group by LpxF alters the charge
distribution, spatial structure, and phosphorylation state of lipid A,
leading to increased hydrophobicity and a relative decrease in
hydrophilicity, which subsequently affects the arrangement and
stability of lipid A in cell membranes. This alteration impacts the
flexibility and fluidity of the outer membrane, as well as increases its
curvature, thereby facilitating the formation of P g-OMVs. Similarly,
Rangarajan et al. (2017) provided further evidence that modifications
to the structure of lipid A may influence the stability of the outer
membrane of P gingivalis and thus regulate the formation of
P. g-OMVs. Lipopolysaccharide transport protein O (LptO) (PG0027)
is a key protein that regulates lipid A 1-phosphatase activity in
P, gingivalis strain W50. Through its 1-phosphatase activity, LptO can
remove the phosphoryl group at the 1-position of the lipid A molecule,
thereby altering its structure. This suggests that the modification of
lipid A by LptO may represent a potential mechanism for regulating
the formation of P. g-OMVs. In contrast, Alaei et al. (2024) found that
strains lacking lipid A C1-phosphatase (IpxE) or lipid A deacetylase
(PGN_1123; IpxZ) genes did not exhibit significant changes in the
number of P. ¢-OMVss compared to wild-type strains. This indicates
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The biogenesis process of P g-OMVs involves the accumulation of phospholipids in the outer membrane, which facilitates the outward expansion of
this membrane. The presence of both positive and negative curvature on the outer membrane encourages further enrichment of phospholipids and
supports the growth of the outer membrane. Additionally, the accumulation of misfolded proteins and molecules, including LPS and peptidoglycan
fragments within the periplasm, generates pressure on the outer membrane, leading to its outward expansion. This process also encapsulates a
significant number of virulence factors from the parental cells, such as LPS, gingipains, PPAD, and miRNA, among others. OMPs, outer membrane
proteins; CTD, C-terminal regulatory structural domain; DNA, deoxyribonucleic acid; RNA, ribonucleic acid; PPAD, peptidylarginine deiminase; LPS,

that C1-phosphate modification and deacylation of lipid A have a
lesser impact on the biogenesis of P g¢-OMVs. Furthermore, this study
revealed that the structure of lipid A influences the functionality of
P. g¢-OMVs; specifically, P g-OMVs produced by AlpxF and AlpxZ
strains, which possess a pentanoylated form of lipid A, were found to
strongly activate Toll-like receptor 4 (TLR4) in the host. Conversely,
P g-OMVs produced by wild-type and AlpxE strains, which
predominantly exhibit a tetraacylated form of lipid A, were unable to
activate TLR4. This suggests that the degree of acylation of lipid A is
a determining factor in the ability of P g¢-OMVs to interact with host
TLR4. The UDP-galactose-4-epimerase gene (GalE) is a widely
distributed gene in bacteria that is involved in galactose metabolism,
and the enzyme it encodes plays a crucial role in LPS synthesis.
Abnormal expression of the GalE gene may alter the structure and
quantity of synthesized LPS, thereby affecting the formation of OMVs.
Nakao et al. (2011) found that P. gingivalis GalE mutant strains
produced significantly fewer P g-OMVs than their wild-type
counterparts. A recent study by Rothenberger et al. (2024) identified
a P g-OMVs-targeted mycobacterial-like lipoprotein (PG1881), which
exhibits high structural similarity to FimA and Major Fimbrial Protein
1 (Mfal) produced by P. gingivalis. It was proposed that PG1881 may
play a role in the emergence and formation of P. g-OMV's from the cell
membrane of P. gingivalis. To effectively colonize the gingival sulcus
of teeth, P. gingivalis must adapt to environmental stresses, and the
expression of its environmental stress-responsive genes is regulated by
the extracellular function (ECF) o-factor (Fujise et al., 2017). Fujise
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et al. (2017) reported that P. gingivalis SigP mutant (one of the ECF
o-factor genes) produced a greater number of OMV's on its surface
compared to the wild-type strain PGN-0450 and the sigH mutant.
Additionally, this study found that SigP is also involved in the activity
of gingipains, self-aggregation, hemagglutination activity, and
susceptibility to antimicrobial agents in P. gingivalis (Fujise et al.,
2017). PPAD is an enzyme secreted by P. gingivalis that facilitates
bacterial surface translocation. Vermilyea et al. (2021) found that the
absence of PPAD resulted in a significant reduction in P g-OMV
production. Furthermore, the growth stage of the bacteria also
influences the production of P. g-OMV:s. The study conducted by Mao
et al. (2023) indicated that the quantity of P g-OMV's increases with
prolonged incubation time, with both the amount of P g-OMVs and
its protein concentration peaking during the stabilization growth
phase of the bacteria. Similarly, Zhang et al. (2022) reported that the
ratio of P g¢-OMVs to bacteria in cultures at the stabilization growth
stage was approximately 2000:1.

In recent years, research has indicated that various environmental
factors influencing bacterial growth may play a significant role in the
regulation of OMVs formation. These factors include antibiotics,
environmental pH levels, temperature, nutrient concentrations, and
oxidative stress. Numerous studies have demonstrated that various
antibiotics, administered at different concentrations, can enhance the
production of OMV:s in bacteria. For instance, Kadurugamuwa and
Beveridge (1995) reported that exposure to four times the minimum
inhibitory concentration (MIC) of gentamicin resulted in an
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approximate threefold increase in the release of OMVs from
Pseudomonas aeruginosa (P. aeruginosa). Additionally, sub-MIC levels
of ciprofloxacin significantly elevated the production of OMVs by
Escherichia coli (E. coli), with increases observed up to 250-fold
(Bauwens et al., 2017). The impact of bacterial OM Vs has important
implications. On the one hand, increased production of OMVs may
enhance the ability of bacteria to spread drug resistance, such as by
carrying more resistant genes for horizontal transfer and spreading
them within bacterial populations; on the other hand, changes in
OMVs may also affect their pathogenicity and ecological adaptability.
For example, Bauwens et al. (2017) found that ciprofloxacin not only
increased the production of OMVs, but also up-regulated Shiga toxin
2a associated with OMVs, which may exacerbate the clinical
consequences of infections caused by Shiga toxin-producing E. coli.
There are no definitive studies reporting that antibiotics affect the
production and pathogenicity of P g-OMVss (Figure 1D). However,
this is a very worthwhile direction for research. An in-depth
understanding of how antibiotics affect the production and
pathogenicity of P. g-OMVs and their mechanisms is important for
understanding the development of drug resistance in P. gingivalis, the
mechanisms of pathogenicity, and the development of new
antimicrobial strategies. Johnston et al. (2023) found that a decrease
in the pH in the surrounding environment led to an increase in the
production of Helicobacter pylori (H. pylori) OMVs. Different levels of
pH were also found to affect the composition and proteome of OMVs,
which in turn may affect their subsequent biological functions.
However, the effect of pH of the growth environment on the
production of P g-OMVs and their composition remains to
be further determined.

3 Pathogenic components of
P. g-OMVs and mechanisms

The pathogenic effects of P g¢-OMV’s are significantly influenced
by their protein and nucleic acid content (Veith et al., 2022). Veith
et al. (2014) characterized the protein composition of P g-OMVs
through mass spectrometry, identifying a total of 151 proteins, which
include 127 outer membrane proteins and 24 periplasmic proteins.
These proteins are essential for the formation, stability, and
functionality of P g-OMVs. The proteome of P g-OMVs is
predominantly composed of proteins associated with the type IX
secretion system (T9SS) (Veith et al., 2022). The T9SS facilitates the
loading of a high density of protein virulence factors onto the outer
membrane of P. gingivalis, including gingipains, adhesins, hemolysins,
iron uptake proteins, and endocannabinoids (Veith et al., 2014; Veith
et al,, 2022). These factors are differentially packaged in response to
environmental conditions and are released into P g¢-OMVs in a
structurally stable and active form (Veith et al., 2022; Veith et al,,
2018). This dynamic composition of virulence factors indicates that
P. g-OMVs can adapt to varying growth conditions. Furthermore, this
adaptability enables P. g-OMVs to play a significant role in host tissue
destruction, dysregulation of the immune response, internalization,
and the capture of (micro)nutrients. Further analysis revealed that
OmpA, gingipains (including Rgps and Kgp), and LPS were found to
be highly abundant in P. g-OMVs. Gingipains, a class of proteolytic
enzymes synthesized by P gingivalis, have been observed to
preferentially accumulate within vesicles. Notably, gingipains
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possessing a C-terminal regulatory domain (CTD) are found to be 3-5
times more abundant in P g-OMVs compared to their levels in the
bacterial cells themselves (Wielento et al., 2022). It was also noted that
the protein content of P g¢-OMVs varied among different strains. For
instance, FimA, C, D, E, and Mfal were detected in OMV's secreted
by P. gingivalis strain 33,277, which aligns with the expression of these
proteins in that strain (Mantri et al., 2015; Veith et al., 2022). In
contrast, these proteins were not detected in OMVs secreted by
P. gingivalis strains W50 and W83 (Mantri et al., 2015; Veith et al,,
2022). Through bioinformatics analysis, Veith et al. (2014) functionally
categorized the identified proteins, revealing that they are primarily
associated with the virulence, metabolism, and structural integrity of
P gingivalis. The substantial enrichment of virulence factors in
P. g¢-OMVs suggests that these vesicles play a critical role in mediating
adhesion, invasion, host cell damage, and the regulation of host
immune responses, thereby providing a significant molecular basis for
understanding the pathogenic mechanisms of P. gingivalis. The
subsequent sections will primarily describe the pathogenic
mechanisms of P g-OMVs and their associated virulence factors
(Figure 3).

3.1 Adhesive and invasive roles

The interaction between P. gingivalis and other bacteria is typically
established through specific recognition mechanisms involving
adhesins and receptors (Xie, 2015). Research has identified several
components within P. g-OMVs, including gingivalin, FimA, PPAD,
hemagglutinin A, and heat shock proteins, that contribute to the
formation of plaque biofilms (Zhang et al., 2021; Xie, 2015; Abe et al.,
2004). An earlier study conducted by Kamaguchi et al. (2003)
demonstrated that P. g-OMVs facilitate the coaggregation of a diverse
array of oral microorganisms, encompassing various species of
Streptococcus  spp., Fusobacterium nucleatum (E  nucleatum),
Actinomyces naeslundii  (A. naeslundii), Actinomyces viscosus
(A. viscosus), Spirochaetes, and Aggregatibacter actinomycetemcomitans
(A. actinomycetemcomitans). Furthermore, the presence of P. g-OMVs
was shown to induce coaggregation between Staphylococcus aureus
(S. aureus) and Streptococcus spp., as well as with the mycelial forms
of Candida albicans (C. albicans). Notably, both Methicillin-Resistant
S. aureus (MRSA) and Methicillin-Sensitive S. aureus (MSSA)
exhibited similar coaggregation capabilities with Streptococcus spp.,
A. naeslundii, and A. viscosus in the presence of P g-OMVs.
Additionally, Espina et al. (2022) reported that P g-OMVs could
induce coaggregation of S. aureus in a manner dependent on PPAD
and gingipains. The CTD family of proteins, primarily gingipains,
which are selectively enriched in P g-OMVs, also play a role in
bacterial coaggregation, promote biofilm formation, and serve as
intermediaries in the transport of non-ergotoxigenic bacteria by
ergotoxigenic bacteria (Veith et al., 2022). Consequently, P g-OMVss
can interact with other bacterial species, thereby participating in the
regulation of biofilm formation through the conveyance of their own
virulence factors with adhesive properties. This indicates that
P. g¢-OMVs may facilitate communication with other oral bacteria on
behalf of P, gingivalis. The invasive capacity of P. g-OMVs has been
well-documented, primarily attributed to their adhesion to host cells
(Tribble and Lamont, 2010). FimA is a well-characterized adhesin that
mediates the adhesion and invasion of P. gingivalis to host cells.
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FIGURE 3

Pathogenic mechanism of P. g-OMVs. (1) Playing an adhesive role: P. g-OMVs promote bacterial adhesion between non-coaggregating bacteria by
encapsulating adhesion molecules of parental bacteria, such as FimA, PPAD, haemagglutinin A, gingipains, and heat shock proteins. (2) Playing an
invasive role: P. g-OMVs can interact with surface receptors on host cells by encapsulating membrane proteins such as FimA, haemagglutinin A, and
heat shock proteins, virulence factors such as surface-enriched gingipains and adhesins, as well as fimbriae, which can contribute to the invasive effect
of P.g-OMVs, and also affect the ability of other bacteria to attach to and invade host cells. (3) Immunomodulatory effect: P. g-OMVs are highly
immunogenic and can interact with immune cells, thereby exerting immunomodulatory effects. In addition, P. g-OMVs can also exert their pathogenic
effects by supporting the evasion of host immune defense mechanisms. (4) Damage to the host cells: The invasion of P g-OMVs into host cells can
lead to host cell dysfunction by affecting cell proliferation and migration, causing cell death or other forms of cell death, and inducing a severe
inflammatory response in the cells, which in turn can play a role in damaging host cells. FimA, fimbriae protein A; PPAD, peptidylarginine deiminase;

However, it has been established that fimbriae are not essential for the
invasive capability of P g-OMV; rather, a significant quantity of long
fimbriae is necessary for effective invasive activity (Yilmaz et al., 2002).
Conversely, the FimA protein within P g-OMVs enhances the invasion
of P gingivalis into host tissues from periodontal ulcer sites by
interacting with cell surface receptors (Rothenberger et al., 2024;
Yilmaz et al., 2002). The accumulation of virulence factors on the
surface of P g-OMVs provides a strategic advantage by evading
degradation through protein hydrolysis, thereby facilitating more
efficient adhesion and invasion of host cells and enabling
dissemination through the bloodstream to distant organs (Okamura
etal, 2021). Evidence suggests that P g-OMVs can be internalized by
host cells via actin-mediated receptor pathways and gross peptide lipid
raft endocytosis (Furuta et al., 2009). Additionally, P g-OMVs can
induce cell membrane ruftling, allowing them to persist within the
lysosomes of host cells and effectively activate Toll-like receptor 2
(TLR2) (Furuta et al., 2009; Zou et al., 2024). Beyond their intrinsic
adhesive and invasive properties, P g-OMVs can also significantly
influence the adhesion and invasion capabilities of other bacteria
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toward host cells. For instance, Inagaki et al. (2006) demonstrated that
P. g-OMVs could modulate the adhesion and invasion of Tannerella
forsythia (T. forsythia) on gingival epithelial cells by promoting the
expression of the leucine-rich repeat sequence of the BspA protein in
T. forsythia. More recently, Zhang et al. (2022) found that gingipains
present in P g-OMV's could downregulate the expression of surface
adhesion-related proteins FadA and FomA in E nucleatum, thereby
inhibiting its invasion of gingival epithelial cells. Furthermore,
Rothenberger et al. (2024) identified the specific lipoprotein
PG1881 in P g-OMVs, which binds to multiple receptors on the host
cell surface, similar to fimbriae, thereby enhancing the adhesion of
P, gingivalis to erythrocytes. This interaction enables P. gingivalis to
firmly attach to erythrocyte surfaces and evade the host’s immune
clearance mechanisms, thereby creating favorable conditions for its
survival and proliferation within the host. Interestingly, P g-OMV's
also possess the ability to promote adhesion among host cells. Ho et al.
(2016) reported that P g-OMVs significantly enhanced the adhesion
of monocytes to the monolayer of human umbilical vein endothelial
cells (HUVECs). Additionally, the expression of C-X-C motif
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chemokine ligand 8 (CXCL8) and endothelial-leukocyte adhesion
molecule 1 (E-selectin) induced by P. gingivalis was found to
be elevated in HUVECs, correlating with the invasive capacity of
P. g-OMVs.

