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Abstract
Plasminogen activator inhibitor-1 (PAI-1) is associated with nonalcoholic fatty liver
disease (NAFLD) by lipid accumulation in the liver. In this study, we showed that
extracellular vesicles (EVs) from the periodontal pathogens Filifactor alocis and Por-
phyromonas gingivalis induced steatosis by inducing PAI-1 in the liver and serum of
mice fed a low-fat diet. PAI-1 induction was not observed in TLR2−/− mice. When
tested using HEK-Blue hTLR2 cells, human TLR2 reporter cells, the TLR2-activating
ability of serum from NAFLD patients (n= 100) was significantly higher than that of
serum from healthy subjects (n= 100). Correlation analysis confirmed that PAI-1 lev-
els were positively correlated with the TLR2-activating ability of serum fromNAFLD
patients and healthy subjects. Amphiphilic molecules in EVs were involved in PAI-1
induction. Our data demonstrate that the TLR2/PAI-1 axis is important for hepatic
steatosis by EVs of periodontal pathogens.
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 INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease and is characterized by excessive hepatic lipid
accumulation without heavy alcohol consumption. NAFLD represents stages between nonalcoholic fatty liver (NAFL) and non-
alcoholic steatohepatitis (NASH), which is a major cause of hepatic fibrosis and cirrhosis leading to liver cancer and liver death
(Chalasani et al., 2012; Ekstedt et al., 2017). NAFLD is a multifactorial disease influenced by multiple factors, including obesity,
diabetes, and genetic factors (Yu et al., 2019). Recently, microbiota has gained attention as a causal factor of NAFLD progres-
sion (Aron-Wisnewsky et al., 2020) and microbiota signatures are regarded as useful diagnostic tools for NAFLD (Lee et al.,
2020). The gut microbiota contributes to NAFLD progression via various mechanisms, such as alcohol production and inhi-
bition of total bile acid synthesis (Cani et al., 2007; Sayin et al., 2013; Zhu et al., 2013). Microbe-associated molecular patterns
(MAMPs) activate Toll-like receptors (TLRs), which can cause liver inflammation and NAFLD (Miura & Ohnishi, 2014). Serum
from NAFLD patients contains higher concentrations of lipopolysaccharide (LPS), a representative TLR4 ligand, than that from
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control subjects, and long-term exposure to low-dose LPS increases NASH symptoms in a high-fat diet (HFD)-induced NAFLD
mouse model (Carpino et al., 2020; Imajo et al., 2012).
Plasminogen activator inhibitor-1 (PAI-1) is a well-known regulator of the fibrinolysis system (Targher et al., 2008) and is

produced by various cell types, including hepatocytes, vascular endothelial cells, and adipocytes (Alessi et al., 1997; Busso et al.,
1994; Erickson et al., 1985). PAI-1 has received attention for its roles in metabolic syndrome (Alessi et al., 2003; Alessi & Juhan-
Vague, 2006) and has been shown to be an independent risk factor for NAFLD progression (Alsharoh et al., 2022; Levine et al.,
2021; Rivas et al., 2021). Patients with NAFLD showed elevated PAI-1 serum levels compared to healthy people. Mice with PAI-1
knockout were resistant to diet-induced hepatic steatosis and induction of lipid synthesis genes (Henkel et al., 2018). Periodontitis
patients also showed elevated PAI-1 serum levels compared to healthy people (Bizzarro et al., 2007). Porphyromonas gingivalis,
the keystone pathogen in periodontitis progression, increased PAI-1 expression in platelets and human aortic endothelial cells
(Klarstrom Engstrom et al., 2015; Roth et al., 2006). Although PAI-1 induction by periodontal pathogens appears to be important
for NAFLD progression, the molecular mechanisms of PAI-1 induction by periodontal pathogens in the liver have not been
investigated.
The oral microbiota is the second largest microbiota after the gut microbiota and contains more than 700 species of microor-

ganisms (Sender et al., 2016). Dysbiosis of the oral microbiota can cause periodontitis, which is one of the most common
inflammatory diseases leading to tooth-supporting tissue destruction and tooth loss (Kinane et al., 2017). Periodontitis and
NAFLD share risk factors, including diabetes, obesity and metabolic syndrome (Genco & Borgnakke, 2013). Epidemiologi-
cal studies have determined that periodontitis is an independent risk factor for liver diseases, including NAFLD (Akinkugbe
et al., 2017; Helenius-Hietala et al., 2019; Yoneda et al., 2012). In NAFLD patients, periodontal treatment decreased aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) levels, which are markers of liver damage (Yoneda et al., 2012).
Furthermore, infection by periodontal pathogens is regarded as a risk factor for NAFLD. Gram-negative periodontal pathogens,
P. gingivalis and Treponema denticola, were more frequently detected in patients with NAFLD than in non-NAFLD subjects (Sato
et al., 2022; Yoneda et al., 2012). Animal studies have shown that gram-negative periodontal pathogens, including P. gingivalis
and Aggregatibacter actinomycetemcomitans, aggravate liver steatosis, glucose intolerance and insulin resistance in a high-fat
diet-induced NAFLD model (Komazaki et al., 2017; Yoneda et al., 2012).

Extracellular vesicles (EVs) released by bacteria are nanosized particles surrounded by a lipid bilayer (Toyofuku et al., 2019).
Periodontal pathogens release EVs, which are more frequently detected in saliva samples from periodontitis patients than in
those from healthy subjects (Han et al., 2021). Periodontal pathogen EVs contain MAMPs, including LPS, bacterial lipoproteins,
peptidoglycan, nucleic acids, and special proteins such as gingipains of P. gingivalis (Veith et al., 2014). Previously, we demon-
strated that EVs from a representative gram-positive periodontal pathogen, Filifactor alocis, contain bacterial lipoproteins, which
are major MAMPs that induce systemic bone resorption via TLR2 (Kim et al., 2021; Song et al., 2020). EVs from gram-negative
periodontal pathogens (P. gingivalis and Tannerella forsythia) also have immunostimulatory activities through TLR2 activation
(Kim et al., 2022). Recently, a study of the link between NAFLD/NASH and bacterial extracellular vesicles was reported (Fizanne
et al., 2023). Faeces EVs and blood circulating EVs fromNAFLD/NASH patients contain higher amounts of LPS than those from
healthy subjects, and only faeces-derived EVs fromNASH patients contain lipoteichoic acid (LTA), which is one of the TLR2 lig-
ands of gram-positive bacteria. However, there is no study on the direct role of EVs from both gram-positive and gram-negative
periodontal pathogens in NAFLD progression. In this study, we identified the role of EVs from a representative gram-positive
periodontal pathogen, F. alocis, and a gram-negative periodontal pathogen,P. gingivalis, in liver steatosis. Continuous exposure to
low-dose periodontal pathogen EVs increased liver steatosis in low-fat diet (LFD)-fed mice. The PAI-1/TLR2 axis was involved
in this phenomenon. This study presents a novel molecular mechanism to explain the correlation between periodontitis and
NAFLD.

