
ARTICLE OPEN

Porphyromonas gingivalis, a periodontal pathogen, impairs
post-infarcted myocardium by inhibiting
autophagosome–lysosome fusion
Yuka Shiheido-Watanabe1, Yasuhiro Maejima 1✉, Shun Nakagama1, Qintao Fan1, Natsuko Tamura1 and Tetsuo Sasano1

While several previous studies have indicated the link between periodontal disease (PD) and myocardial infarction (MI), the
underlying mechanisms remain unclear. Autophagy, a cellular quality control process that is activated in several diseases, including
heart failure, can be suppressed by Porphyromonas gingivalis (P.g.). However, it is uncertain whether autophagy impairment by
periodontal pathogens stimulates the development of cardiac dysfunction after MI. Thus, this study aimed to investigate the
relationship between PD and the development of MI while focusing on the role of autophagy. Neonatal rat cardiomyocytes
(NRCMs) and MI model mice were inoculated with wild-type P.g. or gingipain-deficient P.g. to assess the effect of autophagy
inhibition by P.g. Wild-type P.g.-inoculated NRCMs had lower cell viability than those inoculated with gingipain-deficient P.g. This
study also revealed that gingipains can cleave vesicle-associated membrane protein 8 (VAMP8), a protein involved in lysosomal
sensitive factor attachment protein receptors (SNAREs), at the 47th lysine residue, thereby inhibiting autophagy. Wild-type P.g.-
inoculated MI model mice were more susceptible to cardiac rupture, with lower survival rates and autophagy activity than
gingipain-deficient P.g.-inoculated MI model mice. After inoculating genetically modified MI model mice (VAMP8-K47A) with wild-
type P.g., they exhibited significantly increased autophagy activation compared with the MI model mice inoculated with wild-type
P.g., which suppressed cardiac rupture and enhanced overall survival rates. These findings suggest that gingipains, which are
virulence factors of P.g., impair the infarcted myocardium by cleaving VAMP8 and disrupting autophagy. This study confirms the
strong association between PD and MI and provides new insights into the potential role of autophagy in this relationship.
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INTRODUCTION
Cardiovascular disease (CVD) is a major cause of morbidity and
mortality, with steadily increasing incidence worldwide. The World
Health Organization has reported 17.9 million deaths due to CVDs,
accounting for 32% of all global deaths.
Among CVDs, coronary heart disease, particularly MI, continues

to be a major cause of death despite significant advancements in
its treatment. The global prevalence of MI is approximately 3
million individuals, and >1 million deaths per year have been
reported in the United States.1 MI occurs when the blood flow in
the coronary arteries is blocked by plaque or thrombus, resulting
in the inadequate supply of nutrients and oxygen to the
myocardium and necrosis of the myocardium.
Periodontal disease (PD) involves the impairment of the

connective tissues supporting the teeth and results in the loss
of alveolar bone, making it the primary cause of tooth loss in
adults. It affects > 50% of the adult population2 and is the sixth
most common disease worldwide.3 A substantial amount of
evidence suggests that PD is associated with other systemic
diseases, including CVD,4 rheumatoid arthritis,5 and Alzheimer’s
disease.6 Among >1000 bacterial species found in the oral cavity,7

the “red complex” comprising Porphyromonas gingivalis (P.g.),
Treponema denticola, and Tannerella forsythia has been strongly
linked to the development of advanced periodontal lesions.8 P.g.,

a key bacterium in the etiology and pathogenesis of PD, has been
detected in approximately 86% of subgingival plaque samples
from patients with chronic PD.9 This gram-negative anaerobe
produces several virulence factors, including lipopolysaccharides,
fimbriae, and collagenases, which enable it to evade the host
defense system and destroy periodontal tissues. In particular,
gingipain protease plays a pathogenic role by facilitating the
adherence and colonization of P.g. in epithelial cells, causing
hemagglutination and hemolysis of erythrocytes, promoting
degradation of host proteins, thereby exacerbating the inflamma-
tory response and disrupting host tissues.10 The pathogenicity of
P.g. is not limited to affecting periodontal tissues, as it can invade
other cell types and the vessel in human coronary arteries.11

Furthermore, studies have detected its DNA in thrombi located at
the site of occlusion in patients with acute myocardial infarction
(MI)12 and atheromatous plaques of coronary arteries.13

Therefore, we hypothesize that P.g. infection plays a critical role
in the pathogenesis of MI. However, the mechanisms underlying
the effect of periodontal infection on the pathogenesis of MI and
its complications remain unknown.
Autophagy is a critical intracellular process that involves

degradation and recycling of cellular components such as proteins
and organelles. This process is accomplished by sequestration of
these components in double-membrane vesicles called
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autophagosomes, which then merge with lysosomes for degrada-
tion and recycling. Previous studies have shown that dysregulation
of autophagy is linked to numerous systemic diseases, including
cancer, neurodegenerative diseases, infectious and inflammatory
diseases, diabetes,14 and CVDs.15 Notably, constitutive autophagy
in cardiomyocytes is crucial for their survival. Malfunction in the
autophagy machinery leads to the accumulation of abnormal
proteins and organelles, resulting in cardiac dysfunction.16 There-
fore, autophagy is crucial for proper functioning of the heart.
Previous studies have shown that P.g. invading host cells can

escape autophagosomal engulfment and avoid death by
autolysosome-mediated bacterial killing. This process is known as
xenophagy.17,18 We previously showed that invasion of cardiomyo-
cytes by P.g. exacerbates post-infarction myocardial fragility and
leads to cardiac dysfunction via the suppression of mitochondria-
selective autophagy.19 Furthermore, we demonstrated that gingi-
pains induce cardiomyocyte apoptosis by activating Bax, a pro-
apoptotic protein, through cleavage at its Arg34 site, thereby
exacerbating cardiac dysfunction in P.g.-inoculated MI mice.
However, the molecular mechanism by which gingipains inhibit
the autophagy machinery remains unknown. Based on these
findings, we propose that P.g. interferes with the mechanisms of
autophagy and xenophagy, thereby abolishing autophagy-mediated
cell protection and exacerbating the pathological condition after MI.
In this study, we demonstrated that P.g. infection causes dysregula-
tion of autophagy via the inhibition of autophagosome–lysosome
fusion, which reduces myocardial viability after MI.

RESULTS
P.g. invades and worsens the viability of cardiomyocytes by
secreting gingipains
P.g. invades cells as a survival strategy to evade the host immune
system.20,21 The presence of P.g. within the NRCMs was detected
using fluorescence microscopy (Fig.1a), and the presence of P.g.
within the NRCMs was confirmed using transmission electron
microscopy (TEM) (Fig. 1b). Gingipains, which are cysteine
proteases secreted by P.g., are considered the most potent
virulence factors of this organism.22 Cell viability assays were
performed on both H9c2 cells and NRCMs that were inoculated
with either wild-type P.g. (WTP.g.; strain ATCC33277) or gingipain-
deficient P.g. (ΔP.g.; strain KDP981) to determine the effect of
invasion of NRCMs by P.g. on cardiomyocytes due to gingipains
secretion. The viabilities of H9c2 cells and NRCMs that were
inoculated with WTP.g. were significantly lower than those of cells
or NRCMs that were either untreated or inoculated with ΔP.g.
(Figs. 1c, d). These results suggest that gingipains produced by P.g.
has detrimental effects on H9c2 cells and NRCMs.

Gingipains inhibit autophagosome–lysosome fusion
Yoshii et al. demonstrated that the formation of autophagosomes
in cells expressing mRFP-GFP-LC3 caused an increase in the
number of GFP-positive/mRFP-positive (yellow) puncta.23 This
indicates that a decrease in the number of GFP-negative/mRFP-
positive (red) puncta can increase the number of autophago-
somes. P.g. can evade the host defense system by inhibiting the
fusion of autophagosomes and lysosomes.11 Gingipains also play a
crucial role in allowing P.g. to acquire resistance against
destruction in the lysosomal system.24 Based on these findings,
we hypothesized that P.g. could suppress the fusion of
autophagosomes and lysosomes through a mechanism mediated
by gingipains. To validate this theory, NRCMs were transduced
with adenovirus-harboring mRFP-GFP-LC3 to monitor the autop-
hagic flux. Confocal microscopy revealed that the GFP/RFP ratio
(488/568 nm) in NRCMs inoculated with WTP.g. was significantly
higher than that in NRCMs inoculated with ΔP.g. (Fig. 2a, b),
suggesting that gingipains play an important role in P.g.-mediated
suppression of autophagosome–lysosome fusion.