3.2 Immunomodulatory effects

One of the functional advantages of P g¢-OMVs is their high
immunogenicity. Nakao et al. (2014) demonstrated that sera from
patients with periodontitis exhibited significantly greater reactivity to
wild-type strains producing P. g-OMVs compared to strains deficient
in P g-OMVs, indicating that these vesicles serve as a crucial source
of antigens. Furthermore, P. g-OMV:s display antigen specificity, as the
gingipains contained within them can elicit an antibody-mediated
immune response against P. gingivalis infection. P g-OMVs also
possess notable functional advantages in modulating the activation
and response of immune cells. Previous research has shown that
P. g-OMVs induce the infiltration of neutrophils into connective tissue
and are involved in promoting the formation of foam cells by
macrophages (Yilmaz et al., 2006; Qi et al., 2003). Additionally, Nakao
et al. (2016) utilized a mouse model to demonstrate that intranasal
inoculation with P g-OMVs resulted in a dose-dependent increase in
serum immunoglobulin G (IgG), including IgG1 and IgG2a, as well
as salivary secretory IgA (S-IgA) expression, which was sustained for
at least 28 weeks and 18 weeks post-immunization, respectively. In
contrast, the effects of the parental bacterial strains were not
significant. A recent in vivo study by Nakao et al. (2023) revealed that
the combination of P. g-OMV's with A. actinomycetemcomitans OMV's
(A. a-OMVs) significantly enhanced the immune response specific to
P, gingivalis, resulting in elevated serum IgG and salivary IgA levels, as
well as promoting the coaggregation of P gingivalis and
A. actinomycetemcomitans. Further investigations indicated that oral
administration of both P. gingivalis and A. actinomycetemcomitans
following intranasal immunization with the combination of
P g¢-OMVs and A. a-OMVs led to a significant reduction in the
presence of both microorganisms in the oral cavity of mice. This
finding suggests that intranasal immunization with P g¢-OMVs may
be effective in preventing the colonization of periodontal pathogens
in the oral cavity and mitigating the development of systemic diseases
associated with periodontitis. Moreover, P. g-OMV's have been shown
to exert significant immunomodulatory effects on monocytes and
macrophages. Cecil et al. (2017) found that after phagocytosis by
monocytes and macrophages, P g-OMVs induced the secretion of
pro-inflammatory cytokines, including tumor necrosis factor-alpha
(TNF-a), interleukin (IL)-8, and IL-1f, through the activation of
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB). Additionally, P g-OMVs promote the formation of the
NLRP3 inflammasome complex in macrophages and stimulate the
secretion of pro-inflammatory cytokines both in vitro and in vivo via
the activation of the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome (Cecil et al., 2017). P. ¢-OMVs
function as a virulence factor secretion system that enhances
pathogenic effects, in part by facilitating the evasion of host immune
defense mechanisms (Duncan et al., 2004). Duncan et al. (2004)
provided evidence that the recombinant human CD14 receptor is
susceptible to hydrolytic degradation by proteins derived from
P. g¢-OMVs. This study indicates that P. g-OMVs lead to the loss of
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membrane-bound CD14 receptors and that gingipains degrade
receptors for LPS, resulting in a diminished macrophage response to
LPS stimulation. This may enhance the ability of P. gingivalis and other
periodontal pathogens to evade host immune responses. Furthermore,
gingipains present on P. g-OMVs degrade and inactivate various
immunoglobulins and cytokines, thereby protecting P. gingivalis from
phagocytosis and facilitating its entry into the bloodstream, which can
lead to bacteremia (Wielento et al., 2022; Bregaint et al., 2022).
Wielento et al. (2022) concluded that PPAD is an essential component
for P g¢-OMVs to activate TLR2 and subsequently induce
pro-inflammatory cytokine production by host cells. This is primarily
attributed to the ability of PPAD to enhance TLR2 activation by
fimbriae through citrullination modification. Thus, P. g-OMVs play
significant roles in inducing immune responses and regulating
immune cell functions, as well as evading immune defenses through
various mechanisms, thereby contributing to the complex dual role of
P ¢g-OMVs in the pathogenesis of periodontitis and related
systemic diseases.

3.3 Damage to host cells

Following the invasion of host cells, P g-OMV’s can inflict damage
through various mechanisms. LPS, a principal component of the
bacterial outer membrane, plays a significant role in stimulating the
innate immune response and is a critical virulence factor that triggers
cytokine production (Rothenberger et al., 2024; Koeppen et al., 2016).
Research has demonstrated that LPS derived from P. ¢-OMVs can
enhance the secretion of pro-inflammatory cytokines from gingival
epithelial cells by engaging the TLR/NF-kB signaling pathway (Kou
et al., 2008). Furthermore, P. g¢-OMVs disrupt the normal metabolic
and physiological functions of host cells by degrading biologically
active substances, thereby inhibiting cellular proliferation and
impairing the physiological functions of epithelial cells. For instance,
Furuta etal. (2009) reported that the gingipains present in P. g-OMV's
could deplete transferrin levels in host cells and inhibit cell migration
by degrading the transferrin receptor and proteins associated with
adhesion junction complexes. Recent studies have also indicated that
P. ¢-OMVs are implicated in the programmed death of host cells. Fan
etal. (2023) found that the uptake of P g-OMV's by human periodontal
ligament cells resulted in apoptosis, which subsequently promoted the
release of pro-inflammatory cytokines, including IL-6 and IL-8,
thereby inducing cellular dysfunction. Additionally, Fleetwood et al.
(2017) observed that P g-OMVs induced pyroptosis in macrophages.
Moreover, Huang et al. (2023) discovered that P g-OMVs accelerated
endothelial dysfunction by promoting mitochondria-associated cell
death in human retinal microvascular endothelial cells (HRMECs).

The pathogenic effects exerted by the virulence factors
encapsulated within P g-OMVs are intrinsically linked to their
distinctive protective structure. P g-OMVs are composed of bilayer
lipid membranes that are enriched with LPS and OMPs, such as
OmpA. This configuration forms a physical barrier that safeguards
the internal cargo from degradation by host proteases, antimicrobial
peptides, and oxidative stress, while preserving the functionality of
the virulence factors. In vivo experiments conducted by Seyama et al.
(2020) demonstrated that P g-OMVs, when injected via the tail vein,
are capable of reaching the liver through the circulatory system.
Upon arrival, gingipains are released, which ultimately disrupt the
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hosts insulin signaling pathway. This observation suggests that
P. g-OMV:s possess protective mechanisms that prevent degradation
by host proteases during transit, thereby ensuring the virulence
factor can exert its pathogenic effects. Furthermore, the genetic
material contained within P. g-OMVs exhibits a certain degree of
stability against host nucleic acid-degrading enzymes; however, the
specific mechanisms that confer this resistance require further
investigation. Martinez-Martinez et al. (2009) identified the presence
of P, gingivalis DNA in patients diagnosed with rheumatoid arthritis
(RA), although P. gingivalis itself was not detected in the joint fluid.
This observation suggests that P. g-OMV's may serve as significant
vectors for the transport of P. gingivalis DNA to distant organs,
circumventing the necessity for direct translocation of the bacterium.
The transfer of genetic material encapsulated within P. g-OMV’s to
host cells and remote target organs has the potential to elicit
pathogenic effects. Koeppen et al. (2016) found that mRNAs within
P. ¢-OMV:s can be transcribed and translated upon entering host
cells, while sRNAs, which contain various packages, have the
potential to influence host mRNA function and stability.
Additionally, sRNAs can mediate host immune responses by
regulating host gene expression (Diallo and Provost, 2020; Liu et al.,
2021). Moreover, P g-OMVs possess the capability to activate
multiple intracellular signaling pathways and serve as a
communication mechanism between bacteria or between bacteria
and host cells (Johnston et al., 2023; Zhang et al., 2021). These
findings indicate that the pathogenic role of P. g-OMVs is significant
not only in the progression of periodontitis but may also play a
critical role in the development of periodontitis-associated systemic
diseases. Consequently, P. g-OMV’s are essential for both oral and
systemic health.

4 Pathogenic role and mechanism of
P. g-OMVs in periodontitis

The growth process of P. gingivalis results in the production of
numerous virulence factors that elicit a host immune response. This
response can independently or synergistically mediate inflammation
and injury to periodontal tissues, ultimately leading to tooth loss
(Takeuchi et al.,, 2019; Amano et al., 2014). The interaction between
plaque microorganisms and the host’s immune-inflammatory
response is a critical determinant of the extent of periodontal tissue
destruction. Periodontitis, classified as a chronic infectious
inflammatory disease, is initiated by the presence of dental plaque
biofilm (Yoshimura et al., 2009; Ho et al., 2015). It has been previously
noted that the virulence factors of P. g-OMV’s, which possess adhesive
properties, are capable of inducing coaggregation among a diverse
array of oral microorganisms. This coaggregation contributes to the
formation of plaque biofilms. The oral microorganisms and their
metabolites that aggregate within the plaque stimulate the host to
mount an immune-inflammatory response, which subsequently leads
to the progressive destruction of periodontal tissues.

Previous research has demonstrated that P g-OMVs, similar to
P gingivalis, possess the ability to invade or stimulate host cells,
including gingival epithelial cells, gingival fibroblasts, and periodontal
membrane cells. This interaction subsequently elicits a range of
responses in host cells, such as inflammation, programmed cell death,
and immune responses (Furuta et al., 2009; Martinez-Martinez et al.,

Frontiers in Microbiology

10.3389/fmicb.2025.1555868

2009). Previous research has examined the invasion efficiency of
P. g¢-OMVs in comparison to that of P. gingivalis itself. The findings
indicated that 70-90% of primary human gingival epithelial cells and
gingival fibroblasts internalized P g-OMVs after 1 h of exposure,
whereas only 20-50% of the host cells internalized P. gingivalis. These
results suggest that P g-OMVs exhibit a significantly higher efficiency
of invasion and internalization compared to their parent bacterium,
P, gingivalis (Ho et al., 2015). Furthermore, Kou et al. (2008) observed
that immortalized human gingival epithelial cells co-cultured with
P. g-OMV’s exhibited elevated expression levels of inflammation-related
factors, including cyclooxygenase (COX)-2, IL-6, IL-8, MMP-1, and
MMP-3. IL-6 and IL-8 are critical pro-inflammatory cytokines
implicated in the pathogenesis of periodontitis. Several studies have
elucidated the potential mechanisms by which P g¢-OMV's enhance IL-8
and IL-6 expression in human gingival epithelial cells. Uemura et al.
(2022) reported that P g-OMVs induced an increase in IL-8 and IL-6
expression in human gingival epithelial cells through the activation of
extracellular signal-regulated kinase (Erk)1/2, c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase (MAPK), and NF-xB
following co-culture with P g-OMVs. Additionally, Uemura et al. (2022)
demonstrated that P g-OMV:s also stimulated increased expression of
IL-6 and IL-8 in human gingival epithelial cells via the activation of the
stimulator of interferon genes (STING), a pivotal innate immune
signaling molecule that recognizes cellular or microbial DNA in the
cytoplasm. This finding suggests that the DNA present in P g-OMV's
may play a role in promoting the onset and progression of periodontitis.
Chen et al. (2024) demonstrated that in vitro, P g¢-OMVs, upon
endocytosis by ECs, directly induced endothelial dysfunction. This
process activated the cGAS-STING-TBKI signaling pathway within
ECs, which subsequently inhibited the migration of MG63 cells (a
human osteosarcoma cell line), impeded their early osteogenic
differentiation, and disrupted the normal osteogenic process. In vivo,
P. g-OMVs were found to promote alveolar bone resorption, elevate
vascular STING levels, reduce the number of Runx2+ cells surrounding
the alveolar bone, and impair endothelial cell-mediated osteogenic
responses. The promotion of osteoclast differentiation, along with the
damage to periodontal cells, contributes significantly to the role of
P. g-OMVs in the pathogenic mechanisms underlying periodontitis.
Zou et al. (2024) reported that P g-OMVs could facilitate osteoclast
differentiation by delivering LPS to activate TLR2. Furthermore, Fan
et al. (2023) elucidated that P g-OMVs were implicated in the
pathogenesis of periodontitis both in vivo and in vitro. An in vitro
investigation revealed substantial alveolar bone resorption in rats
stimulated with P g¢-OMVs. Additionally, in vitro studies indicated that
following the uptake of P g-OMVs by human periodontal cells,
microRNA-sized small RNA (msRNA) sRNA45033 present in
P. ¢-OMV:s regulated the methylation and expression of p53 DNA by
targeting chromobox 5 (CBXS5), which ultimately resulted in apoptosis
and the release of pro-inflammatory cytokines.

