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Abstract Background/purpose: Periodontitis is associated with various systemic diseases,
potentially facilitated by the passage of Porphyromonas gingivalis outer membrane vesicles
(Pg-OMVs). Several recent studies have suggested a connection between Pg-OMVs and neuroin-
flammation and neurodegeneration, but the precise causal relationship remains unclear. This
study aimed to investigate the mechanisms underlying these associations using in vitro models.
Materials and methods: Isolated Pg-OMVs were characterized by morphology, size, and gingi-
pain activity. We exposed SH-SY5Y neuroblastoma cells and BV-2 microglial cells to various
of Dentistry, National Taiwan University Hospital, No. 1, Chang-Te St., Taipei 10048, Taiwan.
search Institute of Chinese Medicine, Ministry of Health and Welfare, No. 155-1, Sec. 2, Linong St.,

nt of Dentistry, Hualien Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, No. 707, Section 3,
an.
du.tw (C.-P. Chiang), yshiao@nricm.edu.tw (Y.-J. Shiao), yiwenchen@ntu.edu.tw (Y.-W. Chen).
ually to this work.

002
l Sciences of the Republic of China. Publishing services by Elsevier B.V. This is an open access article under
vecommons.org/licenses/by-nc-nd/4.0/).

mailto:cpchiang@ntu.edu.tw
mailto:yshiao@nricm.edu.tw
mailto:yiwenchen@ntu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jds.2024.04.002&domain=pdf
https://doi.org/10.1016/j.jds.2024.04.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/19917902
http://www.e-jds.com
https://doi.org/10.1016/j.jds.2024.04.002
https://doi.org/10.1016/j.jds.2024.04.002


Journal of Dental Sciences 19 (2024) 1434e1442
Gingipain;
Lipopolysaccharide
concentrations of Pg-OMVs. Cell morphology, a 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay, an enzyme-linked immunosorbent assay, and Western blot
analysis were used to evaluate the cellular mechanism underlying Pg-OMV-induced neurotox-
icity in neuronal cells and inflammatory responses in microglial cells.
Results: Exposure to Pg-OMVs induced neurotoxicity in SH-SY5Y cells, as evidenced by cellular
shrinkage, reduced viability, activation of apoptotic pathways, and diminished neuronal differ-
entiation markers. Gingipain inhibition mitigated these effects, suggesting that gingipain me-
diates Pg-OMVs-induced neurotoxicity in SH-SY5Y cells. Our research on neuroinflammation
suggests that upon endocytosis of Pg-OMVs by BV-2 cells, lipopolysaccharide (LPS) can modu-
late the production of inducible nitric oxide synthase and tumor necrosis factor-alpha by acti-
vating pathways that involve phosphorylated AKT and the phosphorylated JNK pathway.
Conclusion: Our study demonstrated that following the endocytosis of Pg-OMVs, gingipain can
induce neurotoxicity in SH-SY5Y cells. Furthermore, the Pg-OMVs-associated LPS can trigger
neuroinflammation via AKT and JNK signaling pathways in BV-2 cells.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Periodontitis ranks as the sixth most prevalent human dis-
ease, affecting approximately 11.2% of adults worldwide.1

Previous studies have shown an association between peri-
odontal disease and systemic diseases such as diabetes,
cardiovascular disease, rheumatoid arthritis, and non-
alcoholic fatty liver disease.2,3 Moreover, recent research
has indicated an association between periodontitis and
neurodegenerative diseases.4,5 Central to this association
between periodontitis and systemic disease is the presence
of Porphyromonas gingivalis (P. gingivalis), a pivotal bac-
terium within the oral microbiome recognized for its sub-
stantial role in the development of periodontal diseases.6,7

P. gingivalis produces multiple virulence factors including
fimbriae, hemolysin, hemagglutinins, outer membrane
vesicles (OMVs), lipopolysaccharides (LPS), and gingi-
pains.8,9 Among these virulence factors, P. gingivalis OMVs
(Pg-OMVs) carry LPS on their membrane surface and
encapsulate a range of proteins, including fimbrial proteins
and gingipains, particularly arginine-specific gingipains
(RgpA and RgpB) and lysine-specific gingipain (Kgp).10e13

The importance of Pg-OMVs lies in their capacity to tra-
verse the bloodstream, serving as carriers of multiple
virulence factors to tissues outside the oral cavity, thereby
linking periodontal disease with systemic health
issues.12,14e16