 MATERIALS ANDMETHODS

. Reagents and chemicals

Columbia broth, brain heart infusion (BHI), yeast extract, and Bacto agar were purchased from BD Biosciences (San Jose, CA,
USA). Hemin, vitamin K, L-cysteine, L-arginine, and resazurin were purchased from Sigma (St. Louis, MO, USA). RPMI-1640
medium and phosphate-buffered saline (PBS) were purchased from Welgene (Daegu, South Korea). Penicillin/streptomycin
(P/S), foetal bovine serum (FBS), and trypsin-EDTA were purchased from Gibco BRL (Paisley, UK). TM5441, a PAI-
1 inhibitor, was purchased from R&D (Minneapolis, MN, USA). Paraformaldehyde (4%) solution was purchased from
Biosesang (Gyeonggi-do, South Korea). Pam3CSK4 and ultrapure LPS were purchased from InvivoGen (San Diego, CA,
USA).
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. Bacterial extracellular vesicles

Bacterial EVs were purified as previously described (Kim et al., 2020, 2021, 2022). Briefly, bacteria were grown until 48 h post
inoculation, and supernatants were harvested by centrifugation (10,000×g, 4◦C). Then, the supernatants were filtered through a
0.22 μmmembrane filter (Corning, New York, NY, USA) and subjected to a 100 kDa cut-off centrifugal filter (Merck, Darmstadt,
Germany). The crude EVs were concentrated by ultracentrifugation (160,000×g, 4◦C, 2 h) using Optima XE-100 and a Type
45 Ti rotor (Beckman Coulter, Brea, CA, USA). The EVs were purified by iodixanol-based density gradient ultracentrifugation
(100,000×g, 4◦C, 18 h) using an SW 40 Ti rotor (Beckman Coulter). The nanoparticle-enriched fractions were concentrated by
ultracentrifugation and stored at −80◦C until use.

The gingipain-deficient P. gingivalis strain KDP136 (kgp− rgpA− rgpB−) was kindly provided by Dr. Koji Nakayama (Nagasaki
University, Nagasaki, Japan) and cultured as previously described (Jung et al., 2017). For EV preparation, the P. gingivalis WT
strain (ATCC 33277) and KDP 136 were cultured for 48 h in an anaerobic chamber.
Enzyme or inhibitor treatment of EVs was performed as previously described with minor modifications (Han et al., 2019;

Hashimoto et al., 2006; Kim et al., 2021, 2022; Seo & Nahm, 2009). EVs (200 μg/200 μL PBS) were treated with lipoprotein
lipase from the Pseudomonas species (50 μg/mL), proteinase K (50 μg/mL), platelet-activating factor acetylhydrolase (PAF-
AH, 50 μg/mL), polymyxin B (50 μg/mL), DNase (2 U/200 μL), or RNase (1 U/200 μL) at 37◦C for 16 h. For the control,
EVs (200 μg/200 μL PBS) were incubated under the same conditions without treatment. After the incubation period, EVs were
ultracentrifuged (160,000×g, 4◦C, 1 h) and resuspended in 200 μL PBS for further experiments.

. Human serum

This study was performed in accordance with the Helsinki Declaration after approvals from the Institutional Review Board of
SeoulNationalUniversity School ofDentistry (IRB approvalNo. S–D20230008), the Institutional ReviewBoard of SeoulNational
University Bundang Hospital (IRB approval No. DT-2023-009-01), and the Institutional Review Board of Ajou University Hos-
pital (IRB approval No. AJHB-2023-14). Serum samples were obtained from healthy subjects (n = 100) and NAFLD patients
(n= 100) from the Human Bioresource Centre of Seoul National University Bundang Hospital [serum from healthy subjects (#1
– #50)] and the Biobank of Ajou University Hospital [serum from healthy subjects (#51 – #100); serum fromNAFLD patients (#1
– #100)]. Information including the age and sex of these subjects is shown in Table S1.

. Animal

All animal experiments were approved by the Institutional Animal Care and Use Committee of Seoul National University (SNU-
220628-2) and conducted in accordance with the guidelines and regulations of the institute. The animal experiments were
conducted in accordance with the ARRIVE guidelines (https://arriveguidelines.org). C57BL/6 mice were purchased fromOrient
Bio (Gyeonggi-do, South Korea), and TLR2−/− mice (C57BL/6) were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA). Low-fat diet (LFD) chow (TD.06416, 20.1% protein, 69.8% carbohydrate, and 10.2% fat) and high-fat diet (HFD) chow
(TD.06414, 18.4% protein, 21.3% carbohydrate, and 60.3% fat) were purchased from DooYeol Biotech (Seoul, South Korea).

. Detection of F. alocis proteins in mouse livers

Anti-F. alocis rabbit serum was obtained from AbClon Inc. (Seoul, South Korea). Briefly, 4-week-old New Zealand white rabbits
were intraperitoneally immunized with heat-inactivated F. alocis (20 μg) containing complete Freund’s adjuvant (Sigma). After
4 weeks, the rabbits were boosted with heat-inactivated F. alocis (20 μg) containing incomplete Freund’s adjuvant (Sigma) every
2 weeks, and serum was collected 6 weeks later.
Eight-week-old C57BL/6 mice were administered Fa EVs (50 μg) by intraperitoneal injection. At 1, 3, 6, 12, and 24 h postin-

jection, the liver was extracted and homogenized with RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100)
containing complete protease inhibitor (Roche, Mannheim, Germany). Protein concentrations of liver lysates were determined
by bicinchoninic acid (BCA) assays (Thermo Fisher Scientific Inc. Waltham, MA, USA). F. alocis components in liver lysates
were detected by direct enzyme-linked immunosorbent assay (ELISA). The standard curve was prepared by serial dilution of F.
alocis EVs (2000, 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 ng/mL). F. alocis EVs and liver lysates (2 μg/mL) were coated in EIA/RIA
96-well plates (Corning, New York, NY, USA) at 4◦C for 16 h. The concentrations of F. alocis components in the samples were
measured using anti-F. alocis rabbit serum (1:1000) and rabbit IgG HRP-conjugated antibody (R&D systems, 1:20000).

https://arriveguidelines.org
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. Detection of periodontal pathogen proteins in human serum

F. alocis andP. gingivalis proteins in human serum sampleswere detected by direct enzyme-linked immunosorbent assay (ELISA).
The standard curves were prepared by serial dilution of F. alocis lysates (2000, 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 ng/mL) andP.
gingivalis lysates (3750, 1875, 937.5, 468.8, 234.4, 117.2, 58.6, 29.3 ng/mL).Human serum sampleswere dilutedwith PBS and coated
in EIA/RIA 96-well plates (Corning, NewYork, NY,USA) at 4◦C for 16 h. Formeasuring concentration of F. alocis and P. gingivalis
proteins in the serum samples, each sample were incubated with anti-F. alocis rabbit serum (1:1000) and mouse anti-P. gingivalis
IgG2a monoclonal antibody (1:100) (Creative Diagnostics, Shirley, NY, USA) at 25◦C for 2 h, respectively. The concentrations
of F. alocis and P. gingivalis proteins in the serum were detected by colorimetric method using anti-rabbit IgG HRP-conjugated
antibody (R&D systems, 1:20000) and anti-mouse IgG2a HRP-conjugated antibody (Southern Biotech, Birmingham, AL, USA,
1:5000), respectively.