Porphyromonas gingivalis OMVs exert pathogenic effects by
interacting with periodontal immune cells. For instance, Cecil et al.
(2016) demonstrated that P g-OMVs enhance the production of
TNE-a, IL-1p, and IL-6 through the activation of pattern recognition
receptors (PRRs) on macrophages and monocytes within periodontal
tissues. These pro-inflammatory cytokines contribute to the
destruction of connective tissue and the resorption of alveolar bone,
which are characteristic clinical features of periodontitis (Cecil et al.,
2017; Kwon et al., 2021). Furthermore, Fleetwood et al. (2017)
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stimulated gingival macrophages with P, gingivalis and P. g-OMVs,
respectively, and observed that macrophages in the P. gingivalis-
infected group did not exhibit significant activation of the NLRP3
inflammasome or characteristics of pyroptotic cell death. In contrast,
the NLRP3 inflammasome in the P. g-OMV's group was significantly
activated, leading to a marked upregulation of cysteine aspartate
protease-1 (caspase-1) and the substantial release of cellular contents
such as IL-1p, IL-18, and lactate dehydrogenase (LDH). The observed
cellular features included nuclear contraction, chromatin disruption,
and membrane swelling and rupture, indicating the occurrence of
pyroptosis. These findings suggest that P g-OMV's exert a more potent
pyrogenic effect on gingival macrophages compared to P. gingivalis.

In summary, P g-OMV’s play a significant role in the establishment
of an inflammatory microenvironment within periodontal tissues,
which can lead to subsequent alveolar bone destruction. This occurs
through the mediation of oral microbial coaggregation, invasion, and
the stimulation of host cells (Figure 4). This indicates that P g-OMV's
may play a crucial role as a pathogenic component of P. gingivalis in the
stimulation of host cells, the modulation of local immune and
inflammatory responses, and the induction of the onset and
progression of periodontitis.

5 Pathogenic role of P. g-OMVs in
systemic diseases and mechanisms

Compared to parental cells, P g-OMVs are distinguished by their
diminutive size and high abundance, as well as their well-developed

10.3389/fmicb.2025.1555868

membrane structure, stability, and resistance to proteases derived
from the host. These characteristics facilitate the effective invasion of
host tissues by P g-OMVs and enable their diffusion through the
bloodstream to distant organs and regions that are inaccessible to the
parental bacteria. As a result, the pathogenic effects of P. gingivalis are
amplified not only within the oral cavity but also in various other areas
of the body (Kadurugamuwa and Beveridge, 1995; Okamura et al.,
2021). Nonaka et al. (2024) demonstrated that P g-OMVs can
internalize P. gingivalis into human intestinal cells, subsequently
translocating into the cytoplasm, where they directly degrade occludin
on the cytoplasmic side. This degradation leads to increased
permeability, thereby inducing dysfunction of the intestinal barrier.
The intestinal barrier is a critical component of the immune system’s
defense, and its proper functioning is essential for maintaining
immune homeostasis. Disruption of the intestinal barrier can
precipitate immune abnormalities, which are closely linked to the
onset and progression of systemic diseases through various
mechanisms (Figure 5). These findings suggest that the pathogenic
effects of P g-OMVs may provide a fundamental basis and a key
mechanism by which P. gingivalis-induced periodontal infections
contribute to the occurrence and development of systemic diseases.

5.1 Cardiovascular diseases

Cardiovascular disease (CVD) is recognized as the leading cause of
mortality worldwide. A substantial body of evidence from
epidemiological, clinical, and experimental studies indicates a significant
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FIGURE 4

Pathogenic role of P. g-OMVs and associated mechanisms in periodontitis. P. g-OMVs facilitate the aggregation of various Streptococcus spp., F.
nucleatum, Spirochaetes, A. actinomycetemcomitans, and other bacteria within plaque biofilms, thereby mediating interactions with other oral
microorganisms on behalf of P. gingivalis. Furthermore, P. g-OMVs possess the capability to invade or stimulate periodontal cells, leading to the
activation of receptors such as STING, TLR2, and PRRs. This activation subsequently induces osteoclast differentiation, inflicts damage on periodontal
cells, and promotes the release of pro-inflammatory cytokines, ultimately resulting in alveolar bone resorption and a cellular immune-inflammatory
response within periodontal tissues. STING, stimulator of interferon genes; TLR2, toll-like receptor 2; PRRs, pattern recognition receptors.
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FIGURE 5
Pathogenic role of P g-OMVs in systemic diseases and related mechanisms. P. g-OMVs are closely associated with the development of a variety of
systemic diseases, including cardiovascular disease, Alzheimer's disease, rheumatoid arthritis, diabetes mellitus, nonalcoholic fatty liver disease,
cancers, adverse pregnancy outcomes, and respiratory diseases. CVD, cardiovascular disease; AD, Alzheimer's disease; RA, rheumatoid arthritis; DM,
diabetes mellitus; NAFLD, non-alcoholic fatty liver disease; APO, adverse pregnancy outcome; OSCC, oral squamous cell carcinoma; EMT, epithelial-
mesenchymal transition; DSC2, desmoglein-2; PPAD, peptidylarginine deiminase.

association between periodontitis and the development of CVD,
suggesting that periodontitis may function as an independent risk factor
for this condition (Farrugia et al.,, 2020; Guo et al., 2024). P. gingivalis, a
key pathogenic bacterium associated with periodontitis, has been the
subject of extensive research, revealing that both P. gingivalis and its
virulence factors significantly contribute to the pathogenesis of
atherosclerosis (As) and may be central to the relationship between
periodontitis and CVD (Kozarov et al,, 2005; Ye et al., 2022; Yang et al,,
2016). Although biomolecules, such as nucleic acids from P, gingivalis, are
frequently detected in cardiovascular samples, establishing the presence
of viable bacteria remains a challenge. It has been demonstrated that
previously identified biomolecules, including nucleic acids from
P, gingivalis, are likely derived from P. g-OMV's (Kozarov et al., 2005).
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Furthermore, several clinical studies have indicated that systemic
antibiotic therapy does not effectively reduce vessel wall inflammation or
the subsequent occurrence of adverse cardiovascular events and mortality
in patients with CVD (Gui et al., 2016; Zhang et al., 2021). This finding
raises questions regarding the hypothesis that P, gingivalis influences the
development of CVD and its association with periodontitis. P g-OMV's
are suspected to play a pivotal role in distal cardiovascular injury due to
their capacity to transport active and concentrated virulence factors to
distant sites, as well as their ability to target specific locations, thereby
implicating them in distal cardiovascular damage (Guo et al.,, 2024).
Farrugia etal. (2020) demonstrated that P g-OMYV's containing gingipains
increase the permeability of cardiovascular cells. Additionally, Guo et al.
(2024) found that P g-OMVs induced pericardial enlargement, vascular
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damage, elevated neutrophil counts, and the activation of inflammatory
pathways in zebrafish larvae. Collectively, these studies provide
preliminary insights into the potential mechanisms by which P g-OMV's
may be involved in the pathogenesis of CVD. Nevertheless, the
fundamental aspects concerning the cytological basis and molecular
mechanisms by which P g-OMVs facilitate the progression of CVD
remain inadequately understood.

As arecognized pathological foundation for numerous CVDs, this
condition is characterized as a chronic inflammatory disorder that
primarily affects large and medium-sized arteries. The disease is
influenced by various factors that elicit an inflammatory response,
ultimately resulting in dysfunction of vascular endothelial cells,
impairment of smooth muscle cells, and a cascade of inflammation-
associated pathological processes (Farrugia et al., 2020; Xie et al., 20205
Jia et al., 2015). Research has demonstrated that LPS derived from
P, gingivalis enhance the secretion of pro-inflammatory cytokines,
including IL-1p, IL-6, and TNF-a, via the TLR/NF-kB signaling
pathway. This activation subsequently induces significant oxidative
stress in ECs (Xie et al., 2020). Furthermore, the potential role of LPS
derived from P. ¢-OMVs in modulating the TLR/NF-xB signaling
pathway to facilitate the progression of As warrants further
investigation. Calcium deposition within the vessel wall is a hallmark
of advanced As. A study conducted by Yang et al. (2016) revealed that
P. g-OMVs can induce calcification in vascular smooth muscle cells by
activating the extracellular signal-regulated kinase 1/2 (ERK1/2)-runt-
related transcription factor 2 (RUNX2) pathway. Additionally, platelet
aggregation is considered a critical factor in the formation of As
plaques, and P. g-OMVs have the capacity to enter the bloodstream
from the site of infection, thereby exhibiting significant platelet
aggregation activity (Sharma et al., 2000). Consequently, P. g-OMV's
may play a role in the development of As and thromboembolic events.
The formation of foam cells is a defining event in the progression of
As. It has been reported that P g¢-OMVs released locally from
periodontitis lesions into the circulation can transfer virulence factors
to the arterial wall, stimulate foam cell formation in murine
macrophages, and promote the coaggregation of low-density
lipoprotein cholesterol (LDL), thereby facilitating the advancement of
As (Qi et al., 2003; Miyakawa et al., 2004). Nitric oxide (NO) plays a
crucial role in maintaining the normal function of the cardiovascular
system by regulating vasodilation, inhibiting platelet aggregation, and
mitigating inflammatory responses. Endothelial nitric oxide synthase
(eNOS) is a pivotal enzyme that catalyzes the conversion of L-arginine
to NO. However, the inhibition of eNOS expression results in
decreased NO production or diminished bioactivity, which contributes
to endothelial dysfunction and exacerbates the progression of As.
Research has demonstrated that P g-OMVs can inhibit eNOS
expression through the activation of Rho-associated kinase (ROCK)
in HUVECs via the ERK1/2 and p38 MAPK signaling pathways,
leading to vascular endothelial dysfunction (Jia et al, 2015).
Furthermore, one study indicated that P g-OMVs, through ROCK
activation, can induce the formation of stress fibers and the
degradation of vascular endothelial adhesion proteins (VEc) via
lysosomal and endoplasmic reticulum-mediated degradation in
HUVECs, thereby increasing the permeability of vascular endothelial
cells (Mekata et al., 2024).

The studies referenced indicate that P. g-OMV's may significantly
contribute to the pathogenicity of P gingivalis in the onset and
progression of CVD. Additionally, there is an increasing body of
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evidence suggesting that the mitochondrial autophagy/dysfunction-
NLRP3 inflammasome-cellular pyroptosis pathway is involved in the
development of CVD, including As. P g-OMVs have been
demonstrated to induce cellular inflammation, increase levels of
reactive oxygen species (ROS), provoke mitochondrial dysfunction,
activate the NLRP3 inflammasome, and initiate both cell death and
endothelial dysfunction. These processes may substantially affect the
onset and progression of microvascular diseases. Endothelial
dysfunction is recognized as a critical factor in the pathogenesis of As.
Therefore, it is hypothesized that P g-OMVs may contribute to the
development and progression of As by inducing endothelial
dysfunction through the modulation of the mitochondrial
dysfunction-NLRP3 inflammasome-cellular pyroptosis pathway.
However, this hypothesis necessitates validation through further
research. Investigating the mechanisms by which P ¢g-OMVs
contribute to the occurrence and progression of CVD not only
enhances the understanding of the pathogenic mechanisms associated
with P ¢-OMVs but may also provide new insights into the
relationship between periodontitis and CVD.

5.2 Alzheimer’s disease

Alzheimer’s disease (AD) is recognized as the most prevalent
chronic neurodegenerative disorder, characterized by clinical
manifestations such as impairments in learning and memory, as well
as cognitive dysfunction (Singhrao and Olsen, 2018). The pathological
features of AD include the abnormal accumulation of -amyloid (Ap),
hyperphosphorylation of tau protein, neuroinflammatory responses,
and neuronal loss within the brain (Leng and Edison, 2021;
Villemagne et al,, 2013). The etiology of AD and its underlying
pathophysiological mechanisms remain inadequately understood,
particularly with respect to the role of periodontal pathogenic
bacteria. Current hypotheses propose that bacteria associated with
periodontitis may contribute to the onset of AD through two primary
mechanisms. The first mechanism involves an indirect effect on the
central nervous system via disruption of the microbiota-gut-brain
axis, which leads to chronic inflammation in the brain and subsequent
neuroinflammatory responses. The second mechanism is attributed to
compromised local barrier function, resulting in ulcerative defects in
the inner walls of periodontal pockets. This condition increases the
likelihood that periodontal pathogenic bacteria, along with their
virulence factors and metabolites, can traverse neural pathways or
enter the bloodstream, ultimately reaching brain tissue and exerting
pathogenic effects across the blood-brain barrier (BBB) (Dominy
etal, 2019; Liu et al., 2024).

Porphyromonas gingivalis, a predominant pathogen within the
subgingival microbial community associated with chronic
periodontitis, is currently recognized as the most extensively studied
periodontal pathogen with potential neuropathological implications
for AD (Singhrao and Olsen, 2018). Previous research has suggested
that P, gingivalis and its byproducts may influence the pathogenesis of
AD; however, viable P. gingivalis has not been isolated from human
brain tissue, and imaging studies have not successfully identified
clusters of P. gingivalis cells within brain tissue (Yoshida et al., 2023;
Liu et al., 2024). Furthermore, various components of P. gingivalis,
including nucleic acids, LPS, and gingipains, have been detected in
multiple regions of the human brain affected by AD, such as the
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cortical gray matter, basal forebrain, and hypothalamic areas. Notably,
these components can be transported by P. g-OMVs (Dominy et al.,
2019; Liu et al., 2024). This observation raises the question of whether
P. g-OMVs, as carriers of diverse bacterial biomolecules, serve as a
mechanistic link between P. gingivalis and the pathophysiology of AD
in the brain. A study conducted by Gong et al. (2022) demonstrated
that P g-OMVs localize to the hippocampus and cortex, contributing
to memory dysfunction, neuroinflammation, and tau protein
phosphorylation in middle-aged mice, while also activating NLRP3
inflammatory vesicles. Additionally, this study identified the presence
of P g¢-OMVs in the trigeminal ganglion and proposed that these
vesicles may translocate to the brain via the trigeminal nerve, utilizing
nerve endings located in periodontal tissue (Gong et al., 2022).