Several recent studies have illuminated the intricate
relationships among P. gingivalis-related factors, neuro-
inflammation, and potential contributions to the progres-
sion of neurodegenerative disease.4,17e19 The persistent
expression of gingipains by P. gingivalis could harm neu-
rons, resulting in the formation of autophagic vacuoles in
neurites, tau degradation, and the loss of synapses.20

Additionally, an association has emerged between a diag-
nosis of Alzheimer’s disease and the load of gingipains in
the brain.21 Animal studies have revealed that P. gingivalis
infection in mice increases the expression of neurotoxic
mediators such as nitric oxide (NO), inducible NO synthase
(iNOS), and a series of pro-inflammatory cytokines including
1435
tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6),
and IL-1b in brain tissues, consequently leading to brain
inflammation and neurodegeneration,12,22,23 and amyloid-
beta production.23 Additionally, a review study high-
lighted the involvement of LPS in the pathology of Alz-
heimer’s disease, including neuroinflammation via
microglial activation and neuronal cell death induction.24

Moreover, recent studies have found that introducing Pg-
OMVs into mouse brains triggers microglial activation and
tau hyperphosphorylation,15,16 subsequently contributing
to cognitive impairment.15

Although these studies have provided compelling evi-
dence linking P. gingivalis and neurodegenerative path-
ways, some research gaps remain. The specific mechanisms
identified also vary across studies,12,25,26 indicating poten-
tial complexities in the pathways involved. This study
aimed to identify the pathways involved in the progression
of these neuroinflammation and neurodegenerative
conditions.
Materials and methods

Preparation and characterization of P. gingivalis-
derived OMVs (Pg-OMVs)

Wild-type P. gingivalis strain ATCC 33277 was maintained on
anaerobic blood agar plates under anaerobic conditions at
37 �C. In a liquid culture, bacteria were grown in brain-
heart infusion broth supplemented with 5 mg/mL yeast
extract and 0.5 mg/mL L-cysteine hydrochloride. The
isolation of Pg-OMVs followed the methodology outlined in
a prior study.14 The isolated Pg-OMVs were visualized by
transmission electron microscopy (TEM; JEM-1400, JEOL,
Tokyo, Japan). The concentration and size of Pg-OMVs were
analyzed through nanoparticle tracking analysis, using
NanoSight NS300 instrument (Malven, Worcestershire, UK).
For the gingipain activity assay, Pg-OMVs were incubated
with the specific synthetic substrates Z-His-Glu-Lys-MCA for
Kgp and Z-Phe-Arg-MCA for Rgp for 10 min at 40 �C. The
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gingipain activity was measured using a Synergy microplate
reader (BioTek, Winooski, VT, USA) at 460 nm.

Cell culture

Mouse microglial BV-2 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/
mL streptomycin at 37 �C with 5% CO2.

27 Human neuro-
blastoma SH-SY5Y cells were maintained in DMEM/F-12
medium supplemented with 10% FBS, 100 U/mL penicillin,
and 100 mg/mL streptomycin. For neuronal differentiation,
SH-SY5Y cells were treated with 10 mM all-trans retinoic
acid for 6 days.28

Cell viability assay

Cells were seeded on 96-well plates (2 � 104 cells/well) and
exposed to different concentrations of Pg-OMVs for 24 h.
The cells were then treated with 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT; 5 mg/mL) for
1 h, and then 100 mL of dimethyl sulfoxide was added to
dissolve the formazan crystals. The optical density at
570 nm was measured using a Multiskan FC microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA).

Western blot analysis

Cells were homogenized in RIPA buffer supplemented with
protease inhibitor and 1 mM PMSF. The samples were
separated using SDS PAGE and transferred onto PVDF
membranes. After blocking, the membranes were incu-
bated overnight at 4 �C with primary antibodies for poly
(ADP-ribose) polymerase (PARP), growth associated protein
(GAP43), synaptophysin (Syn), iNOS, p-AKT, p-JNK, GAPDH,
and b-actin. After incubation with secondary antibodies,
the immune complexes were detected with enhanced
chemiluminescence reagents (Millipore, Billerica, MA, USA)
and images were obtained using an LAS-4000 imaging sys-
tem (Fujifilm, Tokyo, Japan). The relative intensity of the
blot band was quantified using densitometry with Image J
software.

Enzyme-linked immunosorbent assay

After Pg-OMVs treatment, the cell culture supernatant was
collected and the levels of TNF-a were measured using a
mouse TNF-a enzyme-linked immunosorbent assay (ELISA)
kit according to the manufacturer’s instructions (Thermo
Fisher Scientific). The total amount of TNF-a in the media
were normalized to the levels of total protein.