Gingipains cleave VAMP8 at its 47th lysine residue site
The fusion of lysosomal and autophagosomal membranes is facilitated
by autophagic SNAREs. As VAMP8,25 a lysosomal SNARE protein, is a
substrate for cysteine proteases.26 Moreover, a previous report
revealed that caspase can cleave VAMP8 into its AGND and KTED
sequences.26 Gingipain, a cysteine protease secreted by P.g., can
cleave its substrates at arginine (Arg, R) or lysine (Lys, K) residues,27

suggesting that gingipains can cleave Lys47 residue in the KTED
sequence of VAMP8 and inhibit lysosome–autophagosome fusion. To
test this hypothesis, pull-down assays were conducted, which revealed
that the recombinant VAMP8 protein physically interacted with
gingipains (Fig. 3a). Cleavage assays also showed that the recombi-
nant VAMP8 protein was cleaved by gingipains (Fig. 3b). In addition,
to evaluate the effect of gingipains on endogenous VAMP8 in NRCMs,
the presence of cleaved forms of VAMP8 was evaluated via
immunoblotting in both WTP.g.-inoculated and gingipain-treated
NRCMs. The cleaved form of VAMP8 was detected in both types of
NRCMs. However, the cleavage form of VAMP8 was not observed in
the NRCMs inoculated with ΔP.g. (Fig. 3c). Finally, it was observed that
recombinant VAMP8-K47A mutant protein (Fig. 4a) was not cleaved
by gingipains (Fig. 4b). Collectively, these results suggest that the
gingipains released by P.g. cleave VAMP8 at its Lys47 residue.

Gingipains impair the stability of the SNARE protein complex,
STX17-SNAP29-VAMP8
The fusion of the outer autophagosomal membrane with the late
endosomal/lysosomal membrane is mediated by the interaction
among syntaxin 17 (STX17), synaptosomal-associated protein 29
(SNAP29), and VAMP8.28 To gain an insight into the mechanism of
gingipains in inhibiting the fusion of autophagosomes and
lysosomes, we examined whether the gingipains disrupt the SNARE
protein complex comprising STX17-SNAP29-VAMP8. Cleavage assays
showed that gingipains could cleave the recombinant STX17 protein
(Fig. 5a). Co-immunoprecipitation assays showed that the interac-
tions between VAMP8 and SNAP29 and between VAMP8 and STX17
were significantly reduced in HEK293 cells transfected with VAMP8-
WT in the presence of WTP.g. Conversely, there was no reduction in
the interactions between VAMP8 and SNAP29 and between VAMP8
and STX17 in HEK 293 cells transfected with VAMP8-WT and
inoculated with ΔP.g. or in HEK 293 cells transfected with VAMP8-
K47A and inoculated with WTP.g. (Fig. 5b). We then examined the
effect of gingipains on the interactions among STX17, SNAP29, and
VAMP8 in H9c2 cells. To this end, we induced autophagy in H9c2
cells by starving them and inoculating them with either WTP.g. or
ΔP.g. The interactions between VAMP8 and SNAP29 and between
VAMP8 and STX17 decreased significantly in H9c2 cells inoculated
with WTP.g., but did not decrease in those treated with ΔP.g. (Fig.
6a). Overall, these results suggest that gingipains from P.g. can
cleave VAMP8 and STX17, thereby disrupting the interactions of
STX17-SNAP29-VAMP8.

Gingipains cleave NDP52 protein
We then explored the effect of P.g. on xenophagy, a type of
autophagy that is critical to eliminate intracellular bacteria.29

Using gingipains, we performed a cleavage assay on NDP52, also
known as calcium binding and coiled-coil domain 2 (CALCOCO2),
which is a multifunctional autophagy adaptor crucial for
xenophagy. Our results showed that administration of gingipains
led to a significant reduction in NDP52 protein levels, along with
the appearance of some fragments (Fig. 6b). This finding suggests
that gingipains from P.g. is actively involved in NDP52 cleavage.

Infection with P.g. decreases survival rate following MI in mice
We used in vivo models to investigate the effect of P.g. infection
on autophagy in post-MI heart failure. First, we generated VAMP8-
K47A KI mice (VAMP8-K47A mice) using the clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 system (Fig.
S1, S2). We then compared the effects of gingipains on the heart
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post-MI in wild-type (WT) and VAMP8-K47A mice. MI was induced
in mice by performing permanent ligation of the left anterior
descending (LAD) coronary artery in the following groups: WTP.g.-
inoculated mice (MI+WTP.g.), ΔP.g.-inoculated mice (MI+ ΔP.g.),
carboxymethylcellulose (CMC)-inoculated mice (MI+ CMC), CMC-
inoculated VAMP8-K47A mice (VAMP8-K47A+MI+ CMC), and
WTP.g.-inoculated VAMP8-K47A mice (VAMP8-K47A+MI+
WTP.g.) (Fig. S3a). At 28 days post-MI, ELISA showed a significant
increase in anti-P.g. antibody titers in the MI+WTP.g., MI+ ΔP.g.,
and VAMP8-K47A+MI+WTP.g. groups compared with the sham,
MI+ CMC, and VAMP8-K47A+MI+ CMC groups (Fig. S3b).
Kaplan–Meier analysis showed that the survival rate during the
first 28 days after MI surgery was significantly lower in the
MI+WTP.g. group (57.1%) than the MI+ CMC (87.5%) and
VAMP8-K47A+MI+WTP.g. (88.9%) groups (Fig. 7a). Postmortem
analyses revealed that the cause of death in MI mice was LV
rupture (Fig. 7b). The post-MI LV scar in the MI+WTP.g. group was
significantly larger than that in the other groups(Figs. 7c, d).
Echocardiographic analyses showed that the ejection fraction and
FS of the LV were significantly lower in the MI+WTP.g. group than
in the MI+ CMC group (Figs. 8a, b, S4). NT-proBNP, an important
biomarker that indicates the severity and prognosis of cardiac
function, was significantly higher in the MI+WTP.g. group than in

the other groups (Fig. 8c). These findings indicate that P.g.
infection exacerbates the pathogenesis of MI in the ischemic
myocardium and VAMP8 plays a critical role in this process.

VAMP8 is cleaved and autophagy is suppressed in the hearts of
WTP.g.-inoculated MI mice
To further understand the effect of gingipains on VAMP8 in post-
MI hearts, we performed a protein extraction experiment on the
hearts of mice inoculated with WTP.g. or ΔP.g. The results of the
immunoblot analysis showed that the cleaved form of VAMP8 was
present in the hearts of the MI+WTP.g. group, but not in those of
MI+ ΔP.g. mice (Fig. 9a). These results suggest that gingipains
from P.g. can cleave VAMP8 in the infarcted myocardium. Next, we
investigated whether autophagy is suppressed in the hearts of
P.g.-inoculated MI mice. To examine the effect of P.g. infection on
cardiac autophagy, we evaluated the levels of SQSTM1/P62 and
LC3-II, which indicate autophagic degradation. Immunoblot
analysis showed that the levels of SQSTM1/P62 and LC3-II were
significantly higher in the hearts of the MI+WTP.g. group than
those of the other groups, indicating an increase in the number of
autophagosomes along with the disruption of the autophagic flux
(Fig. 9b). On the other hand, the levels of SQSTM1/P62 and LC3-II
were significantly lower in the hearts of the VAMP8-K47A+MI+
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Fig. 1 Porphyromonas gingivalis (P.g.) invades cardiomyocytes. a. Fluorescent microscopy images of BCECF-AM–labeled P.g. in TRITC-
phalloidin–stained neonatal rat cardiomyocytes (NRCMs). Blue, red, and green colors were imparted by 4′,6-diamidino-2-phenylindole,
cardiomyocytes, and P.g. (scale bar = 25 μm). b. Transmission electron microscopic image of P.g. labeled with N-acetylmuramic acid through a
click reaction in NRCMs. The arrows indicate P.g. with gold nanoparticles (scale bar = 1 μm). c. The viability of H9c2 cells was assessed among 3
groups, which were treated as indicated (n= 12 in each group). d. The viability of NRCMs was assessed among 3 groups, which were treated
as indicated (n= 12 for each group). Results are representative of at least two independent experiments. Data are expressed as mean ± SEM.
P values were calculated using one-way analysis of variance test followed by Tukey’s post-hoc test for multiple comparisons (c, d)
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WTP.g. group than those of the MI+WTP.g. group (Fig. 9c),
indicating that VAMP8 cleavage and autophagy are suppressed in
the hearts of the MI+WTP.g. group.