The BBB is a highly selective and permeable structural barrier that
separates peripheral blood circulation from the central nervous
system. Under normal physiological conditions, the BBB allows the
passage of only hydrophobic molecules with molecular weights less
than 400 Da, serving as the primary defense mechanism of the brain
against the invasion of pathogenic microorganisms (Carter, 2017).
Dominy et al. (2019) were the first to demonstrate the presence of
DNA and gingipains from P, gingivalis in the brain tissue of patients
with AD through molecular assays, including quantitative polymerase
chain reaction (QPCR) and immunohistochemistry. They specifically
noted the presence of the gingipains RgpB and Kgp, which have been
shown to induce abnormal coaggregation and hyperphosphorylation
of tau proteins by directly cleaving them. This finding suggests that the
virulence factors of P, gingivalis can penetrate the brain via the BBB
and exert pathogenic effects. Recent studies have indicated that
circulating P. g¢-OMVs, upon uptake by brain ECs, can disrupt cellular
and subcellular structures and functions, ultimately leading to cell
death and increased BBB permeability (Nonaka et al., 2022). In vitro
experiments have demonstrated that P. g-OMV’s carry gingipains that
are internalized by human brain microvascular ECs, resulting in the
degradation of intracellular tight junction proteins, specifically ZO-1
and occludin (Nonaka et al,, 2022). This degradation disrupts
intercellular tight junctions and contributes to an increase in BBB
permeability. Similarly, Pritchard et al. (2022) showed that P g-OMV,
which also carry gingipains into human brain microvascular ECs, can
degrade the tight junction protein ZO-1 and, akin to P. gingivalis-
derived LPS, can compromise the integrity of BBB models and reduce
BBB resistance (Pritchard et al., 2022). The increase in BBB
permeability is closely associated with a decrease in BBB resistance,
and the integrity of the BBB is essential for maintaining homeostasis
and normal neurological function in the brain. Disruption of BBB
integrity and function can lead to the accumulation of harmful
substances, such as inflammatory factors, Ap, and neurotoxic agents,
which may exacerbate the pathological processes of AD by triggering
neuroinflammation, accelerating AP deposition, and affecting tau
protein phosphorylation (Liu et al., 2024).

Microglia serve as resident immune cells within the central
nervous system, and their activation-induced inflammatory response
constitutes a significant contributor to neuroinflammation in AD
(Leng and Edison, 2021). Neuroinflammation has the potential to
exacerbate neuronal cell damage by facilitating the deposition of A
and the phosphorylation of tau protein in brain tissue, ultimately
leading to cognitive decline (Villemagne et al., 2013). Yoshida et al.
(2023) demonstrated that repeated intraperitoneal injections of
P. g-OMVs in mice over a 12-week period resulted in the translocation
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of these vesicles into the ventricles of the mouse brain. Notably,
P. g-OMVs that reached the ventricles were found to enhance the Tau/
Tau phosphorylation ratio in the brain, activate microglia, and induce
the expression of pro-inflammatory cytokines in the human microglial
cell line MHC3 in a manner dependent on gingipains. Furthermore,
Inoue et al. (2024) reported that the uptake of P g-OMV's by microglial
cells stimulated the production of IL-1p through the activation of the
NE-kB signaling pathway. Additionally, a study conducted by Chuang
et al. (2024) revealed that microglia could internalize P. g-OMVs,
which subsequently promoted the production of pro-inflammatory
cytokines. This mechanism was primarily mediated by the LPS
component of P. g-OMVs through the activation of the phosphorylated
AKT and phosphorylated JNK signaling pathways. The investigation
conducted by Chuang et al. (2024) revealed that gingipains play a
mediating role in the neurotoxicity induced by P. g-OMVs in SH-SY5Y
neuroblastoma cells. These findings indicate that P. ¢-OMVs, along
with their virulence factors, can penetrate the ventricles, leading to
neuroinflammation and neurotoxicity through the activation of host
cells. Cathepsin B (CatB), a lysosomal cysteine protease, is known to
have a significant association with AD when its expression is aberrant
or its activity is dysregulated. CatB contributes to the hallmark
pathological features of AD by activating the stress-activated protein
kinase (SAPK)/Jun amino-terminal kinase (JNK) signaling pathway,
which exacerbates the neuroinflammatory response and promotes the
deposition of AP and the phosphorylation of tau protein (Wu et al.,
2017). Jiang et al. (2024) demonstrated that exposure to P. g-OMV's
resulted in increased activity and expression of CatB, which, through
the regulation of the SAPK/JNK pathway, induced microglia-mediated
neuroinflammation, neuronal tau phosphorylation, and synaptic loss,
ultimately leading to cognitive dysfunction in mice. The pathological
alterations observed in AD encompass a variety of cell types, including
neurons, astrocytes, vascular endothelial cells, pericytes, and
oligodendrocytes, in addition to microglia. The pathological changes
in these cell types interact with one another and collectively contribute
to the progression of AD. Consequently, future research should
investigate the pathogenic effects of P. g-OMVs on other cell types
involved in the pathological changes associated with AD to further
elucidate the underlying mechanisms of P g-OMV’s in the context of
this disease (Liu et al., 2024).

Iron has long been implicated in the pathogenesis of AD. It has
been proposed that gingipains on the surface of P g-OMVs may
be involved in a novel mechanism of degrading host iron-containing
proteins to promote AD deterioration (Liu et al., 2024; Lane et al.,
2023). It has been shown that P g¢-OMVs load large amounts of heme
and iron due to their hemolytic capacity, proteolytic degradation of
hemoglobin, and other iron-carrying plasma proteins, including
transferrin (Dashper et al., 2017). Therefore, P g-OMVs can divert
iron from the bloodstream and shift the distribution of iron from the
blood to the brain through the entry of P g-OMYVs into the brain
tissue, resulting in “iron overload” of the brain tissue. In this way,
P. g-OMVs may become a new mechanistic link between periodontitis
and AD. In addition, P. gingivalis on P. g-OMVs hydrolyzes ferritin and
other iron-containing proteins and also releases iron to expand the
free iron pool and accumulate iron death stress (Liu et al., 2024).
Based on these findings, it has been suggested that P g¢-OMVss are the
link between the “infectious hypothesis” and the “metal hypothesis”
by associating P. g-OMVs with the “rusty” brain (Liu et al., 2024; Liu
etal., 2023).
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5.3 Rheumatoid arthritis

Rheumatoid arthritis is an autoimmune disorder characterized by
chronic, erosive polyarthritis, which may result in the destruction of
articular cartilage and the joint capsule (Larsen et al, 2020;
KriauciunAs et al., 2019). Recent studies have identified P. gingivalis
infection as a potential etiological factor involved in the pathogenic
mechanisms of RA. The etiology of RA has been suggested to involve
an autoimmune response that is triggered by a loss of tolerance to
citrullinated host proteins (Laugisch et al., 2016; Gabarrini et al.,
2018). Furthermore, enzymes capable of citrullinating host proteins
have been identified in P. gingivalis (Laugisch et al., 2016).

It has been established that the PPAD enzyme of P. gingivalis
is implicated in the citrullination of both bacterial and host cell
proteins. This process prompts the immune system to generate
citrullinated antibodies against self-antigens, ultimately resulting
in a loss of tolerance to citrullinated proteins in patients with RA
(Laugisch et al., 2016). Furthermore, PPAD can be retained within
P. g-OMVs through modification by A-LPS, which protects the
enzyme from proteolytic degradation (Gabarrini et al., 2018). A
study has identified 78 citrullinated proteins present in the OMVs
of the P. gingivalis W83 wild-type strain (Larsen et al., 2020).
Additional research has corroborated that PPAD disrupts the
equilibrium of amino acids and immune complexes, thereby
compromising the integrity of the human immune system and
promoting the production of citrullinated antibodies (KriauciunAs
et al, 2019). These findings suggest a correlation between
P. g¢-OMVs and the onset and progression of RA, with the
underlying mechanism linked to the loss of immune tolerance to
citrullinated host proteins mediated by PPAD in P. g-OMVs.
Moreover, it has been reported that S. aureus-induced bacteremia
constitutes a risk factor for RA. However, Espina et al. (2022)
demonstrated that P. g¢-OMV's can facilitate the coaggregation of
S. aureus in a manner dependent on PPAD and gingipains. This
indicates that PPAD within P. g-OMVs may also play an indirect
role in the onset and progression of RA by modulating the activity
of other bacterial species. In conclusion, elucidating the role and
mechanisms of P. g-OMVs in the pathogenesis of RA is crucial for
the advancement of novel therapeutic interventions and
preventive strategies.

5.4 Diabetes mellitus

Numerous studies have demonstrated a close bidirectional
relationship between the development of diabetes mellitus (DM)
and periodontitis (Polak and Shapira, 2018). However, a consistent
conclusion regarding the association between these two conditions
has yet to be established. Previous research indicates that the
severity of periodontitis significantly influences glycemic control
and the development of complications in patients with DM (Ohtsu
et al., 2019).

Currently, a substantial body of research has established a link
between the periodontal pathogen P gingivalis and the
(2019)
demonstrated that the oral administration of P. gingivalis resulted

development of DM. For instance, Ohtsu et al

in mild insulin resistance in murine models, as well as an elevation
in fasting blood glucose levels in streptozotocin-induced diabetic

Frontiers in Microbiology

13

10.3389/fmicb.2025.1555868

mice. More recently, P. g-OMV’s have also been implicated in the
pathogenesis of DM and its associated complications (Huang
et al,, 2023; Seyama et al., 2020). Seyama et al. (2020) illustrated
that P g-OMVs facilitate the transport of active P. gingivalis to the
liver, where they inhibit the Akt/glycogen synthase kinase-3f
(GSK-3pB) signaling pathway in HepG2 hepatocytes. This
inhibition subsequently reduces hepatic glycogen synthesis,
thereby maintaining elevated blood glucose levels and promoting
the progression of DM in mice. Chronic complications, including
vascular disease, diabetes-related nephropathy, diabetes-related
peripheral neuropathy, and diabetic retinopathy (DR), are
prevalent among DM patients who exhibit poor long-term
glycemic control (Gabarrini et al., 2018). DR is recognized as one
of the leading causes of blindness and represents a significant
complication of DM. The inflammatory response and
mitochondrial damage are believed to play critical roles in the
development of DR (Huang et al.,, 2023). Huang et al. (2023) found
that P. g¢-OMVs induce an inflammatory response in HRMECs
death, which

the

and promote mitochondria-associated cell
endothelial
progression of DR.

accelerates dysfunction and exacerbates

5.5 Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is characterized by
diffuse hepatic steatosis and is rapidly emerging as the most
prevalent chronic liver disease. The incidence of NAFLD
continues to rise annually; however, its pathogenesis remains
incompletely understood (KriauciunAs et al., 2019; Polak and
Shapira, 2018). Several studies suggest that bacterial OMV's may
play a crucial role in the pathogenic mechanisms underlying
NAFLD. This is attributed to the ability of OMVs to serve as
carriers for the transmission of virulence factors into hepatocytes,
thereby promoting hepatic inflammation, steatosis, and fibrosis
(KriauciunAs et al., 2019; Polak and Shapira, 2018). It has been
demonstrated that intragastric injection of fecal-derived OMV's
into the liver increases pro-inflammatory cytokine and chemokine
expression in hepatic sinusoidal endothelial cells (HSECs) by
acting on TLR4 and activates the production of pro-fibrotic and
pro-inflammatory proteins in hepatic stellate cells (Fizanne et al.,
2023). OMVs of H. pylori increase the levels of hepatic fibrotic
markers in hepatocytes, and in cells treated with OMVs, derived
exosomes activate hepatic stellate cells and induce hepatic fibrosis
(Zahmatkesh et al., 2022). In addition, the accumulation of
bacterial DNA may be associated with the development of
NAFLD; for example, translocation of OMVs of intestinal
bacterial origin promotes the accumulation of bacterial DNA in
and hepatocytes
hepatocellular inflammation and stellate cellular fibrosis by
activating the cGAS/STING axis (Luo et al., 2022).

The infection caused by P. gingivalis has been identified as a

hematopoietic stem cells and induces

potential risk factor for non-alcoholic fatty liver disease (NAFLD)
(Forrester et al., 2020; Kim et al., 2024). The surface components of
P. gingivalis, including fimbriae and LPS, are believed to contribute
to the pathogenesis of NAFLD through various mechanisms. These
mechanisms encompass the promotion of endotoxemia, the
elicitation of inflammatory responses, the induction of oxidative
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stress, metabolic remodeling, macrophage polarization, and
alterations in the gut microbiota (Kim et al., 2024; Gao et al., 2023).
Conversely, P g-OMVs contain key components and virulence
factors of the parent bacteria. Consequently, P g-OMVs may
significantly influence the progression of NAFLD associated with the
parent bacteria. Kim et al. (2024) illustrated that P. g-OMVs enhance
liver steatosis in mice on a low-fat diet by modulating the
plasminogen activator inhibitor-1 (PAI-1)/TLR2 axis. The above
studies suggest new molecular mechanisms to explain the
relationship between periodontitis and NAFLD.

5.6 Cancer

Cancer represents a significant global health challenge
characterized by a multifaceted etiology, with approximately 15%
of cases linked to infections caused by specific pathogenic
microorganisms (Lamont et al., 2022). The role of oral microbiota
in cancer pathogenesis has been elucidated through three proposed
mechanisms: the induction of chronic inflammatory mediators,
direct effects on the cell cycle, and the production of certain
carcinogens (Lamont et al.,, 2022; Zhang et al., 2018). Numerous
studies have demonstrated that bacteria associated with periodontal
disease, particularly P. gingivalis, are capable of increasing the risk
of developing cancers of the oral cavity and gastrointestinal tract
(Lamont et al.,, 2022). Existing evidence indicates that P. gingivalis
contributes to the progression of oral squamous cell carcinoma
(OSCC), esophageal cancer, and pancreatic cancer by facilitating
epithelial-mesenchymal transition (EMT), inhibiting apoptosis of
epithelial cells, and promoting immune evasion (Lamont et al.,
2022; Zhang et al., 2018). Desmocollin-2 (DSC2), a member of the
calreticulin protein family, serves as a crucial component of the
bridging granule, primarily responsible for maintaining intercellular
adhesion. A reduction in DSC2 expression has been correlated with
a more aggressive cancer phenotype (Xin et al., 2014). Research has
shown that P. g-OMV's can inhibit DSC2 expression by targeting
DSC2 binding through the small RNA sRNA23392 carried by
P. g-OMVs, thereby promoting the invasion and migration of the
OSCC cell line HSC-3 (Liu et al., 2021). These findings suggest that
P. g-OMV3s play a role in cancer development; however, research in
this domain remains limited. Furthermore, it has been demonstrated
that OMVs derived from H. pylori, E. coli, and E nucleatum can
enhance the release of pro-inflammatory cytokines, activate
relevant signaling pathways associated with cancer development,
and serve as potential biomarkers for cancer detection and
prognosis (Park et al., 2021). P. ¢-OMVs exhibit a greater capacity
to promote the release of pro-inflammatory cytokines compared to
their parental bacteria. Nonetheless, whether they activate a
spectrum of signaling pathways that induce cancer development or
function as markers for specific cancer detection or prognosis
warrants further investigation.