. qPCR array

Eight-week-old C57BL/6 mice were administered Fa EVs (50 μg) by intraperitoneal injection. One hour postinjection, liver
mRNA was extracted using an AccuPrep Universal RNA Extraction Kit (Bioneer, Daejeon, South Korea), and the purity and
quality of mRNA were measured by a NanoDrop One (Thermo Fisher Scientific Inc.) and 5200 Fragment Analyser (Agilent
Technologies, Inc. Santa Clara, CA, USA) according to the Minimum Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) guidelines. Complementary DNA was synthesized using AccuPower Rocketscript Cycle RT Premix
(Bioneer). qPCR array was performed as previously described (Ahn et al., 2016; Hong et al., 2021). Data analysis was based on
the 2−ΔΔCt method. Average threshold cycles (Ct) for the gene of interest were obtained from triplicate samples and normalized
by the Ct of HPRT as a housekeeping gene. The gene information is listed in Table S2.

. Adipokine array

Eight-week-old C57BL/6 mice were administered Fa EVs (50 μg) by intraperitoneal injection. Three hours postinjection, 100 mg
of liver was homogenized with RIPA buffer containing complete protease inhibitor (Roche). Liver lysates (500 μg) were subjected
to an adipokine array (R&D) to measure 38 obesity-related molecules.

. NAFLD experiment

NAFLD experiments were performed as previously described (Imajo et al., 2012), and experimental schemes are outlined in
Figures 2a, 3a and 4a. Eight-week-old C57BL/6 mice were fed a ND or HFD for 4 weeks. Then, mice were administered Fa
EVs (5 μg) or Pg EVs (5 μg) intraperitoneally twice a week for 8 weeks. For PAI-1 inhibition, mice were administered DMSO
(vehicle control) or TM5441 (20 mg/kg) intraperitoneally twice a week for 8 weeks. Mice were sacrificed 1 h after the final Fa
EV or Pg EV injection and used for further experiments. Body weight and food intake were measured once a week during the
experimental period. Subcutaneous fat and visceral fat were excised after mouse sacrifice and weighed using a microbalance.
Triglyceride concentrations in the liver and serum were measured using a triglyceride assay kit (Abcam, Cambridge, United
Kingdom). Insulin, alanine aminotransferase (ALT), and aspartate aminotransferase (AST) concentrations were measured using
ELISA kits (Abcam). PAI-1 concentration was measured using a PAI-1 ELISA kit (R&D). The active PAI-1 concentration was
measured using an active PAI-1 DuoSet ELISA kit (Innovative Research, Novi, MI, USA). Serum glucose levels were measured
using a glucose assay kit (Abcam).

. Liver histology

The left lateral lobe of the mouse liver was fixed in 4% paraformaldehyde at 4◦C for 24 h and transferred to 30% sucrose in PBS
at 4◦C for 3 days. For lipid and haematoxylin staining, the liver lobe was cryosectioned on slide glass at 10 μm using a cryocut
microtome 1950 (Leica, Wetzlar, Germany). For histological analysis, cryosections of the liver lobe were stained with Oil Red O
and haematoxylin using anOil RedO stain kit (Abcam) according to themanufacturer’s instructions. Fibers in cryosections were
stained with trichrome stain kit (Abcam) according to the manufacturer’s instructions. The images were captured by bright field
microscopy (Leica), and the steatosis score, liver inflammation score, and fibrosis stage were measured according to previously
described criteria (Imajo et al., 2012).
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. Cell culture and stimulation

Huh7 (Korean Cell Line Bank, KCLB No. 60104) cells, Hep3B (KCLB No. 88064) cells, HepG2 (KCLB No. 88065), SNU-449
(KCLB No. 00449), and Hepa-1c1c7 (KCLB No. 22026) cells were cultured in RPMI-1640 medium supplemented with FBS (10%)
and antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin) at 37◦C in a humidified incubator (5% CO2).

For ELISA and cell death assays, the cells (2× 105 cells/well in 48-well plates) were incubated for 16 h in serum-free RPMI-1640
medium. Then, the cells were stimulatedwith bacterial EVs for the indicated time periods in serum-free RPMI-1640medium and
used for further experiments. For the PAI-1 ELISA, a PAI-1 DuoSet ELISA kit (R&D) was used according to the manufacturer’s
instructions. For the cell death assay, a Cell Counting Kit-8 (CCK-8, DOJINDO Laboratories, Kumamoto, Japan) assay kit was
used according to the manufacturer’s instructions.
For Western blotting and real-time PCR (RT‒PCR) analysis, the cells (5 × 105 cells/well in 6-well plates) were incubated for

16 h in serum-free RPMI-1640 medium. Then, the cells were stimulated with bacterial EVs for the indicated time periods in
serum-free RPMI-1640 medium and used for further experiments. Western blotting and real-time PCR analysis were performed
as previously described (Kim et al., 2021). The sequences of the primers used are listed in Table S3.

For TLR2 blocking, the cells were pretreated with anti-human TLR2 antibody (Invivogen, B4H2, 5 μg/mL) or isotype control
(Invivogen, human IgA2, 5 μg/mL) for 1 h. Then, the cells were stimulated with the indicated stimuli for 24 h. The antibodies
used for Western blotting and TLR2 blocking are listed in Table S4.
RNA interference assays were performed as previously described (Jun et al., 2018). Briefly, each predesigned siRNA for TLR2

(Invitrogen, HSS186356) and stealth RNAi-negative control duplex (Invitrogen) was transfected into the cells (5 × 105 cells/well
in 6-well plates) at a final concentration of 20 nM with Lipofectamine RNAiMAX (Invitrogen) reagent for 24 h. Then, the cells
were stimulated with the indicated stimuli for further experiments.

. TLR-activating assay using HEK-Blue hTLR cells

The TLR2-activating ability of human serum was analysed using HEK-Blue hTLR2 cells (Invivogen) according to the manu-
facturer’s instructions. Briefly, the cells (5 × 104 cells/well in 96-well plates) were pretreated with anti-human TLR2 antibody
(Invivogen, B4H2, 5 μg/mL) or isotype control (Invivogen, human IgA2, 5 μg/mL) for 1 h. Then, the cells were treated with 20 μL
of serum from NAFLD patients or healthy subjects for 24 h. To analyse the TLR2-activating ability of bacterial EVs, the cells
were stimulated with the indicated bacterial EVs for 24 h. Secreted embryonic alkaline phosphatase (SEAP) was measured by a
spectrophotometer at 655 nm.

. Statistical analysis

All experiments were performed at least three times. The data were analysed using GraphPad Prism 9 software (GraphPad Soft-
ware Inc., San Diego, CA, USA). Student’s t-test was used to determine statistical significance between two independent groups.
One-way analysis of variance (ANOVA)with Bonferroni’s multiple comparison test was used to determine statistical significance
among multiple groups with one independent variable. Two-way ANOVA with Bonferroni’s multiple comparison test was used
to determine statistical significance among multiple groups with two independent variables. Spearman’s rank correlation test
was used to analyse the data from PAI-1 levels and TLR2-activating ability using human serum. The data are shown as the mean
values ± standard deviations. A p value of <0.05 was considered statistically significant.