P.g. infection suppresses the autophagy activity in myocardium
We then evaluated the effect of P.g. infection on autophagy in
myocardium. To this end using transgenic mice expressing Tg-
GFP-LC3-RFP-LC3ΔG, a fluorescent probe for evaluating the
autophagic flux30 (Tg-tfLC3ΔG mice) (Fig. S5a, S5b). The Tg-
tfLC3ΔG mice were divided into three groups: control, starvation,
and starvation+WTP.g.-inoculation groups. Confocal microscopic
analyses demonstrated that the GFP/RFP ratio of the starvation
group was significantly lower than that of the control group,
indicating the activation of autophagy. However, the GFP/RFP
ratio of the starvation+WTP.g.-inoculation group was significantly
higher than that of the starvation group, suggesting that
inoculation of P.g. inhibits autophagy in vivo (Fig. 10a, S6a).
Next, VAMP8-K47A and Tg-tfLC3ΔG mice were crossed to

generate VAMP8-K47A KI;Tg-GFP-LC3-RFP-LC3ΔG mice (VAMP8-
K47A;Tg-tfLC3ΔG mice). We inoculated either CMC or WTP.g. and
induced MI in both Tg-tfLC3ΔG and VAMP8-K47A; tfΔTg-LC3 mice
to assess the degree of autophagic flux in the hearts 7 days after
MI. The GFP/RFP ratio in MI+ CMC mice was lower than that in the
CMC-sham mice. The GFP/RFP ratio in VAMP8-K47A;Tg-tfLC3ΔG
+MI+ CMC mice was significantly lower than that in the VAMP8-
K47A;Tg-tfLC3ΔG +CMC-sham mice. The GFP/RFP ratio in VAMP8-
K47A;Tg-tfLC3ΔG +MI+WTP.g. mice is significantly lower than
that in the VAMP8-K47A;Tg-tfLC3ΔG +WTP.g.-sham mice. These
results indicate that MI activates autophagy. Conversely, the GFP/
RFP ratio in MI+WTP.g. group was significantly higher than that
in MI+ CMC group, suggesting that WTP.g. inoculation sup-
pressed autophagy. Furthermore, the GFP/RFP ratio in VAMP8-
K47A;Tg-tfLC3ΔG +MI+WTP.g. group was significantly lower than
that in MI+WTP.g. mice, indicating that VAMP8-K47A negated the
suppression of autophagy caused by WTP.g. (Fig. 10b, S6b).

P.g. infection causes hypertrophy in myocardium
We also performed WGA staining to evaluate the size of
myocardium 28 days after MI. The cross-sectional area of
myocardium in the MI+WTP.g. group was significantly larger
than that in the other groups, including the MI+ ΔP.g. group,
suggesting that gingipains from P.g. induced cardiomyocyte
hypertrophy after MI. Conversely, the cross-sectional area of

myocardium in the VAMP8-K47A+MI+WTP.g. group was sig-
nificantly smaller than that in the MI+WTP.g. group, suggesting
that VAMP8-K47A negates cardiomyocyte hypertrophy after MI
caused by WTP.g. (Fig. 11a).
The role of the autophagic system is to not only degrade

unnecessary components but also remove polyubiquitinated
aggregated proteins.31 Therefore, we aimed to investigate the
accumulation of polyubiquitinated proteins in the presence of
impaired autophagy caused by P.g. infection in cardiomyocytes.
To this end, we extracted proteins from the hearts of MI+ CMC,
MI+WTP.g., VAMP8-K47A+MI+ CMC, and VAMP8-K47A+MI+
WTP.g. groups and performed immunoblot analyses. The results
showed that the hearts from the MI+WTP.g. group had higher
levels of polyubiquitinated proteins than those in the other
groups, whereas those of VAMP8-K47A+MI groups showed no
such increase (Fig. 11b, c). These results indicate that WTP.g.
infection in mice disrupted autophagy, leading to cardiomyocyte
hypertrophy and accumulation of polyubiquitinated proteins in
the infarcted myocardium.

DISCUSSION
The key findings of this study can be summarized as follows: (1)
P.g. invades cardiomyocytes; (2) gingipains produced by P.g. cause
serious damage to cardiomyocytes; (3) gingipains inhibit
autophagosome–lysosome fusion, thereby suppressing the autop-
hagic flux; (4) gingipains physically interact with and cleave
VAMP8 at Lys47; (5) gingipains also cleave STX17, impairing the
stability of the STX17–SNAP29–VAMP8 complex; (6) gingipains can
cleave NDP52; (7) WTP.g. infection in MI mice worsens their
survival after MI by increasing the incidence of cardiac rupture;
however, the incidence of cardiac rupture was reduced in VAMP8-
K47A mice, thereby improving survival; (8) P.g. infection in vivo
leads to the cleavage of VAMP8 and suppression of autophagy;
and (9) P.g. infection induces cardiomyocyte hypertrophy and
accumulation of polyubiquitinated proteins.
Normally, autophagy properly occurs in the heart after MI.32

However, our results indicated that although autophagy was
activated after MI in mice inoculated with CMC, it was suppressed
after MI in mice inoculated with WTP.g. The observed imbalance
between autophagosome formation and lysosomal degradation
may result in excessive autophagosome accumulation, which can
subsequently lead to cellular dysfunction and even death.33 Based
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on these findings, it can be inferred that cellular dysfunction and
death caused by the accumulation of autophagosomes may
contribute to cardiac rupture. Consistently, previous studies have
shown that the suppression of the autophagy machinery leads to
cardiac rupture after MI.34,35 Furthermore, our current study
demonstrated that even in the presence of P.g. infection, low
incidences of cardiac rupture and cardiomyocyte hypertrophy
were observed, and autophagy was activated in VAMP8-K47A
mice. This suggests that Lys47 plays an important role in mitigating
the adverse effects of P.g. infection in MI mice. The
autophagosome–lysosome fusion is initiated by the recruitment
of STX17 to the outer membrane of completed autophagosomes
and subsequent fusion with the SNARE protein, VAMP8, located on
the lysosomal membrane, resulting in the formation of an
autolysosome.28 Previous research has shown that P.g. can prevent
degradation via autophagy, as they can survive in autophagosome-
derived vacuoles and prevent autophagosome–lysosome fusion.11

The virulence factors of P.g., gingipains, exert similar effects as the
L. pneumophila effector Lgp1137, a serine protease, by binding to
and cleaving STX17, thereby inhibiting autophagy.36 Therefore, in
theory, the cleavage of VAMP8 in the nontransmembrane region
should significantly impair autophagosome–lysosome fusion.
Consistently, our recent findings showed that gingipains can
cleave VAMP8 at Lys47, weaken the STX17–SNAP29–VAMP8
complex, inhibit autophagosome–lysosome fusion, and lead to
the accumulation of polyubiquitinated proteins. Furthermore, we
observed the gingipain-mediated cleavage of STX17. Evidence
suggests that selective autophagy can degrade invading patho-
gens, such as bacteria, via xenophagy. To initiate xenophagy,

invading pathogens are first tagged with ubiquitin, which allows
them to be recognized and engulfed by ubiquitin-binding protein
adaptors, such as sequestosome 1 (SQSTM1/P62), a neighbor of
BRCA1 gene 1 (NBR1), and NDP52. Next, the pathogens are
delivered for degradation within the assembly of autophago-
somes.37 NDP52, a binding adaptor, plays a critical role in the
selective autophagic degradation of invading pathogens. However,
some pathogens have developed various mechanisms to evade
autophagic degradation. They evade autophagy by inhibiting the
signaling pathways that lead to autophagy induction, masking
themselves with host proteins to avoid recognition by the
autophagy machinery, interfering with the autophagy process to
evade targeting, or blocking the autophagosome–lysosome
fusion.17 Dorn et al. have shown that P.g. can enter host cells
and evade cellular defense mechanisms, mainly by avoiding its
degradation in lysosomes.11 In Coxsackievirus B3 infection, the viral
protein 3 C cleaves NDP52, resulting in the formation of a stable
C-terminal fragment that retains the full-length gene function of
NDP52.38 In this study, we confirmed that P.g. cleaves NDP52 into
smaller fragments, but further investigation is warranted to
determine the effect of this cleavage on NDP52 function and
potential suppression of xenophagy.
Our current study demonstrated that gingipains play a role in