5.7 Adverse pregnancy

Adverse pregnancy outcomes (APOs) refer to unexplained
abnormalities in embryonic development during gestation, which
encompass conditions such as preterm labor, premature rupture of
membranes, intrauterine  growth

preeclampsia, miscarriage,
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restriction, and low birth weight deliveries (Raju and Berens, 2021).
The placenta serves as the primary organ for material exchange
between the mother and the fetus, and the proper formation and
maintenance of placental homeostasis are critical for healthy fetal
development. Trophoblast cells play a pivotal role in both placental
formation and the maintenance of homeostasis. Specifically,
trophoblast cells can differentiate into invasive extravillous trophoblast
(EVT) cells, which migrate and invade the decidua to facilitate
maternal vascular remodeling, a crucial step in normal placental
development (Knofler et al., 2019). Concurrently, invading trophoblast
cells recruit neutrophils and modulate their function toward anti-
inflammatory and reparative phenotypes, thereby sustaining placental
immune homeostasis. Deficiencies in the invasive capacity of
trophoblast cells, impaired vascular remodeling, and dysregulation of
placental immune homeostasis contribute to various pregnancy
growth
restriction, and preterm labor (Calo et al., 2017; Calo et al., 2020).

complications, including preeclampsia, intrauterine
Recent studies have demonstrated that P g-OMV:s are internalized by
trophoblast cells, leading to alterations in the activity and expression
of their antioxidant and functional markers. This includes a disruption
of their antioxidant capacity and a reduction in the expression of IL-8,
IL-6, placental growth factor (PIGF), and vascular endothelial growth
factor (VEGF). Furthermore, elevated levels of soluble fms-like
tyrosine kinase 1 (sFlt-1) and PIGF, along with an increased sFlt-1/
PIGF ratio, have been associated with preeclampsia, serving as
supportive indicators for its clinical diagnosis. Additionally, P. g-OMV's
may exert a pathogenic influence by disrupting interactions between
trophoblasts, vascular endothelial cells, and immune cells. Lara et al.
(2023) reported that conditioned medium from trophoblast cells
pretreated with P g-OMVs resulted in enhanced neutrophil
chemotaxis, activation of pro-inflammatory phenotypes, and
inhibition of endothelial cell migration. Similarly, Lara et al. (2023)
found that P g-OMVs inhibited the glycolytic pathway in human
trophoblasts, thereby reducing cell migration and invasive capacity,
leads to restrictions and

which  ultimately in placental

fetal development.

5.8 Diseases of the respiratory system

Oral microorganisms are recognized as a significant source of
lung microbiota and are closely linked to the pathogenesis of various
respiratory diseases, including pneumonia, chronic obstructive
pulmonary disease, and lung cancer (Maddi et al., 2019). The epithelial
cells lining the airways and alveoli form a protective barrier through
the adhesion of tight junction proteins, which effectively prevents the
invasion of pathogenic microorganisms (Hirakata et al., 2010).
Disruption of these tight junction proteins is a primary characteristic
of functional impairment in the lung epithelial barrier. During
episodes of lung inflammation, the compromised epithelial barrier
function results in increased permeability of both the alveolar and
airway epithelial barriers, leading to the accumulation of substantial
exudate. This process can subsequently cause alveolar edema, acute
lung injury, and respiratory distress syndrome (Wittekindt, 2017). He
et al. (2020) demonstrated that P g¢-OMVs can inhibit microbial
invasion of the lungs by reducing the availability of adherence sites
within the lung epithelial tight junction proteins, specifically affecting
the levels of occludin and Claudin-1, thereby disrupting the epithelial
barrier. Furthermore, it was observed that P g-OMVs negatively
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impacted lung epithelial cell viability and induced apoptosis.
Consequently, P g-OMVs may play a significant role in the
development of respiratory diseases; however, further investigation is
required to elucidate the associated pathogenic mechanisms.

6 Discussion and prospects

Recent research has increasingly demonstrated that OMVs
possess significant biological importance across several critical
domains,  including  bacterial = growth, intercellular
communication, biofilm formation, bacterial invasion processes,
and the modulation of host defense mechanisms. Specifically,
P. g-OMVs, which are nanoscale spherical structures originating
from the outer membrane of P. gingivalis, have been shown to
invade and disrupt host cellular functions. This disruption occurs
through the regulation of plaque biofilm formation and bacterial
invasiveness, as well as the induction of host immune
dysregulation, leading to periodontal tissue destruction. With the
gradual increase of periodontal tissue destruction, P. g-OMVs
will enter the blood circulation from the ulcerated periodontal
pocket site or disseminate to distant organs by means of the nerve
pathway. Once P. g-OMVs reach the distant organs, they will
affect the occurrence and development of systemic diseases
through a series of complex mechanisms. On the one hand,
P. g-OMVs can induce a sustained, low-grade inflammatory
response, resulting in a long-term chronic inflammatory state; on
the other hand, they also affect and destroy the subcellular
structure of host cells and various bioactive substances, seriously
interfering with the normal metabolism and physiological
functions of cells. More importantly, P. g-OMVs can promote
pro-inflammatory programmed cell death, which not only
interferes with the normal cellular metabolic pathways but also
induces inflammatory reactions, ultimately leading to the
destruction of periodontal tissue.

The current understanding of the physiological and pathological
effects of P g-OMVs is expanding; however, numerous research gaps
remain to be addressed. For instance, a comprehensive analysis of
the specific components of P g-OMV's under varying environmental
conditions is still lacking. The changes in the composition of
P. g-OMVs, the interactions among these components, and their
effects on pathogenicity have not been fully elucidated. Future
research should employ high-resolution mass spectrometry and
multi-omics techniques to conduct a thorough analysis of the
proteins, lipids, and metabolites present in P. ¢-OMVs. This approach
will help to reveal the diversity and complexity of their compositions.
Additionally, transcriptome sequencing (RNA-seq) and other
methodologies should be utilized to investigate the gene expression
profiles of P g-OMVs under different environmental conditions,
thereby enhancing our understanding of the dynamics of their
compositions and their impact on pathogenicity. Moreover, the
pathogenic role of P g-OMVs and the underlying mechanisms
require more in-depth investigation. Although existing studies have
indicated that P g-OMV’s influence the occurrence and development
of diseases through multiple complex pathways, the specific
interactions among these pathways and their synergistic effects
leading to periodontal tissue destruction and the onset of systemic
diseases remain inadequately explored. Future research should
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incorporate gene editing techniques to investigate the intricate
networks and interactions of P g¢-OMV's and how these pathways
collectively contribute to inflammatory responses and tissue damage.
The interactions between P g¢-OMVs and other pathogens also
warrant further examination. While it has been established that
P. ¢-OMV's can aggregate various oral pathogens, thereby facilitating
plaque biofilm formation, the nature of the interactions between
P. g-OMVs and these oral pathogens, as well as their OMVs, and the
subsequent effects of such interactions on host cells have not been
thoroughly investigated. Future studies should employ techniques
such as multispecies co-culture, macrogenomics, and
macrotranscriptomics to gain deeper insights into the interactions
between P g-OMVs and other pathogens and their implications for
disease progression. P. g-OMVs have been shown to facilitate the
transfer of human immunodeficiency virus (HIV) from mucosal
surfaces to subcutaneous tissues, as well as to interact with a diverse
array of immune cells. This discovery offers novel insights into the
interactions between bacterial and viral infections and may have
significant implications for the development of new therapeutic
strategies (Dong et al,, 2018). Future research should further
investigate the dynamics of bacterial-viral interactions to enhance
our understanding of the pathogenic mechanisms underlying
diseases and to formulate more effective therapeutic interventions.
Furthermore, there exist numerous blind spots and uncertainties in
the association studies concerning P. g-OMVs and systemic diseases.
At present, research on the relationship between P. ¢-OMVs and
systemic diseases, aside from CVD and AD, is limited. Additionally,
there is a deficiency of clinical evidence to substantiate the
association between P. ¢-OMVs and indicators of systemic diseases.
Moving forward, it is imperative to prioritize multicenter clinical
studies and employ cellular and animal models to thoroughly
investigate the mechanisms by which P g-OMVs influence
systemic diseases.

In summary, a comprehensive and systematic investigation of
the composition, pathogenic mechanisms, interactions with other
pathogens, and associations with systemic diseases of P. g-OMV's
will not only elucidate their precise roles in disease pathogenesis
but also offer novel insights into future therapeutic strategies.
These strategies may include the development of specific
antibodies or vaccines aimed at inhibiting the role of P. g-OMV's
in periodontitis; the application of nanotechnology or drug
delivery systems to directly target anti-inflammatory drugs or
immunomodulators to P. g-OMVs or the cells affected by them,
thereby mitigating inflammation and cellular damage; and the
reduction of P. gingivalis and P. g-OMV's through enhanced oral
hygiene practices, decreased plaque formation, and the utilization
of antimicrobial agents. Such advancements are expected to pave
the way for a new era in the prevention and treatment of
periodontitis and its associated systemic diseases.

Author contributions

ZW: Formal analysis, Funding acquisition, Software,
Supervision, Validation, Writing - original draft, Writing - review
& editing. WL: Methodology, Formal analysis, Writing — original
draft, Writing - review & editing. YY: Formal analysis,

Methodology, Writing - review & editing. BT: Formal analysis,

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1555868
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wu et al.

Investigation, Methodology, Writing - review & editing. CL:
Supervision, Visualization, Writing - review & editing. HL: Formal
analysis, Supervision, Writing - review & editing. SG: Data
curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision,
Validation, Visualization, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by the National Natural Science Foundation of China (NSFC) grant
number 81860197.

Acknowledgments

The authors would like to thank Ge Song for his assistance in
the process of preparation, submission and revision of
this manuscript.

References

Abe, N., Baba, A., Takii, R., Nakayama, K., Kamaguchi, A., Shibata, Y., et al. (2004).
Roles of Arg-and Lys-gingipains in coaggregation of Porphyromonas gingivalis:
identification of its responsible molecules in translation products of rgpA, kgp, and hagA
genes. Biol. Chem. 385, 1041-1047. doi: 10.1515/BC.2004.135

Alaei, S. R., King, A. ], Banani, K., Reddy, A., Ortiz, J., Knight, A. L., et al. (2024). Lipid
a remodeling modulates outer membrane vesicle biogenesis by Porphyromonas
gingivalis. ]. Bacteriol. 207:€0033624. doi: 10.1128/jb.00336-24

Amano, A., Chen, C., Honma, K., Li, C., Settem, R. P,, and Sharma, A. (2014). Genetic
characteristics and pathogenic mechanisms of periodontal pathogens. Adv. Dent. Res.
26, 15-22. doi: 10.1177/0022034514526237

Bauwens, A., Kunsmann, L., Karch, H., Mellmann, A., and Bielaszewska, M. (2017).
Antibiotic-mediated modulations of outer membrane vesicles in enterohemorrhagic
Escherichia coli 0104:H4 and O157:H7. Antimicrob. Agents Chemother. 61, 00937
€00917. doi: 10.1128/AAC.00937-17

Beveridge, T. J. (1999). Structures of gram-negative cell walls and their derived
membrane vesicles. J. Bacteriol. 181, 4725-4733. doi: 10.1128/JB.181.16.4725-4733.1999

Bregaint, S., Boyer, E., Fong, S. B., Meuric, V., Bonnaure-Mallet, M., and
Jolivet-Gougeon, A. (2022). Porphyromonas gingivalis outside the oral cavity. Odontology
110, 1-19. doi: 10.1007/s10266-021-00647-8

Calo, G., Sabbione, E, Pascuali, N., Keitelman, I, Vota, D., Paparini, D, et al. (2020).
Interplay between neutrophils and trophoblast cells conditions trophoblast function and
triggers vascular transformation signals. J. Cell. Physiol. 235, 3592-3603. doi: 10.1002/jcp.29247

Calo, G., Sabbione, E, Vota, D., Paparini, D., Ramhorst, R., Trevani, A., et al. (2017).
Trophoblast cells inhibit neutrophil extracellular trap formation and enhance apoptosis
through vasoactive intestinal peptide-mediated pathways. Hum. Reprod. 32, 55-64. doi:
10.1093/humrep/dew292

Carter, C. J. (2017). Genetic, transcriptome, proteomic, and epidemiological evidence for
blood-brain barrier disruption and Polymicrobial brain invasion as determinant factors in
Alzheimer's disease. J Alzheimers Dis Rep 1, 125-157. doi: 10.3233/ADR-170017

Cecil, J. D., O'Brien-Simpson, N. M., Lenzo, J. C., Holden, J. A., Chen, Y. Y,
Singleton, W,, et al. (2016). Differential responses of pattern recognition receptors to
outer membrane vesicles of three periodontal pathogens. PLoS One 11:¢0151967. doi:
10.1371/journal.pone.0151967

Cecil, J. D., O'Brien-Simpson, N. M., Lenzo, J. C., Holden, J. A., Singleton, W.,
Perez-Gonzalez, A., et al. (2017). Outer membrane vesicles prime and activate
macrophage inflammasomes and cytokine secretion in vitro and in vivo. Front. Immunol.
8:1017. doi: 10.3389/fimmu.2017.01017

Chatterjee, S. N., and Das, J. (1967). Electron microscopic observations on the
excretion of cell-wall material by Vibrio cholerae. J. Gen. Microbiol. 49, 1-11. doi:
10.1099/00221287-49-1-1

Chen, Z., Cao, Y., Jiang, W,, Yan, Z., Cai, G., Ye, J., et al. (2024). Porphyromonas
gingivalis OMVs promoting endothelial dysfunction via the STING pathway in
periodontitis. Oral Dis. 30, 5461-5474. doi: 10.1111/0di.14969

Frontiers in Microbiology

10.3389/fmicb.2025.1555868

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Chuang, W. C,, Yang, C. N., Wang, H. W, Lin, S. K, Yu, C. C,, Syu, . H., et al. (2024).
'The mechanisms of Porphyromonas gingivalis-derived outer membrane vesicles-induced
neurotoxicity and microglia activation. ] Dent Sci. 19, 1434-1442. doi:
10.1016/j.jds.2024.04.002