 RESULTS

. F. alocis EVs increase PAI- expression in the liver

Systemically administered bacterial EVs tend to mainly accumulate in the liver (Jang et al., 2015). To quantify the amount of F.
alocis EVs (Fa EVs) in the liver after systemic administration, we intraperitoneally injected Fa EVs into mice and measured Fa
proteins in the liver using direct ELISA. Fa proteins were detected in mouse livers 1 and 3 h after intraperitoneal injection of Fa
EVs (Figure 1a). Next, to investigate the effect of Fa EVs on liver diseases, we intraperitoneally injected Fa EVs and performed
a quantitative polymerase chain reaction (qPCR) array for 93 liver cancer-related genes, and the majority of them were also
associated with metabolism/steatosis. A heatmap showed the different expression patterns in Fa EV-administered mouse livers
compared to control mouse livers, and the top 10 genes that increased 3-fold or more compared to the PBS group are shown
(Figure 1b). PAI-1 mRNAwas most highly (180.9-fold) increased by Fa EVs, followed by TLR2, intercellular adhesion molecule-1
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F IGURE  PAI-1 induction by F.alocis EVs in mouse livers. (a) Mice (n = 4) were administered Fa EVs (50 μg) by intraperitoneal injection. After the
indicated time periods, the liver was extracted, homogenized with RIPA buffer, and subjected to direct ELISA using anti-F. alocis rabbit serum. (b, c) Mice (n =
3) were administered Fa EVs (50 μg) by intraperitoneal injection. After 1 h, mRNA was extracted from 50 mg of mouse liver, kidney, spleen, and intestine. The
mRNA expression levels of 90 liver disease-related genes were analysed by qPCR array (b). PAI-1 mRNA expression levels were analysed by real-time PCR (c).
(d) Mice (n = 3) were administered Fa EVs (50 μg) by intraperitoneal injection. After 3 h, proteins were extracted from mouse livers (100 mg), and liver lysates
(500 μg) were subjected to an adipokine array. A total of 38 obesity-related molecules were analysed by dot blot analysis (upper panel), and the fold increase
(lower panel) was determined by densitometry using ImageJ software. (e) Mice (n = 3) were intraperitoneally administered Fa EVs (0.5, 5, and 50 μg) for 3 h.
(f) Mice (n = 3) were administered Fa EVs (10 μg/5 μL; 5 μg each in the palate) by palatal injection for 3 h. PAI-1 expression levels in serum and liver lysates
were measured using ELISA. The graphs are shown as the mean values ± standard deviations. Representative data from three biological replicates are shown.
Statistical significance was determined by two-tailed Student’s t test (f), one-way ANOVA with Bonferroni’s multiple comparison test (a, e) or two-way ANOVA
with Bonferroni’s multiple comparison test (b, c, d). *P 〈 0.05, **P 〈 0.01, ***P 〈 0.001, ****P 〈 0.0001 compared to the nontreatment (PBS) group. ns denotes not
significant.

(ICAM-1), suppressor of cytokine signalling 3 (SOCS3), and growth arrest and DNA-damage-inducible beta (GADD45B). These
top five genes that were significantly upregulated by Fa EVs are related to liver steatosis (Fuhrmeister et al., 2016; Henkel et al.,
2018; Himes & Smith, 2010; Kono et al., 2001; Xu et al., 2020). Elevated PAI-1 mRNA expression by Fa EVs was observed only in
the liver but not in the kidney, spleen, intestine, or bone marrow (Figure 1c). We also analysed the protein expression patterns
of 38 molecules by Fa EVs using an adipokine array kit. Fa EVs significantly increased PAI-1 and IGFBP-1 protein levels (Figure
1d). Fa EVs dose-dependently increased PAI-1 expression in both serum and liver (Figure 1e). The dose of Fa EVs was chosen
as 5 μg/injection for subsequent experiments on NAFLD. Upon palatal injection of Fa EVs (total 10 μg; 5 μg each in the palate),
Fa EVs also significantly increased PAI-1 expression in both the liver and serum (Figure 1f). These results suggest that Fa EVs
accumulated in the liver and potently induced PAI-1 expression, which is one of the independent risk factors for NAFLD.

. F. alocis EVs cause hepatic steatosis in LFD-fed mice

To determine the effect of Fa EVs onNAFLD progression, 8-week-oldmalemice were fed a low-fat diet (LFD, 10% fat) or high-fat
diet (HFD, 60% fat) for 4 weeks. Then, we injected Fa EVs into LFD-fed mice or HFD-fed mice twice a week for an additional
8 weeks (Figure 2a). Regardless of diet conditions, Fa EVs did not change the body weight of the mice (Figure 2b). After the
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F IGURE  Hepatic steatosis by F. alocis EVs in low-fat diet-fed mice. (a) Schematic overview of experimental schemes. (b) Body weight of low-fat diet
(LFD, left)-fed or high-fat diet (HFD, right)-fed mice administered PBS- or Fa EVs (twice a week for 8 weeks, n = 5). Mice were sacrificed 1 h after the last
injection. (c) Liver weight (n = 5). (d) Typical pictures of liver (upper), representative images of Oil Red O stained liver sections (middle, n = 5, Scale bar, 100
μm), and representative images of trichrome stained liver sections (lower, n = 5, Scale bar, 100 μm). (e) Steatosis score, lobular inflammation score, and fibrosis
stage of liver sections (n = 5). (f) Triglyceride levels in liver tissue and serum (n = 5). (g) Insulin and glucose concentrations in mouse serum (n = 5). (h) PAI-1
concentration in liver lysates and serum (n = 5). (i) Serum AST and ALT levels (n = 5). The graphs are shown as the mean values ± standard deviations.
Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple comparison test. *P 〈 0.05, **P 〈 0.01, ***P 〈 0.001, ****P 〈 0.0001
compared to the indicated group. ns denotes not significant.
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experimental period, we injected the mice with Fa EVs for 1 h and sacrificed the mice for the following experiments. Fa EVs did
not change liver weight in either LFD- or HFD-fed mice (Figure 2c). Interestingly, gross morphology, histology, steatosis score
and triglyceride assay showed that Fa EVs increased hepatic steatosis in LFD-fed mice, but they did not show additional effects
on HFD-induced liver steatosis (Figure 2d-f). Histological analysis showed that F. alocis EVs did not induce liver inflammation
and liver fibrosis in both LFD- and HFD-fed mice (Figure 2d, e). Serum insulin, serum glucose, food intake, subcutaneous fat,
and visceral fat were not altered by Fa EVs in LFD-fed mice (Figure 2g, Figure S1a and b). In HFD-fed mice, subcutaneous fat
and visceral fat were slightly increased by Fa EVs (Figure S1b). In both LFD- and HFD-fed mice, Fa EVs potently increased PAI-1
levels in the liver and serum (Figure 2h). PAI-1 levels in the liver exhibited an increasing tendency in theHFD-fedmice compared
to the LFD-PBS group (p value by Student’s t-test: 0.0019 for liver PAI-1; p value by two-way ANOVA: 0.1403 for liver PAI-1). Fa
EVs increased serum AST and ALT levels in both LFD- and HFD-fed mice (Figure 2i). These results suggest that Fa EVs can
cause hepatic steatosis and increase PAI-1 expression even in LFD-fed mice.