cleaving and inactivating VAMP8, STX17, and NDP52 proteins,
suppressing both autophagy and xenophagy and enabling P.g. to
reside within host cells. Based on these findings, we hypothesized
that the destruction of specific proteins by gingipains is a strategy
employed by P.g. to enhance its pathogenicity in periodontal
tissue. Indeed, previous studies have revealed that gingipains
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directly contribute to the degradation of periodontal tissue by
breaking down the extracellular matrix components, such as
collagen and fibronectin.39,40 Furthermore, gingipains are known
to impair immune defense mechanisms by degrading immuno-
globulins and the complement system.41,42 However, as all protein
substrates targeted by gingipains have not yet been elucidated,
further investigation is warranted to test our hypothesis. Further,
as the current study primarily aimed to elucidate the mechanism
by which gingipains hinder xenophagy through the inhibition of
autophagosome–lysosome fusion, a separate future study is
warranted to thoroughly investigate the association between
gingipains and NDP52, a regulatory factor that facilitates
xenophagy by labeling bacteria and promoting engulfment by
autophagosomes.
When studying the effects of a specific pathogen such as P.g., it

is important to minimize interference from other commensal
bacteria. To do this, we administered trimethoprim and sulfa-
methoxazole to specific pathogen-free mice for 10 days prior to
inoculation with P.g.43 Then, in order to mitigate the effects of
antibiotics on P.g. after administration, we waited for the
antibiotics to be naturally metabolized and cleared from the
mice’s body. As the typical half-life of trimethoprim in mice is 4 to
6 h, it could take approximately 24 to 36 h for the drug to be
cleared from the body after administration is stopped. Similarly,
the half-life of sulfamethoxazole in mice is typically 5 to 8 h, it
could take approximately 30 to 48 h for sulfamethoxazole to be
cleared from the mice’s body after the last dose.
Generally, it is necessary to remove the antibiotics from the

culture media prior to bacterial inoculation in order to assess the
effect of bacterial infection in cells. On the other hand, because
penicillin and streptomycin have relatively weak antibacterial activity
against P.g., gentamicin and metronidazole are typically supple-
mented in the medium to effectively eradicate P.g.44 Furthermore, as
our experiment was designed to evaluate the effect of invading P.g.
on cardiomyocytes, we inoculated P.g. into cardiomyocytes with
penicillin and streptomycin in the culture medium. Indeed, studies
have shown that P.g. invading cultured cells can survive even in the
presence of antibiotics.45 Consistently, we have previously shown
that P.g. invade cultured cardiomyocytes despite the presence of
penicillin and streptomycin in the culture media.19

It is important to consider a potential limitation that P.g. impairs
post-infarcted myocardium by inhibiting the autophagic flux. To
validate these findings, further in vivo experiments, such as rescue

experiments aimed at reactivating the autophagic flux in WTP.g.-
inoculated MI model mice, should be conducted.
Another limitation of this study is the lack of investigation of the

effect of gingipains on the viability of P.g. within cardiomyocytes.
In our study, we exclusively focused on assessing the impact of
gingipains on cardiomyocyte viability following P.g. inoculation.
However, to enhance the reliability of these findings, it is
imperative to evaluate the potential influence of gingipain
deficiency on the survival of P.g. within host cells in future studies.
In conclusion, invasion of the ischemic myocardium by P.g.

leads to cleavage of VAMP8 at Lys47, thereby impairing
autophagosome–lysosome fusion and suppressing autophagic
activity. This results in the accumulation of polyubiquitinated
proteins and a decline in cardiac function, ultimately increasing
the incidence of cardiac rupture. Our study sheds light on the
potential mechanisms through which P.g. infection may con-
tribute to the viability of post-MI myocardium and elaborates the
crucial role of autophagy in maintaining cardiac function. These
findings provide new insights into the link between PD and MI
and suggest targeting P.g. infection and enhancing autophagic
function as a potential therapeutic approach for reducing the risk
of MI and improving outcomes in patients with PD.

MATERIALS AND METHODS
Animals
Male C57BL/6 J WT mice (7-week-old; body weight, 20–25 g) were
received from Japan Clea, Co. (Tokyo, Japan). Mice were housed
under 12 h light/dark cycles at room temperature. All mice had
free ad libitum access to normal diet and water. Animal care
procedure and all experiments were performed in accordance
with the Tokyo Medical and Dental University Guide for the Care
and Use of Laboratory Animals (Permit Number: A2022–096C and
G2019-038C5) and Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health.
Mice were deeply anesthetized with an intraperitoneal injection

of a cocktail (medetomidine-midazolam-butorphanol (MMB);
0.1 mL per 10 g) comprising medetomidine (Domitor; Nippon
Zenyaku Kogyo Co., Ltd., Fukushima, Japan; 0.75mg·kg-1), mid-
azolam (Dormicum; Maruishi Pharmaceutical, Osaka, Japan;
4 mg·kg-1), and butorphanol (Vetrophale; Meiji Seika Pharma CO.,
Ltd., Tokyo, Japan; 5 mg·kg-1). Euthanasia was performed by
intraperitoneally administering an overdose of MMB.
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Genetically modified mice
The gRNA for the mouse Vamp8 gene, donor oligo containing
K47A (AAG to GCG) mutation sites, and Cas9 mRNA were
introduced into mouse eggs to produce vesicle-associated
membrane protein 8 (VAMP8)-K47A mutants. F0 founder animals
were detected using polymerase chain reaction (PCR) followed by
sequence analysis using the following primers: 5’-CAAGGGAG-
GAGTGACACCTGACCAC-3’ and 5’-ATCCAACCACTCACTGGGCTCTC-
TAC-3’.
To generate Tg-GFP-LC3-RFP-LC3ΔG mice (Tg-tfLC3ΔG mice),

frozen sperm from C57BL/6J-Tg (CAG-GFP/LC3/RFP/
LC3 < *>deltaG)2Nmz mice was provided by the RIKEN RBC
through the National BioResource Project of the MEXT/AMED,
Japan. We obtained the first generation of GFP-LC3-RFP-LC3ΔG
heterozygous mice by external fertilization. The transgenic strains
were identified by performing PCR using the following primers: 5’-
CCTACAGCTCCTGGGCAACGTGC-3’; 5’-GTACCACCACACTGGGAT
CCTTAG-3’; 5’-CTAGGCCACAGAATTGAAAGATCT-3’; and 5’-GTAG
GTGGAAATTCTAGCATCATCC-3’.
To generate VAMP8-K47A;Tg-tfLC3ΔG mice, VAMP8-K47A KI

mice were bred in house with Tg-tfLC3ΔG mice.