Dashper, S. G., Mitchell, H. L., Seers, C. A., Gladman, S. L., Seemann, T., Bulach, D. M.,
etal. (2017). Porphyromonas gingivalis uses specific domain rearrangements and allelic
exchange to generate diversity in surface virulence factors. Front. Microbiol. 8:48. doi:
10.3389/fmicb.2017.00048

Diallo, I., and Provost, P. (2020). RNA-sequencing analyses of small bacterial RNAs
and their emergence as virulence factors in host-pathogen interactions. Int. J. Mol. Sci.
21:1627. doi: 10.3390/ijms21051627

Dominy, S. S., Lynch, C., Ermini, E, Benedyk, M., Marczyk, A., Konradi, A., et al.
(2019). Porphyromonas gingivalis in Alzheimer’s disease brains: evidence for disease
causation and treatment with small-molecule inhibitors. Sci. Adv. 5:3333. doi:
10.1126/sciadv.aau3333

Dong, X. H., Ho, M. H,, Liu, B, Hildreth, J., Dash, C., Goodwin, J. S., et al. (2018).
Role of Porphyromonas gingivalis outer membrane vesicles in oral mucosal transmission
of HIV. Sci. Rep. 8, 8812-8824. doi: 10.1038/541598-018-27284-6

Duncan, L., Yoshioka, M., Chandad, E,, Grenier, D. (2004). Loss of lipopolysaccharide
receptor CD14 from the surface of human macrophage-like cells mediated by
Porphyromonas gingivalis outer membrane vesicles. Microb. Pathog. 36, 319-325. doi:
10.1016/j.micpath.2004.02.004

Espina, M. T., Haider Rubio, A., Fu, Y., Lépez-Alvarez, M., Gabarrini, G., van
Dijl, J. M., et al. (2022). Outer membrane vesicles of the oral pathogen
Porphyromonas gingivalis promote aggregation and phagocytosis of Staphylococcus
aureus. Front Oral Health. 3:948524. doi: 10.3389/froh.2022.948524

Fan, R, Zhou, Y,, Chen, X., Zhong, X., He, E, Peng, W, et al. (2023). Porphyromonas
gingivalis outer membrane vesicles promote apoptosis via msRNA-regulated DNA
methylation in periodontitis. Microbiol Spectr. 11:€0328822. doi: 10.1128/spectrum.03288-22

Farrugia, C., Stafford, G. P, and Murdoch, C. (2020). Porphyromonas gingivalis outer
membrane vesicles increase vascular permeability. J. Dent. Res. 99, 1494-1501. doi:
10.1177/0022034520943187

Fizanne, L., Villard, A., Benabbou, N., Recoquillon, S., Soleti, R., Delage, E., et al.
(2023). Faeces-derived extracellular vesicles participate in the onset of barrier
dysfunction leading to liver diseases. ] Extracell Vesicles 12:e12303. doi:
10.1002/jev2.12303

Fleetwood, A. J., Lee, M. K. S., Singleton, W,, Achuthan, A., Lee, M. C., O\
u0027Brien-Simpson, N. M., et al. (2017). Metabolic remodeling, Inflammasome
activation, and pyroptosis in macrophages stimulated by Porphyromonas gingivalis and
its outer membrane vesicles. Front. Cell. Infect. Microbiol. 7:351. doi: 10.3389/
fcimb.2017.00351

Forrester, J. V., Kuffova, L., and Delibegovic, M. (2020). The role of inflammation
in diabetic retinopathy. Front. Immunol. 11:583687. doi: 10.3389/fimmu.2020.583687

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1555868
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1515/BC.2004.135
https://doi.org/10.1128/jb.00336-24
https://doi.org/10.1177/0022034514526237
https://doi.org/10.1128/AAC.00937-17
https://doi.org/10.1128/JB.181.16.4725-4733.1999
https://doi.org/10.1007/s10266-021-00647-8
https://doi.org/10.1002/jcp.29247
https://doi.org/10.1093/humrep/dew292
https://doi.org/10.3233/ADR-170017
https://doi.org/10.1371/journal.pone.0151967
https://doi.org/10.3389/fimmu.2017.01017
https://doi.org/10.1099/00221287-49-1-1
https://doi.org/10.1111/odi.14969
https://doi.org/10.1016/j.jds.2024.04.002
https://doi.org/10.3389/fmicb.2017.00048
https://doi.org/10.3390/ijms21051627
https://doi.org/10.1126/sciadv.aau3333
https://doi.org/10.1038/s41598-018-27284-6
https://doi.org/10.1016/j.micpath.2004.02.004
https://doi.org/10.3389/froh.2022.948524
https://doi.org/10.1128/spectrum.03288-22
https://doi.org/10.1177/0022034520943187
https://doi.org/10.1002/jev2.12303
https://doi.org/10.3389/fcimb.2017.00351
https://doi.org/10.3389/fcimb.2017.00351
https://doi.org/10.3389/fimmu.2020.583687

Wu et al.

Fujise, K., Kikuchi, Y., Kokubu, E., Okamoto-Shibayama, K., and Ishihara, K. (2017).
Effect of extracytoplasmic function sigma factors on autoaggregation, hemagglutination,
and cell surface properties of Porphyromonas gingivalis. PLoS One 12:¢0185027. doi:
10.1371/journal.pone.0185027

Furuta, N., Takeuchi, H., and Amano, A. (2009). Entry of Porphyromonas gingivalis
outer membrane vesicles into epithelial cells causes cellular functional impairment.
Infect Immunity. 77, 4761-4770. doi: 10.1128/IA1.00841-09

Furuta, N., Tsuda, K., Omori, H., Yoshimori, T., Yoshimura, E, and Amano, A. (2009).
Porphyromonas gingivalis outer membrane vesicles enter human epithelial cells via an
endocytic pathway and are sorted to lysosomal compartments. Infect. Immun. 77,
4187-4196. doi: 10.1128/IA1.00009-09

Gabarrini, G., Heida, R., van Ieperen, N., Curtis, M. A., van Winkelhoff, A. J., and van
Dijl, J. M. (2018). Dropping anchor: attachment of peptidylarginine deiminase via A-LPS
to secreted outer membrane vesicles of Porphyromonas gingivalis. Sci. Rep. 8:8949. doi:
10.1038/s41598-018-27223-5

Gabarrini, G., Palma Medina, L. M., Stobernack, T., Prins, R. C., du Teil Espina, M.,
Kuipers, J., et al. (2018). There's no place like OM: vesicular sorting and secretion of the
peptidylarginine deiminase of Porphyromonas gingivalis. Virulence 9, 456-464. doi:
10.1080/21505594.2017.1421827

Gao, Y., Zhang, P,, Wei, Y., Ye, C., Mao, D,, Xia, D,, et al. (2023). Porphyromonas
gingivalis exacerbates alcoholic liver disease by altering gut microbiota composition and
host immune response in mice. J. Clin. Periodontol. 50, 1253-1263. doi:
10.1111/jcpe.13833

Gong, T, Chen, Q, Mao, H., Zhang, Y., Ren, H., Xu, M., et al. (2022). Outer membrane
vesicles of Porphyromonas gingivalis trigger NLRP3 inflammasome and induce
neuroinflammation, tau phosphorylation, and memory dysfunction in mice. Front. Cell.
Infect. Microbiol. 12:925435. doi: 10.3389/fcimb.2022.925435

Grenier, D., and Mayrand, D. (1987). Functional characterization of extracellular
vesicles produced by Bacteroides gingivalis. Infect. Immun. 55, 111-117. doi:
10.1128/iai.55.1.111-117.1987

Gui, M. ], Dashper, S. G., Slakeski, N., Dashper, S. G., Slakeski, N., Chen, Y. Y,, et al.
(2016). Spheres of influence: Porphyromonas gingivalis outer membrane vesicles. Mol
Oral Microbiol 31, 365-378. doi: 10.1111/0mi.12134

Guo, ], Lin, K., Wang, S., He, X., Huang, Z., Zheng, M., et al (2024). Effects and
mechanisms of Porphyromonas gingivalis outer membrane vesicles induced
cardiovascular injury. BMC Oral Health 24:112. doi: 10.1186/5s12903-024-03886-7

Haurat, M. E, Aduse-Opoku, J., Rangarajan, M., Dorobantu, L., Gray, M. R,
Curtis, M. A, et al. (2011). Selective sorting of cargo proteins into bacterial membrane
vesicles. J. Biol. Chem. 286, 1269-1276. doi: 10.1074/jbc.M110.185744

He, Y, Shiotsu, N., Uchida-Fukuhara, Y., Guo, J., Weng, Y., Ikegame, M., et al. (2020).
Outer membrane vesicles derived from Porphyromonas gingivalis induced cell death
with disruption of tight junctions in human lung epithelial cells. Arch. Oral Biol.
118:104841. doi: 10.1016/j.archoralbio.2020.104841

Hirakata, Y., Yano, H., Arai, K., Endo, S., Kanamori, H., Aoyagi, T., et al. (2010).
Monolayer culture systems with respiratory epithelial cells for evaluation of bacterial
invasiveness. Tohoku J. Exp. Med. 220, 15-19. doi: 10.1620/tjem.220.15

Ho, M. H,, Chen, C. H., Goodwin, J. S., Wang, B. Y,, and Xie, H. (2015). Functional
advantages of Porphyromonas gingivalis vesicles. PLoS One 10:e0123448. doi:
10.1371/journal.pone.0123448

Ho, M. H,, Guo, Z. M., Chunga, J., Goodwin, J. S., and Xie, H. (2016). Characterization
of innate immune responses of human ECs induced by Porphyromonas gingivalis and
their derived outer membrane vesicles. Front. Cell. Infect. Microbiol. 6:139. doi:
10.3389/fcimb.2016.00139

Huang, S., Cao, G., Dai, D,, Xu, Q, Ruiz, S., Shindo, S., et al. (2023). Porphyromonas
gingivalis outer membrane vesicles exacerbate retinal microvascular endothelial cell
dysfunction in diabetic retinopathy. Front. Microbiol. 14:1167160. doi:
10.3389/fmicb.2023.1167160

Inagaki, S., Onishi, S., Kuramitsu, H. K., and Sharma, A. (2006). Porphyromonas
gingivalis vesicles enhance attachment, and the leucine-rich repeat BspA protein is
required for invasion of epithelial cells by “Tannerella forsythia”. Infect. Immun. 74,
5023-5028. doi: 10.1128/IAL.00062-06

Inoue, E., Minatozaki, S., Shimizu, S., Miyamoto, S., Jo, M., Ni, J., et al. (2024).
Human B-defensin 3 inhibition of P. gingivalis LPS-induced IL-1p production by
BV-2 microglia through suppression of Cathepsins B and L. Cells 13:283. doi:
10.3390/cells13030283

Iwami, J., Murakami, Y., Nagano, K., Nakamura, H., and Yoshimura, E. (2007). Further
evidence that major outer membrane proteins homologous to OmpA in Porphyromonas
gingivalis stabilize bacterial cells. Oral Microbiol. Immunol. 22, 356-360. doi:
10.1111/j.1399-302X.2007.00363.x

Jia, Y., Guo, B., Yang, W,, Zhao, Q, Jia, W. Y., and Wu, Y. (2015). Rho kinase mediates
Porphyromonas gingivalis outer membrane vesicle-induced suppression of endothelial
nitric oxide synthase through ERK1/2 and p38 MAPK. Arch. Oral Biol. 60, 488-495. doi:
10.1016/j.archoralbio.2014.12.009

Jiang, M., Ge, Z., Yin, S., Liu, Y., Gao, H., Lu, L., et al. (2024). Cathepsin B modulates
Alzheimer's disease pathology through SAPK/JNK signals following Administration of

Frontiers in Microbiology

10.3389/fmicb.2025.1555868

Porphyromonas gingivalis-derived outer membrane vesicles. J. Clin. Periodontol. 52,
434-456. doi: 10.1111/jcpe.14109

Johnston, E. L., Guy-Von Stieglitz, S., Zavan, L., Cross, J., Greening, D. W,, Hill, A. E,
etal. (2023). The effect of altered pH growth conditions on the production, composition,
and proteomes of Helicobacter pylori outer membrane vesicles. Proteomics 24:¢2300269.
doi: 10.1002/pmic.202300269

Juodeikis, R., and Carding, S. R. (2022). Outer membrane vesicles: biogenesis,
functions, and issues. Microbiol. Mol. Biol. Rev. 86:¢0003222. doi:
10.1128/mmbr.00032-22

Kadurugamuwa, J. L., and Beveridge, T. J. (1995). Virulence factors are released from
Pseudomonas aeruginosa in association with membrane vesicles during normal growth
and exposure to gentamicin: a novel mechanism of enzyme secretion. J. Bacteriol. 177,
3998-4008. doi: 10.1128/jb.177.14.3998-4008.1995

Kamaguchi, A., Nakayama, K., Ichiyama, S., Nakamura, R., Watanabe, T., Ohta, M.,
et al. (2003). Effect of Porphyromonas gingivalis vesicles on coaggregation of
Staphylococcus aureus to oral microorganisms. Curr. Microbiol. 47, 485-491. doi:
10.1007/s00284-003-4069-6

Kim, H. Y, Lim, Y,, Jang, J. S., Ko, Y. K., Choi, Y., Kim, H. H., et al. (2024). Extracellular
vesicles from periodontal pathogens regulate hepatic steatosis via toll-like receptor 2 and
plasminogen activator inhibitor-1. ] Extracell Vesicles. 89:e12407, 154-165. doi: 10.1002/
jev2.12407

Knofler, M., Haider, S., Saleh, L., Pollheimer, J., Gamage, T. K. ]. B., and James, J.
(2019). Human placenta and trophoblast development: key molecular mechanisms
and model systems. Cell. Mol. Life Sci. 76, 3479-3496. doi:
10.1007/s00018-019-03104-6

Koeppen, K., Hampton, T. H., Jarek, M., Scharfe, M., Gerber, S. A., Mielcarz, D. W,
et al. (2016). A novel mechanism of host-pathogen interaction through sRNA in
bacterial outer ~membrane vesicles. PLoS Pathog. 12:€1005672. doi:
10.1371/journal.ppat.1005672

Kou, Y., Inaba, H., Kato, T., Tagashira, M., Honma, D., Kanda, T., et al. (2008).
Inflammatory responses of gingival epithelial cells stimulated with Porphyromonas
gingivalis vesicles are inhibited by hop associated polyphenols. J. Periodontol. 79,
174-180. doi: 10.1902/j0p.2008.070364