. PAI- inhibition alleviates periodontal pathogen EV-induced hepatic steatosis

To identify the role of PAI-1 in EV-induced hepatic steatosis, we examined the effects of TM5441, a pharmacological inhibitor of
PAI-1 (Henkel et al., 2018; Lee et al., 2017), on periodontal pathogen EV-induced hepatic steatosis. Eight-week-oldmalemicewere
fed the LFD for 4 weeks. Then, we injected LFD-fed mice with periodontal pathogen EVs and TM5441 twice a week for 8 weeks
(Figure 3a). Pharmacological perturbation of PAI-1 did not affect the body weight or food intake of the mice (Figures 3b and S2).
To test whether PAI-1 is inhibited by TM5441, a PAI-1 activity assaywas performed. As shown in Figure 3c, Fa EVs andP. gingivalis
EVs (Pg EVs) significantly increased the active PAI-1 level in vehicle control mice, and the active PAI-1 level was decreased in
TM5441-treated mice to the control level. Gross morphology and histology data showed that TM5441 alleviated hepatic steatosis
induced by Fa EVs or Pg EVs but did not affect liver weight (Figure 3d-f). PAI-1 inhibition alleviated the induction of liver
triglyceride levels by Fa EVs or Pg EVs (Figure 3g). PAI-1 levels are known to affect the gene expression levels of hepatic enzymes
involved in triglyceride synthesis (Henkel et al., 2018; Levine et al., 2021). Consistent with the histology and triglyceride analysis
results, periodontal pathogen EVs induced the expression of triglyceride synthesis-related hepatic genes (SREBP-1c, FAS, and
ACC), whichwere decreased by TM5441 treatment (Figure 3h). Next, we tested the effects of PAI-1 inhibition on serumAST/ALT
levels. PAI-1 inhibition by TM5441 did not affect blood AST levels increased by periodontal pathogen EVs (Figure 3i). Increased
serum ALT levels by Fa EVs were slightly decreased by TM5441 treatment, but ALT levels by Pg EVs were not affected. It was
reported that TM5441 treatment decreased plasmaALT levels in standard fat diet-fedmice at 8 weeks but not at 16 weeks (Henkel
et al., 2018). These results suggest that PAI-1 is a key molecule in hepatic steatosis caused by periodontal pathogen EVs.

. TLR regulates periodontal pathogen EV-induced PAI- expression and hepatic steatosis

TLR signalling by bacterial MAMPs is associated with NAFLD progression (Miura & Ohnishi, 2014). Recently, we reported that
EVs from periodontal pathogens, including F. alocis, P. gingivalis, andT. forsythia, preferentially activated TLR2 rather than TLR4
andTLR9 (Kim et al., 2022).We therefore investigated the role of TLR2 in periodontal pathogenEV-induced liver steatosis. Eight-
week-old WT or TLR2−/− male mice were fed a ND for 4 weeks. Then, we injected the mice with periodontal pathogen EVs (Fa
EVs or Pg EVs) twice a week for 8 weeks (Figure 4a). Compared to WT mice, TLR2−/− mice showed reduced body weight gain
(Figure 4b). TLR2−/− mice also showed reduced liver weight in the Fa EV-administered group but not in the PBS- or Pg EV-
administered group (Figure 4c). Food intake did not change (Figure S3a). Interestingly, the steatosis score and liver triglyceride
levels were not increased by periodontal pathogen EVs in TLR2−/− mice (Figure 4d-f). PAI-1 expression was not induced by
EVs in either the liver or serum of TLR2−/− mice (Figure 4g). Accordingly, the expression of SREBP-1c, FAS, and ACC was not
induced by EVs in the livers of TLR2−/− mice (Figure 4h). Fa EVs and Pg EVs did not increase either AST or ALT levels in
TLR2−/− mice (Figure 4i). These results suggest that TLR2 is an important receptor for periodontal pathogen EV-induced liver
steatosis and PAI-1 induction.
Proinflammatory cytokines, such as IL-1, IL-6, and TNF-α, are known to activate hepatocytes to induce PAI-1 expression

(Dimova & Kietzmann, 2008). IL-6 levels were increased in the serum of WT mice by periodontal pathogen EVs, whereas they
were not induced in TLR2−/−mice. In liver lysates, periodontal pathogen EVs did not increase IL-6 levels, and the IL-6 levels were
not different between WT and TLR2−/− mice (Figure S3b). These results suggest that periodontal pathogen EVs may directly
induce PAI-1 via TLR2 independently of signalling pathways by proinflammatory cytokines.

. PAI- levels are correlated with TLR-activating ability in human serum

EVs may circulate in the bloodstream and activate TLR2 to induce PAI-1. To determine the correlation between TLR2-activating
ability and PAI-1 levels in humans, we prepared serum from NAFLD patients (n = 100) and healthy subjects (n = 100). To
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F IGURE  Effects of pharmacological inhibition of PAI-1 on EV-induced steatosis. (a) Schematic overview of experimental schemes. (b) Body weight of
LFD-fed mice administered PBS, Fa EVs, or Pg EVs (twice a week for 8 weeks) in the presence or absence of TM5441 injection (20 mg/kg, n = 5). (c) Serum
active PAI-1 levels were measured using an active PAI-1 ELISA kit. (d) Typical pictures of liver and representative images of Oil Red O stained liver sections (n
= 5, Scale bar, 100 μm). (e) Liver weight (n = 5) and (f) steatosis score of liver sections (n = 5). (g) Triglyceride levels in liver tissue (n = 5). (h) Gene expression
levels of SREBP-1c, FAS, and ACC in the liver (n = 5). (i) Serum AST and ALT levels (n = 5). The graphs are shown as the mean values ± standard deviations.
Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple comparison test. *P 〈 0.05, **P 〈 0.01, ***P 〈 0.001, ****P 〈 0.0001
compared to each PBS group. ##P 〈 0.01, ###P 〈 0.001, ####P 〈 0.0001 compared to the indicated group. ns denotes not significant.

analyse whether TLR2 ligands are increased in NAFLD patients, we used a TLR2 reporter cell line, HEK-Blue hTLR2 cells, to
measure the TLR2-activating ability of serum. Interestingly, the ability of serum from NAFLD patients to activate TLR2 was
higher than that from healthy subjects (Figure 5a). To exclude the possibility of other contaminants that may activate the cells
via TLR2, we used anti-hTLR2 IgA. The blocking of TLR2 with a neutralizing antibody downregulated the TLR2-activating
ability of serum from both NAFLD patients and healthy subjects. Pam3CSK4, a TLR2 ligand, was used as a control for the TLR2
blocking antibody (Figure 5b). We also measured serum PAI-1 levels in NAFLD patients and healthy subjects. As expected,
PAI-1 was elevated in serum from NAFLD patients (Figure 5c). The concentration of PAI-1 in serum exhibited a significant
moderate positive correlation with the TLR2-activating ability of serum (r= 0.4233, p< 0.0001, Figure 5d). Furthermore, serum
from NAFLD patients contain more amount of F. alocis proteins and P. gingivalis proteins than serum from healthy subjects
(Figure 5e, h). The concentration of F. alocis protein and P. gingivalis protein in the serum were positively correlated with the
serum PAI-1 concentration, and they also exhibited a positive correlation with the TLR2-activating ability (Figure 5f, g, i, j).
Collectively, these results indicate that circulating TLR2 ligands, such as periodontal pathogen proteins are increased in the
serum from NAFLD patients and contribute to stimulating the liver to express PAI-1.
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F IGURE  Role of TLR2 in periodontal pathogen EV-induced liver steatosis. (a) Schematic overview of experimental schemes. (b) Body weight of
LFD-fed WT or TLR2-/- mice administered PBS, Fa EVs, or Pg EVs (twice a week for 8 weeks, n = 5 for PBS groups; n = 6 for Fa EV and Pg EV groups). Mice
were sacrificed 1 h after the last injection. (c) Liver weight (n = 5 for PBS groups; n = 6 for Fa EV and Pg EV groups). (d) Typical pictures of liver (upper) and
representative image of Oil Red O stained liver sections (lower, n = 5 for PBS groups; n = 6 for Fa EV and Pg EV groups, Scale bar, 100 μm). (e) Steatosis score
of liver sections (n = 5 for PBS groups; n = 6 for Fa EV and Pg EV groups). (f) Triglyceride levels in liver tissue (n = 5 for PBS groups; n = 6 for Fa EV and Pg
EV groups). (g) PAI-1 concentration in liver lysates and serum (n = 5 for PBS groups; n = 6 for Fa EV and Pg EV groups). (h) Gene expression levels of
SREBP-1c, FAS, and ACC in the liver (n = 5 for PBS groups; n = 6 for Fa EV and Pg EV groups). (i) Serum AST and ALT levels (n = 5 for PBS groups; n = 6 for
Fa EV and Pg EV groups). The graphs are shown as the mean values ± standard deviations. Statistical significance was determined by two-way ANOVA with
Bonferroni’s multiple comparison test. *P 〈 0.05, **P 〈 0.01, ***P 〈 0.001, ****P 〈 0.0001 compared to the PBS group. #P 〈 0.05, ##P 〈 0.01, ###P 〈 0.001, ####P 〈