Endocytosis assay of Pg-OMVs

Pg-OMVs were labeled with membrane fluorescent dye
DiO3 according to the manufacturer’s instructions (Bio-
tium, Bay Area, CA, USA). SH-SY5Y cells and BV-2 cells
were incubated with 10 mg/mL labeled Pg-OMVs for 24 h at
37 �C. To inhibit endocytosis, cells were pretreated with
2 mM Pitstop-2 for 30 min. After incubation, cells were
1436
fixed with 4% paraformaldehyde for 30 min at room tem-
perature. The cells were washed and added to a dia-
midino-2-phenylindole (DAPI) solution for 10 min at room
temperature. Cellular internalization of Pg-OMVs was
imaged with an Olympus IX71 fluorescence microscope
(Olympus Corp., Tokyo, Japan) using a 488 nm fluores-
cence filter.

Statistical analysis

All data are expressed as the mean � standard error of the
mean (SEM) and analyzed using a one-way analysis of vari-
ance (ANOVA). Statistical significance between groups was
determined using a one-way ANOVA, followed by Fisher’s
least significant difference test, using IBM SPSS Statistics
software. A P-value less than 0.05 was considered statisti-
cally significant and was marked with an asterisk in the
figures.

Results

Characterization of Pg-OMVs

TEM images revealed successful isolation of spherical Pg-
OMVs from the P. gingivalis culture supernatant (Fig. 1A),
with particle diameters predominantly ranging between 50
and 150 nm (Fig. 1B). The results from gingipain activity
assays indicated that the Pg-OMVs isolated from the P.
gingivalis bacterial culture exhibited activity for both Rgp
and Kgp (Fig. 1C). This confirmed the presence of active
forms of Rgp and Kgp within the isolated Pg-OMVs.

Pg-OMVs-induced neurotoxicity in SH-SY5Y cells

With the increasing concentration of Pg-OMVs, SH-SY5Y
cells became more centralized and exhibited signs of
shrinkage (Fig. 2A). Furthermore, increasing concentrations
of Pg-OMVs also led to a dose-dependent decrease in cell
viability (Fig. 2B). Western blot analysis revealed an
increased induction of PARP cleavage in SH-SY5Y cells upon
exposure to Pg-OMVs, indicating the activation of apoptotic
pathways (Fig. 2C). Further quantification revealed signifi-
cant differences in cleaved PARP (cPARP) levels between
the control group and the group exposed to Pg-OMVs
(Fig. 2D). Neurites exhibited signs of damage, including
reduction in neurite length, which was exacerbated with
increasing concentrations of Pg-OMVs (Fig. 2E). Further
investigation into neurite markers GAP43 and Syn revealed
a decrease in their expression levels, correlating with
increased Pg-OMVs concentrations (Fig. 2F).

Gingipain mediates Pg-OMVs-induced neurotoxicity
in SH-SY5Y cells

The clathrin inhibitor Pitstop-2 significantly inhibited Pg-
OMVs uptake in SH-SY5Y cells and effectively reversed the
neurotoxic effects induced by Pg-OMVs (Fig. 3A and B). In
addition, following the introduction of KYT-1 and KYT-36,
morphological changes and reduced cell viability were
markedly alleviated (Fig. 3C and D). Moreover, neurites



Figure 1 Characterization of Pg-OMVs. (A) The morphology of Pg-OMVs was evaluated using transmission electron microscope
(TEM). (B) Analysis of Pg-OMVs particle diameters and concentration using nanoparticle tracking analysis. (C) Analysis of Pg-OMVs
gingipain activity and its inhibition with KYT-1 and KYT-36. The bar represents the mean � SEM of three different experiments
(*P < 0.05).
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exhibited a prominent decrease in length after exposure
to Pg-OMVs, but the introduction of KYT-1 and KYT-36
significantly protected against neurite shortening
(Fig. 3E).

These findings strongly suggest that gingipains may
impact neurotoxicity by clathrin-dependent endocytosis in
response to Pg-OMVs. Additionally, they highlight the sig-
nificant influence of gingipains on alterations in neurite
morphology.