Bacterial growth
The WTP.g. strain ATCC33277 (WTP.g.) and gingipain-deficient P.g.
strain KDP981 (ΔP.g.) were kindly provided by Dr. Keiko Sato. They
were cultured on blood agar plates in the AnaeroPack system
(Mitsubishi Gas Chemical. Co., Ltd. Tokyo, Japan) and were

incubated at 37 °C for 2–3 days. Bacterial cells were then added
to peptone yeast extract and incubated for 1 week. The bacterial
concentration was estimated using a spectrophotometer at a
wavelength of 660 nm and was standardized to 109 CFU·mL-1.46

Inoculation of periodontal pathogens
To evaluate the effects of P.g. on systemic organs other than
periodontal tissue in mice, we employed the P.g. oral gavage
method.47 This approach is widely used to obtain a less artificial
infectious animal model, ensuring a more realistic representation
of the biological response. Mice were administered with
trimethoprim (0.4 mg·mL-1) and sulfamethoxazole (0.7 mg·mL-1)
solutions (FUJIFILM Wako Pure Chemical. Co., Ltd. Tokyo, Japan),
which were prepared by mixing the drugs with drinking water for
10 days, and only water was administered on the following 2 days.
The mice were then inoculated once every 2 days with 0.1 mL of
P.g. (1 × 109 CFU·mL-1) dissolved in 2.5% carboxymethylcellulose
(CMC; Nacalai Tesque, Inc., Kyoto, Japan) via oral gavage.
Noninoculated mice were administered with 0.1 mL of 2.5%
CMC alone.48 The level of anti-P.g.–specific IgG in the plasma
before sacrificing the mice was determined using enzyme-linked
immunosorbent assay (ELISA).49

Extraction of gingipains from P.g
The A7A1–28 strain of P.g., which potentially produces gingipains,50

was used. Briefly, P.g. was inoculated into enriched tryptic soy broth
and incubated at 37 °C under anaerobic conditions until the
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bacterial cells were sedimented. P.g. cells were centrifuged at
20 000 × g for 20min at 4 °C. The supernatant was separated, and
the precipitated protein was collected by centrifugation at 25 000 × g
for 30min at −10 °C. The suspension was then added to dialysis
bags (MWCO, 12 000–14 000; Thermo Fisher Scientific, Waltham, MA,
USA), which were placed in dithiopyridine disulfide buffer at 4 °C,
followed by two changes gel filtration buffer at 4 °C. The dialyzed
fraction was obtained by performing ultracentrifugation for 1 h at
100 000 × g at 4 °C and separated by ultrafiltration using an Amicon
PM-30 membrane (Merk Millipore, Burlington, MA, USA).

Experimental MI model
MI was induced as previously described.51 Mice were deeply
anesthetized with an intraperitoneal injection of MMB (0.1mL per
10 g). Overall, the mice were intubated using a small rodent
ventilator (MiniVent 845, Harvard Apparatus, Holliston, MA). Left
lateral thoracotomy was performed, and the LAD coronary artery was
ligated using an 8/0 nylon suture after removing the pericardium.
The chest was closed, antipamezole (0.75mg·kg−1; Antisedan;
Nippon Zenyaku Kogyo Co., Ltd.) was administered for reversal,
and then the mice were removed from the respirator. The mice were
allowed to recover on a warm surface. Sham mice underwent all
procedures except for actual LAD occlusion. Some mice were
examined until 28 days after MI to analyze survival. The other mice
were examined until 7 days after MI and then sacrificed to obtain
samples. All mice were necropsied to obtain evidence regarding
post-MI cardiac rupture or heart failure as described previously.52

Hemodynamic measurements and echocardiography
A tail-cuff system (BP-98A; Softron Co., Tokyo, Japan) was used to
measure the arterial blood pressure and heart rate. Transthoracic
echocardiography was carried out on mice that were administered
MMB intraperitoneally (0.08 mL per 10 g body weight). The left
ventricle function was assessed using an echocardiographic
machine with a 14-MHz transducer (Toshiba, Tokyo, Japan). A
two-dimensional targeted M- and B-modes echocardiogram was
received, and left ventricular end-diastolic (LVDd) and end-systolic
(LVDs) dimensions and left ventricular fractional shortening (LVFS)
(LVFS = (LVDd − LVDs)/LVDd) were computed over three cardiac
cycles according to the leading edge method described by the
American Society for Echocardiography. The average of measure-
ments from three consecutive cardiac cycles, performed off-line
by two independent investigators, was calculated.

Histopathologic examinations
The hearts were harvested immediately after sacrificing the mice
on day 7 or 28 after MI induction. Midventricular slices of the heart

were stained using hematoxylin and eosin stain, Mallory’s
trichrome stain, and lectin obtained from Triticum vulgars (WGA;
Sigma-Aldrich, St. Louis, MO, USA). The area of fibrosis represented
by blue-stained collagen fibers was calculated using ImageJ. The
average infarct size was defined as the average circumference of
the infarcted portion and the normal area from the consecutive
myocardial sections.32

Measurement of plasma levels of NT-proBNP
At 7 days after MI, blood samples were collected and plasma NT-
proBNP levels were measured using a mouse NT-proBNP ELISA kit
(Novus Biologicals, Centennial, CO, USA) according to the
manufacturer’s instructions.

Preparation of primary neonatal rat cardiomyocytes (NRCMs)
Ventricular cardiomyocytes were isolated from 1- or 2-day-old
neonatal Wistar rats using the Pierce Primary Cardiomyocyte
Isolation Kit (Thermo Fisher Scientific), following a previously
described method53 with minor modifications. To achieve NCRM
purification, centrifugation was performed using a discontinuous
Percoll (Sigma-Aldrich) gradient. The NRVM cultures contained
>97–99% cardiomyocytes, as confirmed by immunofluorescence
staining using the MF20 monoclonal antibody against sarcomeric
myosin (Sigma-Aldrich). NCRMs were then incubated in Eagle’s
minimum essential medium (Sigma-Aldrich) enriched with 5% calf
serum (JRH Biosciences, Lenexa, KS, USA) for 24 h at 37 °C. NRCMs
were treated with WTP.g., ΔP.g., or gingipains for 4 h at 37 °C.

Cell culture
Human embryonic kidney (HEK) 293 T cells and H9c2 cells were
obtained from the American Type Culture Collection (Manassas,
VA, USA) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Sigma-Aldrich) enriched with 10% fetal bovine serum
(Thermo Fisher Scientific), 100 U·mL-1 penicillin, and 100mg·mL-1

streptomycin (Nacalai tesque, Kyoto, Japan) at 37 °C. For the
starvation treatment, cells were rinsed with phosphate buffer
saline (PBS) and were put in amino acid-free DMEM (FUJIFILM
Wako Pure Chemical Co., Ltd., Osaka, Japan) without serum.

Protein extraction from the myocardium and the cells
The infarct area of MI heart specimens was removed on day 7 after
MI and homogenized in radioimmunoprecipitation assay (RIPA)
buffer (containing 50mmol·L-1 Tris-HCl, pH 6.8, 150mmol·L-1 NaCl,
1 mmol·L-1 PMSF, 2 ng·mL–1 aprotinin, 1% Triton X-100, 1% SDS,
and 1% sodium deoxycholate). HEK 293 T and H9c2 cells were
washed with PBS and lysed with IGEPAL CA-630 buffer containing
protease and phosphatase inhibitors (Sigma-Aldrich). The samples
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were centrifuged and supernatant was transferred to new tubes.
Protein concentration was calculated using bicinchoninic acid
(BCA) assay (Pierce Biotechnology, Rockford, IL, USA). Unused
proteins were stored at −80 °C until further use.

Transfection
Plasmid DNA of FLAG-VAMP8, FLAG-syntaxin 17 (Stx17), and
FLAG-synaptosoma–associated protein 29 (SNAP29) was pur-
chased from Addgene (Watertown, MA, USA). Plasmid DNA of
FLAG-VAMP8-K47A was purchased from Vector Builder (Chicago,
IL, USA). HEK 293 T cells (10 mL) were plated in a 10-cm dish 2 days
before transfection. 1 mL Opti-MEM (Gibco, Billings, MT, USA),
10 μg plasmid DNA, and 20 μL FuGENE (Promega, Madison, WI,
USA) were properly mixed and incubated for 15min at room
temperature. The medium of the HEK 293 T cells was aspirated.
Next, the transfection complex and 5mL DMEM were added
dropwise to the cells and incubated at 37 °C. After 24 h, another
5 mL of DMEM was added and the cells were incubated for 24 h at
37 °C. The transfected cells were treated with either WTP.g. or ΔP.g.
for 4 h at 37 °C.