0.0001 compared to the indicated group. ns denotes not significant.
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F IGURE  PAI-1 levels, TLR2-activating ability, and periodontal pathogen proteins of serum from NAFLD patients. (a, b) HEK-Blue hTLR2 cells (5 × 104
cells/well in 96-well plates) were pretreated with 5 μg/mL anti-hTLR2 IgA or isotype human IgA2 for 1 h. Then, the cells were treated with 20 μL of serum from
healthy subjects (n = 100) or NAFLD patients (n = 100) for an additional 20 h (a). Pam3CSK4 (100 ng/mL) and ultrapure LPS (100 ng/mL) were used as
controls for the TLR2 ligand and TLR4 ligand, respectively (b). The TLR2-activating ability of serum was measured by SEAP assay using a spectrophotometer.
(c) PAI-1 levels in serum from healthy subjects (n = 100) or NAFLD patients (n = 100) were measured by ELISA. (d) Correlation plot between the PAI-1 levels
in human serum and the TLR2-activating ability of human serum. (e) Concentration of F. alocis proteins in human serum were measured using an anti-F. alocis
rabbit serum. (f) Correlation plot between the PAI-1 levels in human serum and the F. alocis protein concentration of human serum. (g) Correlation plot
between the TLR2-activating ability of human serum and the F. alocis protein concentration of human serum. (h) Concentration of P. gingivalis proteins in
human serum were measured using an anti-P. gingivalismonoclonal antibody. (i) Correlation plot between the PAI-1 levels in human serum and the P.
gingivalis protein concentration of human serum. (j) Correlation plot between the TLR2-activating ability of human serum and the P. gingivalis protein
concentration of human serum. Statistical significance was determined by two-tailed Student’s t test (a, b, e, h), two-way ANOVA with Bonferroni’s multiple
comparison test (c), or Spearman’s rank correlation test (d, f, g, i, j). *P < 0.05, **P < 0.01, ****P < 0.0001 compared to the serum from healthy subjects.
####P < 0.0001 compared to the indicated group. ns denotes not significant.
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F IGURE  PAI-1 induction by periodontal pathogen EVs in hepatocytes. (a) Hepatocyte cell lines (2 × 105 cells in 48-well plates for ELISA, 4 × 105 cells
in 6-well plates for RT‒PCR) were stimulated with 10 μg/mL indicated stimuli for 24 h (ELISA) or for 3 h (RT‒PCR). PAI-1 expression at the protein level
(upper panel) and mRNA level (lower panel) was analysed by ELISA and RT‒PCR, respectively. (b) Huh7 cells (4 × 105 cells in 6-well plates) were stimulated
with 10 μg/mL of Fa EVs for 1, 2, or 3 h. Phosphorylation of each molecule was determined by Western blotting. Band intensities in the Western blots were
quantified by densitometry using ImageJ software and presented as the relative ratio to the total form of each signalling molecule. (c) Huh7 cells (2 × 105 cells
in 48-well plates) were pretreated with the indicated inhibitors (1 or 10 μM) for 1 h. Then, the cells were stimulated with 10 μg/mL of Fa EVs for 24 h. (d) Huh7
cells (2 × 105 cells in 48-well plates) were pretreated with TLR2-blocking antibody or isotype control for 1 h and stimulated with the indicated stimuli (left
panel). Huh7 cells (4 × 105 cells in 6-well plates) were transfected with TLR2 siRNA for 18 h and stimulated with 10 μg/mL of Fa EVs for 3 h (right panel). (e, f,
g) Huh7 cells (2 × 105 cells in 48-well plates) were stimulated with the indicated stimuli (10 μg/mL) for 24 h. PAI-1 protein levels in the cell culture supernatants
were analysed by ELISA (c, d, e, f, g). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared to the PBS group. #P < 0.05, ####P < 0.0001 compared to the
indicated group. ns denotes not significant.

. Periodontal pathogen EVs induce PAI- expression via TLR-PIK-Akt-NF-κB in hepatocytes

Hepatocytes, the most abundant cell type in the liver, are one of the main populations expressing PAI-1 (MacParland et al., 2018).
To test PAI-1 expression by periodontal pathogen EVs in hepatocytes, we used both human hepatocytes (Huh7,Hep3B, SNU-449,
and HepG2) and mouse hepatocytes (Hepa-1c1c7). As shown in Figure 6a, Fa EVs increased PAI-1 expression at both the protein
(upper panel) and mRNA levels (lower panel) in hepatocytes. Pg EVs increased PAI-1 mRNA but not PAI-1 protein. In HepG2
cells, Pg EVs even decreased PAI-1 protein. This might be due to gingipains, proteases that can degrade the PAI-1 protein in vitro
(Song et al., 2021). To identify whether gingipains degrade PAI-1 induced by Pg EVs, we prepared EVs from gingipain-deficient
P. gingivalis (KDP136). Gingipain-deficient P. gingivalis EVs (KDP136) but not WT Pg EVs increased PAI-1 protein in Huh7 cells
(Figure S4). These results indicate that Fa EVs and Pg EVs can efficiently increase PAI-1 expression in hepatocytes, although Pg
EV-induced PAI-1 can be degraded by gingipains present in Pg EVs.
To determine the role of EVs from different bacteria in PAI-1 induction, we used EVs from another periodontal pathogen, T.

forsythia, an oral commensal strain, Streptococcus oralis, and a gut probiotic strain, Lactobacillus reuteri. EVs from T. forsythia
(Tf EVs) and EVs from S. oralis (So EVs) significantly increased PAI-1 expression both in vivo and in vitro (Figure S5a, b). EVs
from L. reuteri (Lr EVs) did not induce PAI-1 induction in vivo and slightly induced PAI-1 in mouse hepatocytes.