Pg-OMVs activate microglial cells via LPS

A significant increase of iNOS production was observed at a
Pg-OMVs concentration of 0.5 mg/mL (Fig. 4A). Further-
more, Pg-OMVs induced production of TNF-a in microglial
cells and exerted dose-dependent effects (Fig. 4B). How-
ever, the introduction of KYT-1 and KYT-36 did not reduce
iNOS levels or the TNF-a production induced by Pg-OMVs
(Fig. 4C and D). In contrast, polymyxin B significantly
reduced iNOS production (Fig. 4E). Similarly, the production
of TNF-a in microglial cells induced by Pg-OMVs notably
diminished (Fig. 4F). These observations suggested that
gingipain might not directly influence these specific in-
flammatory responses initiated by Pg-OMVs in microglial
cells. Instead, they suggest that LPS probably has a crucial
role in facilitating microglial activation triggered by Pg-
OMVs, thereby influencing iNOS and TNF-a production in
these cells.
1437
Pg-OMVs-mediated activation of microglial cells is
dependent on endocytosis and AKT and JNK
signaling

Fluorescence microscopy revealed the uptake of Pg-OMVs by
BV-2 cells. Similarly, BV-2 cells pretreated with Pitstop-2
exhibited a lower fluorescence compared with the control
group (Fig. 5A). BV-2 cells were exposed to Pg-OMVs,
resulting in heightened iNOS production. Subsequently,
when Pitstop-2 was introduced, a distinct reduction in iNOS
and TNF-a production was observed (Fig. 5B and C), indi-
cating that both the iNOS and TNF-a pathways were acti-
vated only upon endocytosis of Pg-OMVs by the cells. To
explore the inflammatory response pathway induced by Pg-
OMVs in microglial cells, we treated BV-2 microglial cell
lines with Pg-OMVs, and a substantial increase in p-AKT and
p-JNK levels was observed (Fig. 5D). Inhibitors targeting p-
AKT and p-JNK were administered, resulting in a subsequent
decrease in iNOS (Fig. 5E) and TNF-a levels (Fig. 5F). These
results suggested that following the endocytosis of Pg-OMVs
by BV-2 cells, an activated pathway involving p-AKT and p-
JNK influenced the production of iNOS and TNF-a.
Discussion

The results of this study indicate that the neurotoxic ef-
fects induced by Pg-OMVs are primarily mediated by



Figure 2 Pg-OMVs-induced neurotoxicity in SH-SY5Y cells. (A) Bright-field morphology of undifferentiated SH-SY5Y treated with
different concentrations of Pg-OMVs for 24 h. Scale bar, 100 mm. (B) MTT assay evaluation of the effect of Pg-OMVs on neuronal cell
viability. For dose-dependence, Pg-OMVs were given at concentrations of 5, 10, and 20 mg/mL for 24 h. (C) Western blot analysis of
cleaved PARP (cPARP) in SH-SY5Y cells upon exposure to different concentrations of Pg-OMVs for 24 h. (D) The relative quantification
of cPARP expression normalized to b-actin. The bar represents the mean � SEM of three different experiments (*P < 0.05). (E) Bright-
field morphology of differentiated SH-SY5Y cells treated with different concentrations of Pg-OMVs for 24 h. Scale bar, 100 mm. (F)
Western blot analysis of Syn and GAP43 in differentiated SH-SY5Y cells upon exposure to different concentrations of Pg-OMVs for 24 h.
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gingipain and the Pg-OMVs can activate microglial cells
through LPS rather than gingipain. Our results revealed a
cascade of events: subsequent to the endocytosis of Pg-
OMVs by microglial cells, LPS can activate pathways
involving p-AKT and p-JNK, thereby playing a pivotal role in
influencing the production of iNOS and TNF-a. Our results
1438
provide valuable perspectives on the intricate molecular
interactions governing both neurotoxicity and immune re-
sponses associated with Pg-OMVs.

Pg-OMVs serve as highly efficient vehicles for delivering
virulence factors into host cells because they have the
potential to migrate through the blood and affect distant