Immunoblotting
Equal amounts of protein from the infarcted area of hearts after
7 days of inducing MI, as well as NRCMs, HEK 293 cells, or H9c2
cells were separated using AnykDTM precast sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gels (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). The separated proteins
were transferred onto polyvinylidene difluoride (Immobilon-P;

Merck Millipore, Burlington, MA, USA) or nitrocellulose (Bio-Rad)
membranes, which were then incubated overnight with primary
antibodies (anti-VAMP8, Abcam, ab76021, 1:1 000; anti-endobre-
vin, Santa Cruz Biotechnology [Dallas, TX, USA], sc-166820, 1:1 000;
anti-p62, MBL [Nagoya, Japan], M162-3, 1:1 000; anti-LC3, MBL,
M186-3, 1:1 000; anti-troponin I, Cell Signaling, #4002, 1:1 000;
anti-SNAP29, Proteintech [Rosemont, IL, USA], 12704-1-AP, 1:500;
and STX17, Proteintech, 17815-1-AP, 1:500). The membranes were
then incubated with a secondary antibody (anti-rabbit or anti-
mouse horseradish peroxidase [HRP]-conjugated antibodies, Cell
Signaling) for 2 h, and the catalysis was promoted using Super-
Signal West Dura Extended Duration Substrate (Thermo Fisher
Scientific). Enhanced chemiluminescence using iBright Imaging
systems was used to detect the proteins (Thermo Fisher
Scientific).25

Pull-down binding assays
Initially, VAMP8-modified 293 cells were washed with PBS and
lysed with IGEPAL CA-630 buffer containing protease and
phosphatase inhibitors. His-tagged Lys-gingipain recombinant
protein (enQuireBioReagents, Littleton, CO, USA) was incubated
with cobalt resin (Thermo Fisher Scientific) and IGEPAL CA-630
buffer at 4 °C for 2 h. The supernatant was removed and gingipain
activation buffer54 (200 mmol·L-1 HEPES [pH 8.0], 5 mmol·L-1 CaCl2,
and 20 mmol·L-1 L-cysteine, HCl solution) were added and
incubated at 37 °C for 30min. The samples were washed thrice
with IGEPAL CA-630 buffer and 1× SDS sample buffer and
processed for immunoblotting.
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Protein cleavage assay
VAMP8-, VAMP8-K47A-, or STX17-modified 293 cells were lysed
with IGEPAL CA-630 buffer containing protease and phosphatase
inhibitors. Protein concentration was determined using BCA assay,
and the unused samples were stored at −80 °C until further use.
Anti-FLAG M2 magnetic beads (Sigma-Aldrich) were rinsed thrice
with IGEPAL CA-630 buffer and incubated with the samples for 2 h
at 4 °C. The samples were washed thrice with high salt IGEPAL CA-
630 buffer. The supernatants were then replaced with gingipain
activation buffer. Gingipains were added and incubated for 30 min
at 37 °C. After washing the sample thrice with IGEPAL CA-630
buffer, 1× SDS sample buffer was added to the beads. The
obtained samples were then subjected to SDS–PAGE.

Immunoprecipitation
NRCMs were lysed using RIPA buffer containing protease and
phosphatase inhibitors. Next, VAMP8- and VAMP8-K47A-modified
293 cells and H9c2 cells were plated in a 10mL volume in a 10-cm
dish and incubated at 37 °C. After 2 days, the cells were rinsed with
PBS, starved in amino acid-free DMEM, and then treated with either
WTP.g. or ΔP.g. for 4 h at 37 °C. The cells were lysed with IGEPAL CA-
630 buffer. Primary antibody (VAMP8) was covalently immobilized on
protein A/G agarose (Thermo Scientific) for 1 h at 4 °C. Samples were
incubated with immobilized antibody beads overnight at 4 °C. After

immunoprecipitation, the samples were washed thrice with IGEPAL
CA-630 buffer, followed by adding 1× SDS sample buffer. The
obtained samples were then subjected to SDS–PAGE using specific
primary antibodies and a conformation-specific secondary antibody
that recognizes only native IgG (Cell Signaling, #5127, 1:2 000).

NDP52 gingipains assay
GST–agarose beads were incubated with the GST–NDP complex
(CALCOCO2 Recombinant Protein; Abnova [Taipei, Taiwan]) and then
incubated with gingipains at 37 °C for 30min. After washing the
samples thrice with IGEPAL CA-630 buffer, the beads were collected.
Proteins in the beads were then eluted using 1× SDS sample buffer,
separated using SDS–PAGE and a nitrocellulose membrane, and
incubated overnight with a primary antibody, GST-Tag monoclonal
antibody (Proteintech, #66001-2-Ig, 1:500). The membrane was then
incubated with a secondary antibody (anti-mouse or anti-rabbit HRP-
conjugated antibodies; Cell Signaling) for 2 h, and the signal was
developed with SuperSignal West Dura Extended Duration Substrate.
Chemiluminescence was detected using iBright Imaging Systems.

Mice starvation
In this study, 7-week-old Tg-tfLC3ΔG male mice were used. To
promote systemic autophagy, mice were starved for 48 h.55 During
the starvation period, the mice had free access to water.
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Cell viability assays
Cell viability was assessed using the Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technology, Kumamoto, Japan). In brief, H9c2
cells and NRCMs (1 × 106 cells per 100 μL) were seeded into 96-
well dishes. After 24 h, the cells were incubated under hypoxic
conditions at 37 °C for 24 h. Next, the cells were inoculated with
either WTP.g. or ΔP.g. (1 × 108 CFU·mL–1) and incubated for 1 h.
The cell viability assays were performed according to the

manufacturer’s instructions in the CCK-8. The experiments were
conducted in triplicates.

Detection of GFP-LC3 or mRFP-GFP-LC3
Adenovirus-harboring tandem fluorescent mRFP-GFP-LC3 was gener-
ated using a previously described method.55 NRCMs were grown on
gelatinized coverslips, and transduction was performed using mRFP-
GFP-LC3. After 48 h, the growth medium was replaced by phenol
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Fig. 9 Infection with P.g. leads to vesicle-associated membrane protein 8 (VAMP8) cleavage and suppresses autophagy in MI mice hearts. (A)
a Proteins were extracted from MI+ CMC, MI+WTP.g., and MI+ΔP.g. mice hearts. Representative immunoblots with antibody specific to
VAMP8 is shown. The arrows indicate VAMP8 and cleaved form of VAMP8. b. Proteins were extracted from the hearts of mice in the sham,
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red-free medium. Then, either WTP.g. or ΔP.g. (1 × 108 CFU·mL–1) was
added and the samples were incubated for 1 or 4 h. For tissue
samples, Tg-tfLC3ΔG mice were anesthetized with MMB (0.1mL per
10 g body weight), and thoracotomy was performed. The hearts were
excised and immediately embedded in Tissue-Tek OCT compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan), which were stored at
−80 °C. Next, 5–7 μm-thick samples were sectioned using a cryostat,
air dried for 30min, and stored at 4 °C. The fluorescence of GFP-LC3 or
mRFP-GFP-LC3 was observed under a fluorescence microscope.55,56

TEM analysis
To detect P.g. in NRCMs, the Click-iTTM Cell Reaction Buffer Kit
(Thermo Fisher Scientific) was used according to the manufacturer’s
instructions. Briefly, P.g. was cultured with alkyne-conjugated N-
acetylmuramic acid and was inoculated in NRCMs. To prepare
electron microscopy specimens, P.g. was labeled with azide-
conjugated gold nanoparticles. The samples were fixed in a 2.5%
glutaraldehyde solution for 1 h, rinsed in 1% bovine serum albumin
(BSA), and the Click-iT TM reaction cocktail was added. The samples
were incubated at room temperature for 30min away from light,
followed by washing the samples with 1% BSA and fixing them in
0.3% osmium tetroxide (OsO4) dissolved in 0.1mol·L−1 PBS for

17min. They were then washed with 0.1mol·L−1 PBS, dehydrated in
ethanol, and stained with 2% uranyl acetate in 70% ethanol for 1 h
at 4 °C. Subsequently, the samples were dehydrated in a graded
series of ethanol and placed in Epon 812 (TAAB, Aldermaston,
United Kingdom) for 48 h. Ultrathin (70–80 nm) sections were placed
on copper grids and were observed under a transmission electron
microscope (H-7011; Hitachi, Tokyo, Japan).

Confocal fluorescence microscopic analysis
To detect P.g. in the cultured cardiomyocytes, P.g. was labeled
with Acetoxymethyl Ester (BCECF-AM), as previously described.57

NRCMs were seeded into a 24-well circular cover-glass plate and
grown overnight. Prior to inoculation, P.g. was incubated with
BCECF-AM in PBS at 37 °C for 30 min. Then, NRCMs were
inoculated with BCECF-labeled P.g. at 37 °C for 30 min in the dark
and the cells were washed thrice with PBS. The cardiomyocytes
were fixed with 4% formaldehyde in PBS for 10 min at room
temperature. Cells were then permeabilized with 0.2% Triton
X-100 for 10 min. TRITC-phalloidin (50 μg·mL-1) was placed on
coverslips for 45min. The nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI, Cosmo Bio Co., Ltd., Tokyo, Japan), and the
coverslips were set on microscope slides. Confocal images were
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obtained using a confocal fluorescence microscope (TCS SP8;
Leica, Wetzlar, Germany).