Kozarov, E. V., Dorn, B. R., Shelburne, C. E., Dunn, W. A., and
Progulske-Fox, A. (2005). Human atherosclerotic plaque contains viable invasive
Actinobacillus  actinomycetemcomitans and  Porphyromonas  gingivalis.
Arterioscler. Thromb. Vasc. Biol. 25, el7-el8. doi:
10.1161/01.ATV.0000155018.67835.1a

Kriauciunas, A., Gleiznys, A., Gleiznys, D., Januzis, G. (2019). The influence of
Porphyromonas gingivalis bacterium causing periodontal disease on the pathogenesis of
rheumatoid arthritis: systematic review of literature. Cureus 11:e4775. doi:
10.7759/cureus.4775

Kwon, T., Lamster, I. B., and Levin, L. (2021). Current concepts in the management of
periodontitis. Int. Dent. J. 71, 462-476. doi: 10.1111/idj.12630

Lamont, R. J., Fitzsimonds, Z. R., Wang, H., and Gao, S. (2022). Role of Porphyromonas
gingivalis in oral and orodigestive squamous cell carcinoma. Periodontol. 2000 89,
154-165. doi: 10.1111/prd.12425

Lane, D.]. R, Alves, E, Ayton, S. J., and Bush, A. I. (2023). Striking a NRF2: the rusty
and rancid vulnerabilities toward Ferroptosis in Alzheimer’s disease. Antioxid. Redox
Signal. 39, 141-161. doi: 10.1089/ars.2023.0318

Lara, B., Loureiro, I., Gliosca, L., Castagnola, L., Merech, E, Gallino, L., et al. (2023).
Porphyromonas gingivalis outer membrane vesicles shape trophoblast cell metabolism
impairing functions associated to adverse pregnancy outcome. J. Cell. Physiol. 238,
2679-2691. doi: 10.1002/jcp.31138

Lara, B., Sassot, M., Calo, G., Paparini, D., Gliosca, L., Chaufan, G., et al. (2023).
Extracellular vesicles of Porphyromonas gingivalis disrupt trophoblast cell interaction
with vascular and immune cells in an in vitro model of early placentation. Life 13:1971.
doi: 10.3390/1ife13101971

Larsen, D. N., Mikkelsen, C. E., Kierkegaard, M., Bereta, G. P, Nowakowska, Z.,
Kaczmarek, J. Z., et al. (2020). Citrullinome of Porphyromonas gingivalis outer
membrane vesicles: confident identification of Citrullinated peptides. Mol. Cell.
Proteomics 19, 167-180. doi: 10.1074/mcp.RA119.001700

Laugisch, O., Wong, A., Sroka, A., Kantyka, T., Koziel, J., Neuhaus, K., et al.
(2016). Citrullination in the periodontium--a possible link between periodontitis
and rheumatoid arthritis. Clin. Oral Investig. 20, 675-683. doi:
10.1007/s00784-015-1556-7

Leng, F, and Edison, P. (2021). Neuroinflammation and microglial activation in
Alzheimer disease: where do we go from here? Nat. Rev. Neurol. 17, 157-172. doi:
10.1038/s41582-020-00435-y

Liu, S., Butler, C. A., Ayton, S., Reynolds, E. C., and Dashper, S. G.
(2024). Porphyromonas gingivalis and the pathogenesis of Alzheimer's disease. Crit.
Rev. Microbiol. 50, 127-137. doi: 10.1080/1040841X.2022.2163613

Liu, S., Dashper, S. G., and Zhao, R. (2023). Association between Oral Bacteria and
Alzheimer's disease: a systematic review and meta-analysis. J. Alzheimers Dis. 91,
129-150. doi: 10.3233/JAD-220627

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1555868
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0185027
https://doi.org/10.1128/IAI.00841-09
https://doi.org/10.1128/IAI.00009-09
https://doi.org/10.1038/s41598-018-27223-5
https://doi.org/10.1080/21505594.2017.1421827
https://doi.org/10.1111/jcpe.13833
https://doi.org/10.3389/fcimb.2022.925435
https://doi.org/10.1128/iai.55.1.111-117.1987
https://doi.org/10.1111/omi.12134
https://doi.org/10.1186/s12903-024-03886-7
https://doi.org/10.1074/jbc.M110.185744
https://doi.org/10.1016/j.archoralbio.2020.104841
https://doi.org/10.1620/tjem.220.15
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.3389/fcimb.2016.00139
https://doi.org/10.3389/fmicb.2023.1167160
https://doi.org/10.1128/IAI.00062-06
https://doi.org/10.3390/cells13030283
https://doi.org/10.1111/j.1399-302X.2007.00363.x
https://doi.org/10.1016/j.archoralbio.2014.12.009
https://doi.org/10.1111/jcpe.14109
https://doi.org/10.1002/pmic.202300269
https://doi.org/10.1128/mmbr.00032-22
https://doi.org/10.1128/jb.177.14.3998-4008.1995
https://doi.org/10.1007/s00284-003-4069-6
https://doi.org/10.1002/jev2.12407
https://doi.org/10.1002/jev2.12407
https://doi.org/10.1007/s00018-019-03104-6
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1902/jop.2008.070364
https://doi.org/10.1161/01.ATV.0000155018.67835.1a
https://doi.org/10.7759/cureus.4775
https://doi.org/10.1111/idj.12630
https://doi.org/10.1111/prd.12425
https://doi.org/10.1089/ars.2023.0318
https://doi.org/10.1002/jcp.31138
https://doi.org/10.3390/life13101971
https://doi.org/10.1074/mcp.RA119.001700
https://doi.org/10.1007/s00784-015-1556-7
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1080/1040841X.2022.2163613
https://doi.org/10.3233/JAD-220627

Wu et al.

Liu, D,, Liu, S., Liu, J., Miao, L., Zhang, S., and Pan, Y. (2021). sSRNA23392 packaged
by Porphyromonas gingivalis outer membrane vesicles promotes oral squamous cell
carcinomas migration and invasion by targeting desmocollin-2. Mol Oral Microbiol 36,
182-191. doi: 10.1111/0mi.12334

Luo, J., Zhang, J., Ni, ., Jiang, S., Xia, N., Guo, Y,, et al. (2022). The African swine fever
virus protease pS273R inhibits DNA sensing cGAs-STING pathway by targeting IKKe.
Virulence 13, 740-756. doi: 10.1080/21505594.2022.2065962

Maddi, A., Sabharwal, A., Violante, T., Manuballa, S., Genco, R., Patnaik, S., et al.
(2019). The microbiome and lung cancer. J. Thorac. Dis. 11, 280-291. doi:
10.21037/jtd.2018.12.88

Mantri, C. K., Chen, C. H,, Dong, X., Goodwin, J. S., Pratap, S., Paromov, V., et al.
(2015). Fimbriae-mediated outer membrane vesicle production and invasion of
Porphyromonas gingivalis. Microbiology 4, 53-65. doi: 10.1002/mbo3.221

Mao, H., Gong, T., Sun, Y,, Yang, S., Qiao, X., and Yang, D. (2023). Bacterial growth
stage determines the yields, protein composition, and periodontal pathogenicity of
Porphyromonas gingivalis outer membrane vesicles. Front. Cell. Infect. Microbiol.
13:1193198. doi: 10.3389/fcimb.2023.1193198

Martinez-Martinez, R. E., Abud-Mendoza, C., Patino-Marin, N,
Rizo-Rodriguez, J. C,, Little, J. W., and Loyola-Rodriguez, J. P. (2009). Detection of
periodontal bacterial DNA in serum and synovial fluid in refractory rheumatoid
arthritis ~ patients. ] Clin. Periodontol. 36, 1004-1010. doi:
10.1111/j.1600-051X.2009.01496.x

Mekata, M., Yoshida, K., Takai, A., Hiroshima, Y., Ikuta, A., Seyama, M., et al. (2024).
Porphyromonas gingivalis outer membrane vesicles increase vascular permeability by
inducing stress fiber formation and degrading vascular endothelial-cadherin in ECs.
FEBS J. doi: 10.1111/febs.17349

Miyakawa, H., Honma, K., Qi, M., and Kuramitsu, H. K. (2004). Interaction of
Porphyromonas gingivalis with low-density lipoproteins: implications for a role for
periodontitis  in  atherosclerosis. J.  Periodontal ~Res. 39, 1-9. doi:
10.1111/j.1600-0765.2004.00697.x

Nakao, R., Hasegawa, H., Dongying, B., Ohnishi, M., and Senpuku, H. (2016).
Assessment of outer membrane vesicles of periodontopathic bacterium Porphyromonas
gingivalis as possible mucosal immunogen. Vaccine 34, 4626-4634. doi:
10.1016/j.vaccine.2016.06.016

Nakao, R., Hasegawa, H., Ochiai, K., Takashiba, S., Ainai, A., Ohnishi, M., et al.
(2011). Outer membrane vesicles of Porphyromonas gingivalis elicit a mucosal immune
response. PLoS One 6:€26163. doi: 10.1371/journal.pone.0026163

Nakao, R., Hirayama, S., Yamaguchi, T., Senpuku, H., Hasegawa, H., Suzuki, T.,
etal. (2023). A bivalent outer membrane vesicle-based intranasal vaccine to prevent
infection of periodontopathic bacteria. Vaccine 41, 4369-4383. doi:
10.1016/j.vaccine.2023.05.058

Nakao, R., TakAshiba, S., Kosono, S., Yoshida, M., Watanabe, H., Ohnishi, M., et al.
(2014). Effect of Porphyromonas gingivalis outer membrane vesicles on gingipain-
mediated detachment of cultured oral epithelial cells and immune responses. Microbes
Infect. 16, 6-16. doi: 10.1016/j.micinf.2013.10.005

Nonaka, S., Kadowaki, T., and Nakanishi, H. (2022). Secreted gingipains from
Porphyromonas gingivalis increase permeability in human cerebral microvascular ECs
through intracellular degradation of tight junction proteins. Neurochem. Int. 154:105282.
doi: 10.1016/j.neuint.2022.105282

Nonaka, S., Okamoto, R., Katsuta, Y., Kanetsuki, S., and Nakanishi, H. (2024).
Gingipain-carrying outer membrane vesicles from Porphyromonas gingivalis cause
barrier dysfunction of Caco-2 cells by releasing gingipain into the cytosol. Biochem.
Biophys. Res. Commun. 707:149783. doi: 10.1016/j.bbrc.2024.149783

Ohtsu, A., Takeuchi, Y., Katagiri, S., Suda, W., Maekawa, S., Shiba, T, et al. (2019).
Influence of Porphyromonas gingivalis in gut microbiota of streptozotocin-induced
diabetic mice. Oral Dis. 25, 868-880. doi: 10.1111/0di.13044

Okamura, H., Hirota, K., Yoshida, K., Weng, Y., He, Y., Shiotsu, N, et al. (2021). Outer
membrane vesicles of Porphyromonas gingivalis: novel communication tool and strategy.
Jpn Dent. Sci. Rev. 57, 138-146. doi: 10.1016/j.jdsr.2021.07.003

Olovo, C. V., Wiredu Ocansey, D. K., Ji, Y., Huang, X., and Xu, M. (2024). Bacterial
membrane vesicles in the pathogenesis and treatment of inflammatory bowel disease.
Gut Microbes 16:2341670. doi: 10.1080/19490976.2024.2341670

Park, J. Y, Kang, C. S., Seo, H. C,, Shin, J. C., Kym, S. M., Park, Y. S., et al. (2021).
Bacteria-derived extracellular vesicles in urine as a novel biomarker for GAstric Cancer:
integration of liquid biopsy and metagenome analysis. Cancers 13, 4687-4695. doi:
10.3390/cancers13184687

Polak, D., and Shapira, L. (2018). An update on the evidence for pathogenic
mechanisms that may link periodontitis and diabetes. J. Clin. Periodontol. 45, 150-166.
doi: 10.1111/jcpe.12803

Pritchard, A. B., Fabian, Z., Lawrence, C. L., Morton, G., Crean, S. J., and Alder, J. E.
(2022). An investigation into the effects of outer membrane vesicles and
lipopolysaccharide of Porphyromonas gingivalis on blood-brain barrier integrity,
permeability, and disruption of scaffolding proteins in a human in vitro model. J.
Alzheimers Dis. 86, 343-364. doi: 10.3233/JAD-215054

Qi, M., Miyakawa, H., and Kuramitsu, H. K. (2003). Porphyromonas gingivalis induces
murine macrophage foam cell formation. Microb. Pathog. 35, 259-267. doi:
10.1016/j.micpath.2003.07.002

Frontiers in Microbiology

10.3389/fmicb.2025.1555868

Raju, K., and Berens, L. (2021). Periodontology and pregnancy: an overview of
biomedical and epidemiological evidence. Periodontol. 87, 132-142. doi:
10.1111/prd.12394

Rangarajan, M., Aduse-Opoku, J., Hashim, A., McPhail, G., Luklinska, Z.,
Haurat, M. F, etal. (2017). LptO (PG0027) is required for lipid a 1-phosphatase activity
in Porphyromonas gingivalis 'W50. J. Bacteriol. 199, e00751-e00716. doi:
10.1128/JB.00751-16

Rocha, E G, Ottenberg, G., Eure, Z. G., Davey, M. E,, and Gibson, E. C. (2021).
Sphingolipid-containing outer membrane vesicles serve as a delivery vehicle to limit
macrophage immune response to Porphyromonas gingivalis. Infect. Immun. 89, 00614~
€00620. doi: 10.1128/IAL1.00614-20

Rothenberger, C. M., Yu, M., Kim, H. M., Cheung, Y. W,, Chang, Y. W, and
Davey, M. E. (2024). An outer membrane vesicle specific lipoprotein promotes
Porphyromonas gingivalis aggregation on red blood cells. Curr Res Microb Sci. 7:100249.
doi: 10.1016/j.crmicr.2024.100249

Santos, J. C., Dick, M. S., Lagrange, B., Degrandi, D., Pfeffer, K., Yamamoto, M., et al.
(2018). LPS targets host guanylate-binding proteins to the bacterial outer membrane for
non-canonical  inflammasome  activation. EMBO ]  37:¢98089. doi:
10.15252/embj.201798089