Figure 3 Pg-OMVs-induced neurotoxicity via clathrin-dependent endocytosis and gingipain. (A) The undifferentiated SH-SY5Y
cells were pretreated with Pitstop (2 mM) for 30 min and then incubated with DiO3-labeled Pg-OMVs (green) for another 24 h.
Nuclei were stained with DAPI (blue). (B) MTT assay evaluation of the effect of Pitstop on Pg-OMVs-induced neurotoxicity. The bar
represents the mean � SEM of three different experiments (*P < 0.05). (C) The undifferentiated SH-SY5Y cells were pretreated with
KYT-1 (1 mM) or KYT-36 (1 mM) for 30 min followed by treatment with Pg-OMVs (10 mg/mL) for 24 h. The morphology was observed
using bright-field microscopy. Scale bar, 100 mm. (D) MTT assay evaluation of the effect of KYT-1 and KYT-36 on Pg-OMVs-induced
neurotoxicity. (E) Bright-field morphology of differentiated SH-SY5Y cells pretreated with KYT-1 and KYT-36 followed by treatment
with Pg-OMVs for 24 h. Scale bar, 100 mm.
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organs. This facilitates the translocation of these virulence
factors beyond the oral cavity, thus exhibiting a strong as-
sociation with systemic diseases.12 Our results were
consistent with the previous research, confirming the suc-
cessful extraction of Pg-OMVs from the supernatant of a P.
gingivalis culture, with the majority of vesicles falling
within the diameter range of 50e150 nm. This observation
is consistent with the reported size of outer membrane
vesicles in the prior studies, typically ranging between 20
and 250 nm.10,29 TEM revealed that Pg-OMVs have a
spherical layered structure with an average diameter of
110.6 � 7.6 nm, a finding similar to that of a prior study.15

Our experiment, conducted using gingipain activity assays,
confirms that isolated Pg-OMVs can carry active forms of
Rgp and Kgp. This finding was consistent with that of a
1439
previous study in which mass spectrometry confirmed the
presence of Rgp and Kgp in Pg-OMVs.10

Haditsch et al.20 demonstrated in vitro that P. gingivalis
infection triggers neuropathological changes in neurons,
including synaptic loss and the formation of autophagic
vacuoles in neurites, primarily driven by the persistent
expression of gingipains. Furthermore, results from an ani-
mal study revealed that orally administering a Kgp inhibitor
to mice effectively treated brain infections caused by P.
gingivalis, simultaneously preventing the loss of hippocam-
pal Gad67þ interneurons.21 Giuseppe et al.30 found that
exposing human neuroblastoma cells to Pg-OMVs led to the
formation of Ab plaques and phosphorylated Tau tangles,
both of which are characteristic of neurodegeneration.
However, the precise mechanism by which Pg-OMVs affect



Figure 4 Pg-OMVs activate microglial cells via LPS. (A) Western blot analysis of iNOS expression in BV-2 cells exposed to different
concentrations of Pg-OMVs for 24 h. The relative quantification of iNOS expression normalized to GAPDH. The bar represents the
mean �SEM of three different experiments (*P < 0.05). (B) ELISA analysis of the levels of TNF-a in BV-2 cells exposed to different
concentrations of Pg-OMVs for 24 h. The levels of TNF-a were normalized to total protein. The bar represents the mean � SEM of
three different experiments (*P < 0.05). (C) Western blot analysis of the levels of iNOS in BV-2 cells pretreated with KYT-1 (1 mM) or
KYT-36 (1 mM) for 30 min and then incubated with Pg-OMVs (1 mg/mL) for 24 h. (D) ELISA analysis of the levels of TNF-a in BV-2 cells
pretreated with KYT-1 (1 mM) or KYT-36 (1 mM) for 30 min and then incubated with Pg-OMVs (1 mg/mL) for 24 h. The levels of TNF-a
were normalized to total protein. The bar represents the mean � SEM of three different experiments (*P < 0.05). (E) Western blot
analysis of iNOS production in BV-2 cells exposed to Pg-OMVs and LPS inhibitor polymyxin B. (F) ELISA analysis of TNF-a production
in BV-2 cells exposed to Pg-OMVs and LPS inhibitor polymyxin B. The levels of TNF-a were normalized to total protein. The bar
represents the mean � SEM of three different experiments (*P < 0.05).
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neuronal cells remained uncertain. Prompted by these
findings, we investigated the relationship between the
virulence factors in Pg-OMVs and neurodegenerative traits.
Our results showed that Pg-OMVs could induce neuron death
and neurite damage via a gingipain-dependent pathway.
Importantly, the clathrin inhibitor significantly suppressed
Pg-OMVs-mediated neurotoxicity. Similarly, another study
suggested that intraneuronal gingipains may drive neuronal
nucleotide-binding oligomerization domain-like receptor
pyrin domain-containing 1 (NLRP1) activation, resulting in
pyroptosis of neurons and activation of caspase-1, leading to
the release of neuroinflammatory mediators.21 Therefore,
after Pg-OMVs are internalized by neurons, intracellular
gingipain can contribute to toxicity toward neuronal cells.