Statistical analysis
Obtained data were expressed as mean ± SEM. Kaplan–Meier
survival analysis was used, and the survival rates were compared
using the log-rank test. Other statistical analyses were done using
one-way analysis of variance test followed by Tukey’s post-hoc
test for multiple comparisons. A P-value of <0.05 was considered
to indicate statistical significance, and GraphPad Prism (GraphPad
Software, San Diego, CA, USA) was used for the analyses.

DATA AVAILABILITY
All data associated with this study are presented in the manuscript or are available
from the corresponding author upon reasonable request.

ACKNOWLEDGEMENTS
This work was supported by Japan Society for the Promotion of Science (JSPS)
KAKENHI Grant-in-Aid for Scientific Research (C) 20K08399 (to Yasuhiro Maejima),
KAKENHI 19K18985, Grant-in-Aid for JSPS Fellows, and MSD Life Science
Foundation, Public Interest Incorporated Foundation (to Yuka Shiheido-

Watanabe). We thank N. Tamura and Y. Sakamaki for their excellent technical
assistance, K. Sato (Nagasaki University) for providing P.g. KDP981, and N.
Mizushima (University of Tokyo) for providing Tg-tfLC3ΔG mice. We also thank the
TMDU Research Core for their advice and assistance in processing TEM and
confocal microscopy studies.

AUTHOR CONTRIBUTIONS
Y.S.-W. and Y.M. conceived the ideas and designed the experiments. Y.S.-W.
conducted the experiments. Y.S.-W., Y.M., N.T., S.N., Q.F., and T.S. were involved in
data analyses and interpretation. Y.S.-W. and Y.M. acquired the funding. Y.S.-W. and
Y.M. wrote the manuscript with the feedback from all authors.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41368-023-00251-2.

Conflict of interest: The authors declare no competing interests.

REFERENCES
1. Kim, S. J. Global awareness of myocardial infarction symptoms in general

population. Korean Circ. J. 51, 997–1000 (2021).

Sham

a

b c

VAMP8-K47A-MI+CMC VAMP8-K47A-MI+P.g.

MI+CMC

1 000

P < 0.000 1

P = 0.002 5
P = 0.000 9 P = 0.000 6

P < 0.000 1 P < 0.000 1

P < 0.000 1

P < 0.000 1

R
el

at
iv

e 
cr

os
s-

se
ct

io
na

l a
re

a/
μ

m
2

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

of
 K

48
 (

fo
ld

)

800

600

400

200

WT VAMP8-K47A

WT VAMP8-
K47A

VAMP8-K47A

MI+CMC MI+CMC

0

4

3

2

1

0

MI

CMC

–

– –+ +

++ + +

+ –

+ –– –

– – – – –+

– +

+

MI+P.g.

WTP.g.

MI
CMC –

+
+

+

+

+ +
+

+–
–

–WTP.g.

P = 0.022 9

P = 0.016 8 P = 0.011 5

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

of
 K

63
 (

fo
ld

)

WT VAMP8-
K47A

4

3

2

1

0

MI
CMC –

+
+

+

+

+ +
+

+–
–

–WTP.g.

�P.g.

MI+�P.g.

MI+WTP.g. MI+WTP.g.

VAMP8-K47A

MI+CMC MI+CMCMI+WTP.g. MI+WTP.g.

Fig. 11 Infection with P.g. causes hypertrophy in myocardium. a Left, Representative images of myocardial slices stained with WGA in the
indicated groups of mice 28 days after MI (scale bar = 10 μm). Right, Quantitative analysis of the cross-sectional area of the indicated groups
are shown (n= 3 for control, n= 6 for other experimental groups). b Left, Representative immunoblots with ubiquitin-specific antibody
specific to K48. Right, Densitometric analysis of immunoblots are shown (n= 3 for each group). c. Left, Representative immunoblots with
ubiquitin-specific antibody specific to K63. Right, Densitometric analysis of immunoblots are shown (n= 3 for each group). Results are
representative of at least two independent experiments. Data are expressed as mean ± SEM. P values were determined using one-way analysis
of variance test followed by Turkey’s post-hoc test for multiple comparisons (a–c). P < 0.05 compared with MI+WTP.g. (a–c)

Porphyromonas gingivalis, a periodontal pathogen, impairs. . .
Shiheido-Watanabe et al.

13

International Journal of Oral Science           (2023) 15:42 

https://doi.org/10.1038/s41368-023-00251-2


2. Chen, M. X., Zhong, Y. J., Dong, Q. Q., Wong, H. M. & Wen, Y. F. Global, regional,
and national burden of severe periodontitis, 1990–2019: An analysis of the Global
Burden of Disease Study 2019. J. Clin. Periodontol. 48, 1165–1188 (2021).

3. Kassebaum, N. J. et al. Global burden of severe periodontitis in 1990–2010: A
systematic review and meta-regression. J. Dent. Res. 93, 1045–1053 (2014).

4. Humphrey, L. L., Fu, R., Buckley, D. I., Freeman, M. & Helfand, M. Periodontal
disease and coronary heart disease incidence: A systematic review and meta-
analysis. J. Gen. Intern. Med. 23, 2079–2086 (2008).

5. Bingham, C. O. & Moni, M. Periodontal disease and rheumatoid arthritis: The
evidence accumulates for complex pathobiologic interactions. Curr. Opin. Rheu-
matol 25, 345–353 (2013).

6. Elwishahy, A. et al. Porphyromonas Gingivalis as a risk factor to Alzheimer’s
disease: A systematic review. J. Alzheimer’s Dis. Reports 5, 721–732 (2021).

7. Li, X., Liu, Y., Yang, X., Li, C. & Song, Z. The oral microbiota: Community compo-
sition, influencing factors, pathogenesis, and interventions. Front. Microbiol. 13,
1–19 (2022).

8. Mysak, J. et al. Porphyromonas gingivalis: Major periodontopathic pathogen
overview. J. Immunol. Res. 2014, Article ID 476068 (2014).

9. How, K. Y., Song, K. P. & Chan, K. G. Porphyromonas gingivalis: An overview of
periodontopathic pathogen below the gum line. Front. Microbiol. 7, 1–14 (2016).

10. Li, N. & Collyer, C. A. Gingipains from Porphyromonas gingivalis—complex domain
structures confer diverse functions. Eur. J. Microbiol. Immunol. 1, 41–58 (2011).

11. Dorn, B. R., Dunn, J. & Progulske-Fox, A. Porphyromonas gingivalis traffics to
autophagosomes in human coronary artery endothelial cells. Infect. Immun. 69,
5698–5708 (2001).

12. Ohki, T. et al. Detection of periodontal bacteria in thrombi of patients with acute
myocardial infarction by polymerase chain reaction. Am. Heart J. 163, 164–167
(2012).

13. Gaetti-Jardim, E., Marcelino, S. L., Feitosa, A. C. R., Romito, G. A. & Avila-Campos, M.
J. Quantitative detection of periodontopathic bacteria in atherosclerotic plaques
from coronary arteries. J. Med. Microbiol 58, 1568–1575 (2009).

14. Beau, I., Mehrpour, M. & Codogno, P. Autophagosomes and human diseases. Int.
J. Biochem. Cell Biol. 43, 460–464 (2011).

15. Gatica, D. et al. Molecular mechanisms of autophagy in the cardiovascular sys-
tem. Circ Res. 116, 456–467 (2015).

16. Nishida, K., Kyoi, S., Yamaguchi, O., Sadoshima, J. & Otsu, K. The role of autophagy
in the heart. Cell Death Differ 16, 31–38 (2009).

17. Huang, J. & Brumell, J. H. Bacteria-autophagy interplay: A battle for survival. Nat.
Rev. Microbiol. 12, 101–114z (2014).

18. El-Awady, A. R. et al. Porphyromonas gingivalis evasion of autophagy and
intracellular killing by human myeloid dendritic cells involves DC-SIGN-TLR2
crosstalk. PLoS Pathog 11, 1–28 (2015).