Seyama, M., Yoshida, K., Yoshida, K., Fujiwara, N., Ono, K., Eguchi, T., et al. (2020).
Outer membrane vesicles of Porphyromonas gingivalis attenuate insulin sensitivity by
delivering gingipains to the liver. Biochim. Biophys. Acta Mol. basis Dis. 1866:165731.
doi: 10.1016/j.bbadis.2020.165731

Sharma, A., Novak, E. K., Sojar, H. T., Swank, R. T., Kuramitsu, H. K., and Genco, R. J.
(2000). Porphyromonas gingivalis platelet aggregation activity: outer membrane vesicles
are potent activators of murine platelets. Oral Microbiol. Immunol. 15, 393-396. doi:
10.1034/j.1399-302x.2000.150610.x

Singhrao, S. K., and Olsen, 1. (2018). Are Porphyromonas gingivalis outer membrane
vesicles microbullets for sporadic Alzheimer's disease manifestation? J Alzheimers Dis
Rep. 2,219-228. doi: 10.3233/ADR-180080

Takeuchi, H., Sasaki, N., Yamaga, S., Kuboniwa, M., Matsusaki, M., Amano, A., et al.
(2019). Porphyromonas gingivalis induces penetration of lipopolysaccharide and
peptidoglycan through the gingival epithelium via degradation of junctional adhesion
molecule 1. PLoS Pathog. 15:e1008124. doi: 10.1371/journal.ppat.1008124

Toyofuku, M., Nomura, N., and Eberl, L. (2019). Types and origins of bacterial
membrane vesicles. Nat. Rev. Microbiol. 17, 13-24. doi: 10.1038/s41579-018-0112-2

Tribble, G. D., and Lamont, R. J. (2010). Bacterial invasion of epithelial cells and
spreading  in  periodontal  tissue.  Periodontol. 52,  68-83.  doi:
10.1111/j.1600-0757.2009.00323.x

Uemura, Y., Hiroshima, Y., Tada, A., Murakami, K., Yoshida, K., Inagaki, Y., et al.
(2022). Porphyromonas gingivalis outer membrane vesicles stimulate gingival epithelial
cells to induce pro-inflammatory cytokines via the MAPK and STING Pathways.
Biomedicines 10:2643. doi: 10.3390/biomedicines10102643

Veith, P. D., Chen, Y. Y,, Gorasia, D. G., Chen, D., Glew, M. D., O’Brien-Simpson, N. M.,
et al. (2014). Porphyromonas gingivalis outer membrane vesicles exclusively contain
outer membrane and periplasmic proteins and carry a cargo enriched with virulence
factors. J. Proteome Res. 13, 2420-2432. doi: 10.1021/pr401227e

Veith, P. D, Glew, M. D., Gorasia, D. G., Cascales, E., and Reynolds, E. C. (2022). The
type IX secretion system and its role in bacterial function and pathogenesis. J. Dent. Res.
101, 374-383. doi: 10.1177/00220345211051599

Veith, P. D., Luong, C., Tan, K. H., Dashper, S. G., and Reynolds, E. C. (2018). Outer
membrane vesicle proteome of Porphyromonas gingivalis is differentially modulated
relative to the outer membrane in response to heme availability. J. Proteome Res. 17,
2377-2389. doi: 10.1021/acs.jproteome.8b00153

Vermilyea, D. M., Moradali, M. E, Kim, H. M., and Davey, M. E. (2021). PPAD
activity promotes outer membrane vesicle biogenesis and surface translocation by
Porphyromonas  gingivalis. . Bacteriol. 203, e00343-e00320. doi:
10.1128/JB.00343-20

Villemagne, V. L., Burnham, S., Bourgeat, P, Brown, B,, Ellis, K. A,, Salvado, O,, et al. (2013).
Amyloid B deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer's
disease: a prospective cohort study. Lancet Neurol. 12, 357-367. doi:
10.1016/S1474-4422(13)70044-9

Wielento, A., Bereta, G. P, Lagosz—Cwik, K. B., Eick, S., Lamont, R. J.,
Grabiec, A. M., et al. (2022). TLR2 activation by Porphyromonas gingivalis requires
both PPAD activity and fimbriae. Front. Immunol. 13:823685. doi:
10.3389/fimmu.2022.823685

Williams, G. D., and Holt, S. C. (1985). Characteristics of the outer membrane of
selected oral Bacteroides species. Can. J. Microbiol. 31, 238-250. doi: 10.1139/m85-046

Wittekindt, O. H. (2017). Tight junctions in pulmonary epithelia during lung
inflammation. Pflugers Arch. 469, 135-147. doi: 10.1007/s00424-016-1917-3

Wu, Z,,Ni, ], Liu, Y., Teeling, J. L., Takayama, F,, Collcutt, A., et al. (2017). Cathepsin
B plays a critical role in inducing Alzheimer's disease-like phenotypes following chronic
systemic exposure to lipopolysaccharide from Porphyromonas gingivalis in mice. Brain
Behav. Immun. 65, 350-361. doi: 10.1016/j.bbi.2017.06.002

Xie, H. (2015). Biogenesis and function of Porphyromonas gingivalis outer membrane
vesicles. Future Microbiol. 10, 1517-1527. doi: 10.2217/fmb.15.63

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1555868
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/omi.12334
https://doi.org/10.1080/21505594.2022.2065962
https://doi.org/10.21037/jtd.2018.12.88
https://doi.org/10.1002/mbo3.221
https://doi.org/10.3389/fcimb.2023.1193198
https://doi.org/10.1111/j.1600-051X.2009.01496.x
https://doi.org/10.1111/febs.17349
https://doi.org/10.1111/j.1600-0765.2004.00697.x
https://doi.org/10.1016/j.vaccine.2016.06.016
https://doi.org/10.1371/journal.pone.0026163
https://doi.org/10.1016/j.vaccine.2023.05.058
https://doi.org/10.1016/j.micinf.2013.10.005
https://doi.org/10.1016/j.neuint.2022.105282
https://doi.org/10.1016/j.bbrc.2024.149783
https://doi.org/10.1111/odi.13044
https://doi.org/10.1016/j.jdsr.2021.07.003
https://doi.org/10.1080/19490976.2024.2341670
https://doi.org/10.3390/cancers13184687
https://doi.org/10.1111/jcpe.12803
https://doi.org/10.3233/JAD-215054
https://doi.org/10.1016/j.micpath.2003.07.002
https://doi.org/10.1111/prd.12394
https://doi.org/10.1128/JB.00751-16
https://doi.org/10.1128/IAI.00614-20
https://doi.org/10.1016/j.crmicr.2024.100249
https://doi.org/10.15252/embj.201798089
https://doi.org/10.1016/j.bbadis.2020.165731
https://doi.org/10.1034/j.1399-302x.2000.150610.x
https://doi.org/10.3233/ADR-180080
https://doi.org/10.1371/journal.ppat.1008124
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1111/j.1600-0757.2009.00323.x
https://doi.org/10.3390/biomedicines10102643
https://doi.org/10.1021/pr401227e
https://doi.org/10.1177/00220345211051599
https://doi.org/10.1021/acs.jproteome.8b00153
https://doi.org/10.1128/JB.00343-20
https://doi.org/10.1016/S1474-4422(13)70044-9
https://doi.org/10.3389/fimmu.2022.823685
https://doi.org/10.1139/m85-046
https://doi.org/10.1007/s00424-016-1917-3
https://doi.org/10.1016/j.bbi.2017.06.002
https://doi.org/10.2217/fmb.15.63

Wu et al.

Xie, M., Tang, Q, Nie, J., Zhang, C., Zhou, X., Yu, S,, et al. (2020). BMAL1-downregulation
aggravates Porphyromonas gingivalis-induced atherosclerosis by encouraging oxidative stress.
Circ. Res. 126, e15-€29. doi: 10.1161/CIRCRESAHA.119.315502

Xin, Z., Yamaguchi, A., and Sakamoto, K. (2014). Aberrant expression and altered
cellular localization of desmosomal and hemidesmosomal proteins are associated with
aggressive clinicopathological features of oral squamous cell carcinoma. Virchows Arch.
465, 35-47. doi: 10.1007/s00428-014-1594-6

Xu, W,, Zhou, W,, Wang, H., and Liang, S. (2020). Roles of Porphyromonas gingivalis
and its virulence factors in periodontitis. Adv. Protein Chem. Struct. Biol. 120, 45-84.
doi: 10.1016/bs.apcsb.2019.12.001

Yang, W. W,, Guo, B, Jia, W. Y., and Jia, Y. (2016). Porphyromonas gingivalis-
derived outer membrane vesicles promote calcification of vascular smooth muscle
cells through ERK1/2-RUNX2. FEBS Open Bio. 6, 1310-1319. doi:
10.1002/2211-5463.12151

Ye, Z., Cao, Y., Miao, C., Liu, W,, Dong, L., Lv, Z., et al. (2022). Periodontal
therapy for primary or secondary prevention of cardiovascular disease in people
with periodontitis. Cochrane Database Syst. Rev. 2022:CD009197. doi:
10.1002/14651858.CD009197.pub5

Yilmaz, O., Verbeke, P, Lamont, R. J., and Ojcius, D. M. (2006). Intercellular spreading
of Porphyromonas gingivalis infection in primary gingival epithelial cells. Infect. Immun.
74, 703-710. doi: 10.1128/IA1.74.1.703-710.2006

Yilmaz, O., Watanabe, K., and Lamont, R. J. (2002). Involvement of integrins in
fimbriae-mediated binding and in vasion by Porphyromonas gingivalis. Cell. Microbiol.
4, 305-314. doi: 10.1046/j.1462-5822.2002.00192.x

Yoshida, K., Yoshida, K., Seyama, M., Hiroshima, Y., Mekata, M., Fujiwara, N., et al.
(2023). Porphyromonas gingivalis outer membrane vesicles in cerebral ventricles activate
microglia in mice. Oral Dis. 29, 3688-3697. doi: 10.1111/0di.14413

Frontiers in Microbiology

19

10.3389/fmicb.2025.1555868

Yoshimura, F, Murakami, Y., Nishikawa, K., Hasegawa, Y., and Kawaminami, S.
(2009). Surface components of Porphyromonas gingivalis. ] Peridontol Res. 44, 1-12. doi:
10.1111/j.1600-0765.2008.01135.x

Zahmatkesh, M. E., Jahanbakhsh, M., Hoseini, N., Shegefti, S., Peymani, A.,
Dabin, H.,, et al. (2022). Effects of exosomes derived from Helicobacter pylori outer
membrane vesicle-infected hepatocytes on hepatic stellate cell activation and liver
fibrosis induction. Front. Cell. Infect. Microbiol. 12:857570. doi: 10.3389/fcimb.
2022.857570

Zhang, S., Cai, S., and Ma, Y. (2018). Association between Fusobacterium nucleatum
and colorectal cancer: progress and future directions. J. Cancer 9, 1652-1659. doi:
10.7150/jca.24048

Zhang, Z., Liu, D,, Liu, S., Zhang, S., and Pan, Y. (2021). The role of Porphyromonas
gingivalis outer membrane vesicles in periodontal disease and related systemic diseases.
Front. Cell. Infect. Microbiol. 10:585917. doi: 10.3389/fcimb.2020.585917

Zhang, Z., Liu, S., Zhang, S., Li, Y., Shi, X., Liu, D,, et al. (2022). Porphyromonas
gingivalis outer membrane vesicles inhibit the invasion of Fusobacterium nucleatum into
oral epithelial cells by downregulating FadA and FomA. J. Periodontol. 93, 515-525. doi:
10.1002/JPER.21-0144

Zheng, S., Yu, S., Fan, X., Zhang, Y., Sun, Y,, Lin, L., et al. (2021). Porphyromonas gingivalis
survival skills: Immune evasion. J. Periodontal Res. 56, 1007-1018. doi: 10.1111/jre.12915

Zhou, N, Zou, E, Cheng, X., Huang, Y., Zou, H., Niu, Q, et al. (2021). Porphyromonas
gingivalis induces periodontitis, causes immune imbalance, and promotes rheumatoid
arthritis. J. Leukoc. Biol. 110, 461-473. doi: 10.1002/JLB.3MA0121-045R

Zou, J. K., Cao, Y. M,, Tian, Y., Li, X, Wu, R. X,, Tian, B. M., et al. (2024).
Porphyromonas gingivalis outer membrane vesicles activate toll-like receptor 2 to
promote osteoclast differentiation by carrying lipopolysaccharide. Zhonghua Kou Qiang
Yi Xue Za Zhi 59, 237-246. doi: 10.3760/cma.j.cn112144-20231026-00222

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1555868
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1161/CIRCRESAHA.119.315502
https://doi.org/10.1007/s00428-014-1594-6
https://doi.org/10.1016/bs.apcsb.2019.12.001
https://doi.org/10.1002/2211-5463.12151
https://doi.org/10.1002/14651858.CD009197.pub5
https://doi.org/10.1128/IAI.74.1.703-710.2006
https://doi.org/10.1046/j.1462-5822.2002.00192.x
https://doi.org/10.1111/odi.14413
https://doi.org/10.1111/j.1600-0765.2008.01135.x
https://doi.org/10.3389/fcimb.2022.857570
https://doi.org/10.3389/fcimb.2022.857570
https://doi.org/10.7150/jca.24048
https://doi.org/10.3389/fcimb.2020.585917
https://doi.org/10.1002/JPER.21-0144
https://doi.org/10.1111/jre.12915
https://doi.org/10.1002/JLB.3MA0121-045R
https://doi.org/10.3760/cma.j.cn112144-20231026-00222

	Outer membrane vesicles of Porphyromonas gingivalis: recent advances in pathogenicity and associated mechanisms
	1 Introduction
	2 Biogenesis and regulation of P. g-OMVs
	3 Pathogenic components of P. g-OMVs and mechanisms
	3.1 Adhesive and invasive roles
	3.2 Immunomodulatory effects
	3.3 Damage to host cells

	4 Pathogenic role and mechanism of P. g-OMVs in periodontitis
	5 Pathogenic role of P. g-OMVs in systemic diseases and mechanisms
	5.1 Cardiovascular diseases
	5.2 Alzheimer’s disease
	5.3 Rheumatoid arthritis
	5.4 Diabetes mellitus
	5.5 Non-alcoholic fatty liver disease
	5.6 Cancer
	5.7 Adverse pregnancy
	5.8 Diseases of the respiratory system

	6 Discussion and prospects

	References