The PI3K/Akt, NF-κB, and MAPK pathways are involved in PAI-1 expression in hepatocytes and are activated by TLR sig-
nalling pathways (Dimova & Kietzmann, 2008). To confirm that periodontal pathogen EVs can activate signalling molecules,
Huh7 cells were stimulated with Fa EVs. Fa EVs significantly induced the phosphorylation of PI3K, Akt, and NF-κB but not
MAPK (Figure 6b). PAI-1 induction by Fa EVs was attenuated by PI3K inhibitors (LY294002 and wortmannin), an Akt inhibitor
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(triciribine), and an NF-κB inhibitor (Bay-117082) without cell death (Figures 6c and S6a). The effects of wortmannin and tri-
ciribine on the inhibition of PI3K were confirmed by Western blotting (Figure S6b). Next, to examine the effects of TLR2 on
Fa EV-induced PAI-1 induction in hepatocytes, we used a TLR2 blocking antibody and TLR2 siRNA. As shown in Figure 6d,
blocking or knock down TLR2 significantly attenuated Fa EV-induced PAI-1 induction in hepatocytes. LPS, a TLR4 ligand, was
used as a negative control for TLR2 blocking or knockdown.
Previously, we demonstrated that amphiphilic molecules of Fa EVs are essential for inducing TLR2 activation (Kim et al.,

2021). To identify the role of amphiphilic molecules of Fa EVs and Pg EVs in PAI-1 induction, we separated the EVs into an
amphiphilic phase and a hydrophilic phase. As expected, the amphiphilic phase from Fa EVs highly induced PAI-1 induction, but
the hydrophilic phase of Fa EVs was slightly induced (Figure 6e). Interestingly, the Pg EV-derived hydrophilic phase decreased
PAI-1 expression levels, as shown with Pg EVs, but the amphiphilic phase from Pg EVs significantly induced PAI-1 levels in
hepatocytes. To investigate the role of MAMPs from Fa EVs, we treated Fa EVs with various MAMP inhibitors (lipoprotein
lipase and proteinase K for bacterial lipoproteins, PAF-AH for LTA, polymyxin B for endotoxin, DNase for DNA, and RNase
for RNA). As shown in Figure 6f, lipoprotein inhibitors attenuated PAI-1 induction by Fa EVs. We further examined the role of
various TLR ligands in PAI-1 induction in hepatocytes. Pam2CSK4 (TLR2/6 ligand), Pam3CSK4 (TLR1/2 ligand), LPS (TLR4
ligand), and flagellin (TLR5 ligand) significantly induced PAI-1 expression in hepatocytes, while LTA (TLR2 ligand), ODN 2006
(TLR9 ligand), and poly (I:C) did not induce PAI-1 expression (Figure 6g). These results suggest that bacterial lipoproteins, as
TLR2 ligands in periodontal pathogen-derived EVs, are key players in the induction of PAI-1 in hepatocytes.

 DISCUSSION

NAFLD progression is affected by microbiota in various ways, including microbiota dysbiosis, microbial infection, microbial
metabolites, and endotoxaemia (Aron-Wisnewsky et al., 2020). Recently, the oral-gut-liver axis has gained attention for under-
standing the molecular mechanisms of liver diseases or intestinal diseases in periodontitis patients (Acharya et al., 2017; Chen
et al., 2023; Wang et al., 2022). Periodontal pathogens affect systemic diseases, including NAFLD, and are more frequently found
in liver biopsies from NAFLD patients than healthy individuals (Akinkugbe et al., 2017; Helenius-Hietala et al., 2019; Komazaki
et al., 2017; Yoneda et al., 2012). Bacterial EVs can accumulate in the liver by circulating throughout the whole body (Jang et al.,
2015). In the present study, we showed that low-dose periodontal pathogen EVs directly increased PAI-1 levels in livers from
LFD mice through TLR2 signalling, resulting in liver steatosis. PAI-1 levels were higher in serum from NAFLD patients than in
serum from healthy controls, and serum PAI-1 levels showed a positive correlation with serum TLR2-activating ability. Fa EVs
increased PAI-1 in hepatocytes through TLR2 with the PI3K/Akt/NF-κB signalling pathway. This is the first study of the role of
the interaction between periodontal pathogen EVs and the TLR2/PAI-1 axis in NAFLD progression.
Here, we determined that long-term exposure to low-dose EVs from both gram-negative and gram-positive periodontal

pathogens induced hepatic steatosis in LFD mice. Similar to our study, Seyama et al. demonstrated that P. gingivalis EVs trans-
ferred their gingipains to the liver, leading to the progression of diabetes mellitus symptoms by inhibiting insulin signalling in
hepatocytes (Seyama et al., 2020). The effects of bacterial EVs on liver diseases are diverse depending on the bacterial species.
Zahmatkesh et al. suggested that EVs from Helicobacter pylori, a gastrointestinal pathogen, may induce liver fibrosis through
the induction of liver fibrosis markers, including α-SMA, TIMP-1, β-catenin, and vimentin, in hepatic stellate cells (Zahmatkesh
et al., 2022). EVs from Akkermansia muciniphila, a next-generation probiotic strain, have anti-inflammatory abilities in both
HFD- and carbon tetrachloride-induced liver injury mice (Raftar et al., 2022). EVs from Lactobacillus rhamnosus GG, a probi-
otic strain, alleviated alcohol-associated liver disease progression by enhancing intestinal barrier functions (Gu et al., 2021). We
also showed that EVs from L. reuteri, a probiotic strain, did not induce PAI-1 expression, but EVs from T. forsythia, a periodontal
pathogen, and S. oralis, an oral commensal strain, induced PAI-1. Although we identified the role of EVs from F. alocis and P.
gingivalis as representative periodontal pathogens in NAFLD progression, further studies are needed to determine the overall
effects of oral microbiome-derived EVs on liver diseases.
We showed that serum fromNAFLD patients contained significantly higher PAI-1 levels than serum from healthy individuals.

PAI-1 is an important regulator of lipid metabolism in the liver. PAI-1 inhibitors can downregulate the mRNA expression of lipid
synthesis-related genes, including SREBP, in the livers of high fat/high cholesterol high sugar (HFHS)-fed mice (Levine et al.,
2021). PAI-1 knockout mice are resistant to HFHS-induced hepatic steatosis, and administration of a PAI-1 inhibitor alleviates
HFHS-induced hepatic steatosis (Henkel et al., 2018). The authors suggested that genetic knockout of PAI-1 and PAI-1 inhibitor
did not prevent hepatic inflammation and fibrosis by HFHS- or methionine- and choline-deficient diet-induced NAFLDmouse
model. However, Lee et al. suggested that a PAI-1 inhibitor can not only alleviate HFD-induced hepatic steatosis but also alle-
viate both hepatic inflammation and fibrosis in HFD mice (Lee et al., 2017). In our study, periodontal pathogen EVs potently
increased PAI-1 induction in liver and hepatic steatosis but not hepatic inflammation and fibrosis in LFDmice. Hepatic steatosis
and lipid synthesis-related genes (SREBP-1c, FAS, and ACC) induced by periodontal pathogen EVs were decreased by a PAI-1
inhibitor. The potential downstream targets of increased PAI-1 in relation to lipid metabolism are as follows: (1) PAI-1 inhibits
hepatocyte growth factor (HGF)-induced c-Met pathway, which can export triglycerides and low-density lipoprotein from the
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liver by activating microsomal triglyceride transfer protein (MTTP) and apolipoprotein B (Kanuri et al., 2011; Naldini et al.,
1995). (2) Inhibition of PAI-1 by PAI-1 inhibitor, TM5614, downregulates plasma level of proprotein convertase subtilisin/kexin
type 9 (PCSK9), thereby lowering lipid synthesis in the liver. PCSK has the ability to catabolize LDL receptor, which are crucial
for the uptake of cholesterol in the liver, leading to the downregulation of lipid metabolism-related genes such as Srebp/ and
HMG-CoA reductase (Levine et al., 2021). (3) PAI-1 may inhibit insulin signalling by binding to insulin receptor in hepatocyte,
considering that PAI-1 can inhibit insulin signalling by binding αvβ3 integrin in fibroblasts (Lopez-Alemany et al., 2003). PAI-1
has been shown to be elevated in severe periodontitis patients compared to healthy controls (Bizzarro et al., 2007). Although the
role of PAI-1 in hepatic inflammation and fibrosis is controversial, it seems clear that PAI-1 is an important molecule in hepatic
steatosis by periodontal pathogen EVs.
In NAFLD/NASH research, TLRs have gained attention due to their roles in interactions with microbiota in our body (Miura