Previous research has highlighted that both gingipains
and LPS derived from P. gingivalis can play roles in acti-
vating immune cells.2,25 Recent animal studies have pro-
vided evidence that Pg-OMVs can promote the activation of
microglia and tau hyperphosphorylation in Pg-OMVs-treated
mouse brains, with increased proinflammatory cytokine
expression in a gingipain-dependent manner.15,16 In addi-
tion, gingipain-mediated activation of protease-activated
receptor-2 (PAR2) serves as a mechanism driving
1440
microglial migration and inflammatory responses through
the AKT and ERK pathways.31 However, in our study, Pg-
OMVs could not activate microglial cells through gingi-
pain. The difference might be attributable to various fac-
tors such as differences in experimental conditions. For
instance, experiments involving P. gingivalis typically lead
to the extracellular activation of immune cells through
receptors and signaling pathways,31,32 whereas Pg-OMVs
require internalization into cells before initiating the acti-
vation of immune cells.12 Such variations in cellular in-
teractions could account for the different outcomes
observed among these studies. Differences in the cell types
used in vitro experiments could also contribute to this
variation.

Additional studies are necessary to investigate the signal
pathways of Pg-OMVs and LPS that trigger neuro-
inflammation. The inflammatory response triggered by Pg-
OMVs induced significant production of inflammatory medi-
ators such as NO, IL-6, IL-10, interferon-beta, interferon-
gamma, and matrix metalloproteinase-9.12 Moreover, these
vesicles induced theproduction of TNF-a via activation of the
NF-kB signaling pathway.12 The results based on the previous
research indicate that P. gingivalis infection of microglia



Figure 5 Pg-OMVs-mediated microglial activation is dependent on endocytosis and AKT and JNK signaling pathways. (A) The BV-
2 cells were pretreated with Pitstop (2 mM) for 30 min and then incubated with DiO3-labeled Pg-OMVs (green) for another 24 h.
Nuclei were stained with DAPI (blue). Scale bar, 100 mm. (B) Western blot analysis of the levels of inducible nitric oxide synthase
(iNOS) in BV-2 cells pretreated with Pitstop (2 mM) for 30 min and then incubated with Pg-OMVs (1 mg/mL) for 24 h. (C) ELISA analysis
of TNF-a production in BV-2 cells exposed to Pg-OMVs and Pitstop. The levels of TNF-a were normalized to total protein. The bar
represents the mean � SEM of three different experiments (*P < 0.05). (D) Western blot analysis of pAKT and pJNK production in
BV-2 cells exposed to Pg-OMVs (1 mg/mL) for the indicated time. (E) Western blot analysis of the levels of iNOS in BV-2 cells
pretreated with different concentrations of AKT inhibitor LY294002 and JNK inhibitor SP600125 for 30 min and then incubated with
OMVs (1 mg/mL) for 4 h. (F) ELISA analysis of TNF-a production in BV-2 cells exposed to Pg-OMVs and AKT and JNK inhibitors. The
levels of TNF-a were normalized to total protein. The bar represents the mean � SEM of three different experiments (*P < 0.05).
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induces inflammation through the activation of PAR2 and
involves phosphoinositide 3-kinase/AKT and mitogen-
activated protein kinase/extracellular signal-regulated ki-
nase pathways,31 and our study explored the effects of Pg-
OMVs on BV-2 cells. We found that Pg-OMVs activated a
pathway in BV-2 cells similar to that observed in microglia
during P. gingivalis infection. Specifically, upon endocytosis
by BV-2 cells, Pg-OMVs triggered the activation of p-AKT and
p-JNK, significantly influencing the production of iNOS and
TNF-a. Regarding the involvement of JNK upon Pg-OMVs
stimulation, a previous study found similar involvement in
human gingival epithelial cells.33 Their findings revealed that
Pg-OMVs can stimulate complex signaling pathways within
cells, including Erk1/2, p38, JNK, STING, and NF-kB path-
ways. This cascade of activations culminates in heightened
expression of pro-inflammatory cytokines.

In conclusion, our study indicated that Pg-OMVs can
induce neurotoxicity in SH-SY5Y cells via gingipain.
Furthermore, Pg-OMVs-associated LPS can trigger neuro-
inflammation via AKT and JNK signaling pathways in BV-
2 cells. This study serves as evidence of a novel mechanistic
pathway by which Pg-OMVs induce neurotoxicity and neu-
roinflammation. However, the effect of Pg-OMVs on
neuronal and microglial changes in vivo was not explored.
Further works will address whether Pg-OMVs can enhance
1441
neurotoxicity and neuroinflammation in the animal models.
These subsequent studies may elucidate the role of Pg-
OMVs in the pathogenesis of neurodegeneration.
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