& Ohnishi, 2014). A role of TLR-MAMP interactions has been suggested in NAFLD progression. In TLR2−/− mice, NASH pro-
gression induced by a choline-deficient amino acid-defined (CDAA) diet was alleviated compared to that in WT mice, and
Pam3CSK4, a bacterial TLR2 ligand, and CpG-ODN, a bacterial TLR9 ligand, synergistically induced inflammasome activation
in liver macrophages (Miura et al., 2012). NAFLD/NASH patients hadmore LPS in both serum and liver tissue than non-NAFLD
subjects (Carpino et al., 2020). Exposure to low-dose LPS exacerbated NASH progression via CD14/STAT3 signalling in HFD
mice, and hepatic CD14 expression levels were higher in NAFLD patients than in healthy controls (Imajo et al., 2012). CD14 is
known as an essential coreceptor for activating TLRs, including TLR2 and TLR4 (Lee et al., 2012). Endotoxemia induced by soni-
cated P. gingivalis increased liver steatosis in HFDmice (Sasaki et al., 2018). P. gingivalis LPS reached the liver by palatal injection
and induced NAFLD progression in both LFD and HFD mice (Fujita et al., 2018). Previously, we showed that EVs from gram-
negative periodontal pathogens (P. gingivalis and T. forsythia) contained both bacterial lipoproteins and LPS, and EVs from a
gram-positive periodontal pathogen (F. alocis) contained lipoproteins (Kim et al., 2021, 2022). EVs from both gram-negative and
gram-positive periodontal pathogens mainly activate TLR2 rather than TLR4 (Kim et al., 2022). In this study, TLR2−/− mice did
not show hepatic steatosis or PAI-1 induction by periodontal pathogen EVs. An in vitro study confirmed that TLR2was important
for PAI-1 induction by Fa EVs in hepatocytes. Amphiphilic molecules but not hydrophilic molecules from periodontal pathogen
EVs potently increased PAI-1 in hepatocytes. EV inhibition experiments demonstrated that treatment of EVs with lipoprotein
lipase and proteinase K decreased PAI-1 induction, whereas treatment with PAF-AH, polymyxin B, DNase and RNase did not.
In addition, our data on clinical samples showed that serum from NAFLD patients had a stronger TLR2-activating ability than
that from healthy subjects, and serum PAI-1 levels were positively correlated with the TLR2-activating ability of serum. Consid-
ering this, in the subgingival sites of periodontitis patients, periodontal pathogens continuously release EVs that transfer their
TLR2 ligands, such as bacterial lipoproteins, to the liver, leading to PAI-1 induction and liver steatosis. Although the exact role
of the various molecules of periodontal pathogen EVs in NAFLD progression needs to be further elucidated, TLR2-activating
molecules such as bacterial lipoproteins may be important for PAI-1 induction leading to NAFLD progression.
In the present study, long-term exposure to low-dose periodontal pathogen EVs increased steatosis and triglyceride levels in

livers from LFD-fed mice, but there was no change in body weight, liver weight, and food uptake. Although NAFLD is usually
related to metabolic disorders such as obesity, a recent meta-analysis suggested that among all NAFLD patients, approximately
19.2% were lean and 40.8% were nonobese subjects (Ye et al., 2020). Microbiota might be involved in this phenomenon consid-
ering that nonobese/lean NAFLD patients have distinct microbiome signatures from obese NAFLD patients in both stool and
liver biopsy samples (Duarte et al., 2018; Lee et al., 2020; Suppli et al., 2021). Furthermore, obese NAFLD patients containedmore
16S ribosomal DNA in liver samples than lean NAFLD patients, suggesting that translocation of bacteria from the gut to the
liver by intestinal inflammation is important for NAFLD progression in obese subjects (Henao-Mejia et al., 2012; Luther et al.,
2015). Unlike bacterial cells, bacterial EVs released from microbiota such as gut microbiota and oral microbiota move freely in
the circulation and readily penetrate host tissues or biological barriers. The present study indicates that periodontal pathogen
EVs can reach the liver and induce PAI-1 induction, leading to hepatic steatosis regardless of metabolic abnormalities.
The increase in hepatic steatosis caused by Fa EVs was only observed under LFD conditions, not in HFD conditions. The

increased level of PAI-1 in liver induced by Fa EVs was similar in both LFD and HFD conditions, indicating a plateau in PAI-1
levels. Furthermore, in HFD, there are various other factors that have a significant impact on steatosis: (1) HFD can cause obesity
and insulin resistance/hyperinsulinemia, leading to increase in lipogenesis in the liver (Utzschneider & Kahn, 2006).We demon-
strated that HFD induced body weight gain and increased levels of serum insulin and glucose, which were not observed under
LFD conditions. (2) HFD also causes dysfunction of hepatic autophagy, which can induce insulin resistance and endoplasmic
reticulum stress, ultimately leading to hepatic steatosis (Yang et al., 2010). (3) The lipid content of exosomes fromHFD-fed mice
is different from that of control diet-fed mice (Kumar et al., 2021). Compared to exosomes derived from control diet-fed mice,
exosomes from HFD-fed obese mice showed an increase in the phosphatidylcholine (PC) ratio, and PC induced insulin resis-
tance and glucose intolerance through the aryl hydrocarbon receptor, leading to hepatic steatosis. Therefore, we believed that
the effects of PAI-1 induction by Fa EVs on liver steatosis might be obscured in HFD conditions, and the PAI-1-mediated hepatic
steatosis by periodontal pathogen EVs might play a crucial role in the early stages of NAFLD progression and lean NAFLD.
In summary, we showed that periodontal pathogen-derived EVs increased PAI-1 induction by TLR2 signalling, resulting in

hepatic steatosis.We also found that the PAI-1 levels and TLR2-activating ability of NAFLD patient serumwere higher than those
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of healthy control serum. There was a significant correlation between human serum PAI-1 levels and the TLR2-activating ability
of human serum. These results suggested that the TLR2/PAI-1 axis could be a novel molecular mechanism for the association
between periodontitis and NAFLD and a potential therapeutic target for NAFLD progression.
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