19. Shiheido, Y. et al. Porphyromonas gingivalis, a periodontal pathogen, enhances
myocardial vulnerability, thereby promoting post-infarct cardiac rupture. J. Mol.
Cell. Cardiol. 99, 123–137 (2016).

20. Yilmaz, Ö. The chronicles of Porphyromonas gingivalis: The microbium, the
human oral epithelium and their interplay. Microbiology 154, 2897–2903 (2008).

21. Bostanci, N. & Belibasakis, G. N. Porphyromonas gingivalis: An invasive and
evasive opportunistic oral pathogen. FEMS Microbiol. Lett. 333, 1–9 (2012).

22. Hočevar, K. et al. Proteolysis of gingival keratinocyte cell surface proteins by
gingipains secreted from porphyromonas gingivalis—proteomic insights into
mechanisms behind tissue damage in the diseased Gingiva. Front. Microbiol. 11,
1–13 (2020).

23. Yoshii, S. R. & Mizushima, N. Monitoring and measuring autophagy. Int. J. Mol. Sci.
18, 1–13 (2017).

24. Kadowaki, T. et al. A role for gingipains in cellular responses and bacterial survival
in Porphyromonas gingivalis-infected cells. Front. Biosci. 62, 79 (2007).

25. Chen, Q. et al. Prefused lysosomes cluster on autophagosomes regulated by
VAMP8. Cell Death Dis. 12, Article number 939 (2021).

26. Ho, Y. H. S., Cai, D. T., Huang, D., Wang, C. C. & Wong, S. H. Caspases regulate
VAMP-8 expression and phagocytosis in dendritic cells. Biochem. Biophys. Res.
Commun. 387, 371–375 (2009).

27. Olsen, I. & Potempa, J. Strategies for the inhibition of gingipains for the potential
treatment of periodontitis and associated systemic diseases. J. Oral Microbiol. 6,
Article 24800 (2014).

28. Itakura, E., Kishi-Itakura, C. & Mizushima, N. The hairpin-type tail-anchored SNARE
syntaxin 17 targets to autophagosomes for fusion with endosomes/lysosomes.
Cell 151, 1256–1269 (2012).

29. Wang, Z. & Li, C. Xenophagy in innate immunity: A battle between host and
pathogen. Dev. Comp. Immunol. 109, 103693 (2020).

30. Kaizuka, T. et al. An autophagic flux probe that releases an internal control. Mol.
Cell 64, 835–849 (2016).

31. Matsumoto, G., Wada, K., Okuno, M., Kurosawa, M. & Nukina, N. Serine 403
phosphorylation of p62/SQSTM1 regulates selective autophagic clearance of
ubiquitinated proteins. Mol. Cell 44, 279–289 (2011).

32. Maejima, Y. et al. Mst1 inhibits autophagy by promoting the interaction between
beclin1 and Bcl-2. Nat. Med. 19, 1478–1488 (2013).

33. Ikeda, S., Zablocki, D. & Sadoshima, J. The role of autophagy in death of cardi-
omyocytes. J. Mol. Cell. Cardiol. 165, 1–8 (2022).

34. Araki, S. et al. Sirt7 contributes to myocardial tissue repair by maintaining
transforming growth factor-β signaling pathway. Circulation 132, 1081–1093
(2015).

35. Ramadan, A. et al. Loss of vascular smooth muscle cell autophagy exacer-
bates angiotensin II-associated aortic remodeling. J. Vasc. Surg. 68, 859–871
(2018).

36. Arasaki, K. et al. Legionella effector Lpg1137 shuts down ER-mitochondria com-
munication through cleavage of syntaxin 17. Nat. Commun. 8, 1–12 (2017).

37. Sharma, V., Verma, S., Seranova, E., Sarkar, S. & Kumar, D. Selective autophagy and
xenophagy in infection and disease. Front. Cell Dev. Biol. 6, 1–17 (2018).

38. Mohamud, Y. et al. CALCOCO2 / NDP52 and SQSTM1 / p62 differentially regulate
coxsackievirus B3 propagation. Cell Death Differ. 26, 1062–1076 (2019).

39. Kadowaki, T., Yoneda, M., Okamoto, K., Maeda, K. & Yamamoto, K. Purification and
characterization of a novel arginine-specific cysteine proteinase (argingipain)
involved in the pathogenesis of periodontal disease from the culture supernatant
of Porphyromonas gingivalis. J. Biol. Chem. 269, 21371–21378 (1994).

40. Abe, N. et al. Biochemical and functional properties of lysine-specific cysteine
proteinase (Lys-Gingipain) as a virulence factor of Porphyromonas gingivalis in
periodontal disease. J. Biochem. 123, 305–312 (1998).

41. Banbula, A. et al. Rapid and efficient inactivation of IL-6 gingipains, lysine- and
arginine-specific proteinases from Porphyromonas gingivalis. Biochem. Biophys.
Res. Commun. 261, 598–602 (1999).

42. Wingrove, J. A. et al. Activation of complement components C3 and C5 by a
cysteine proteinase (gingipain-1) from Porphyromonas (Bacteroides) gingivalis. J.
Biol. Chem. 267, 18902–18907 (1992).

43. Baker, P. J., Evans, R. T. & Roopenian, D. C. Oral infection with Porphyromonas
gingivalis and induced alveolar bone loss in immunocompetent and severe
combined immunodeficient mice. Arch. Oral Biol. 39, 1035–1040 (1994).

44. Katz, J., Sambandam, V., Wu, J. H., Michalek, S. M. & Balkovetz, D. F. Character-
ization of Porphyromonas gingivalis-induced degradation of epithelial cell
junctional complexes. Infect. Immun. 68, 1441–1449 (2000).

45. Irshad, M., Van Der Reijden, W. A., Crielaard, W. & Laine, M. L. In vitro invasion and
survival of Porphyromonas gingivalis in gingival fibroblasts; Role of the capsule.
Arch. Immunol. Ther. Exp. (Warsz). 60, 469–476 (2012).

46. Ishida, N. et al. Periodontitis induced by bacterial infection exacerbates fea-
tures of Alzheimer’s disease in transgenic mice. npj Aging Mech. Dis 3, 1–7
(2017).

47. Cantley, M. D. et al. The use of live-animal micro-computed tomography to
determine the effect of a novel phospholipase A2 inhibitor on alveolar bone loss
in an in vivo mouse model of periodontitis. J. Periodontal Res. 44, 317–322
(2009).

48. Mizraji, G. et al. Porphyromonas gingivalis Promotes Unrestrained Type I Inter-
feron Production by Dysregulating TAM Signaling via MYD88 Degradation. Cell
Rep 18, 419–431 (2017).

49. Kojima, T., Yano, K. & Ishikawa, I. Relationship between serum antibody levels and
subgingival colonization of porphyromonas gingivalis in patients with various
types of periodontitis. J. Periodontol. 68, 618–625 (1997).

50. Kesavalu, L., Chandrasekar, B. & Ebersole, J. L. In vivo induction of proin-
flammatory cytokines in mouse tissue by Porphyromonas gingivalis and Acti-
nobacillus actinomycetemcomitans. Oral Microbiol. Immunol. 17, 177–180 (2002).

51. Tarnavski, O., McMullen, J., Schinke, M., Nie, Q., Kong, S. & Izumo, S. Mouse cardiac
surgery: Comprehensive techniques for the generation of mouse models of
human diseases and their application for genomic studies. Physiol. Genomics 16,
349–360 (2004).

52. Gao, X. M., Xu, Q., Kiriazis, H., Dart, A. M. & Du, X. J. Mouse model of post-infarct
ventricular rupture: Time course, strain- and gender-dependency, tensile
strength, and histopathology. Cardiovasc. Res. 65, 469–477 (2005).

53. Aoki, H., Izumo, S. & Sadoshima, J. Angiotensin II activates RhoA in cardiac
myocytes. Circ. Res. 82, 666–676 (1998).

54. Potempa, J. & Nguyen, K. A. Purification and characterization of gingipains. Curr.
Protoc. Protein Sci. 21, 21.20.1–21.20.27 (2007).

55. Hariharan, N. et al. Deacetylation of FoxO by Sirt1 plays an essential role in
mediating starvation-induced autophagy in cardiac myocytes. Circ. Res. 107,
1470–1482 (2010).

56. Mizushima, N., Yamamoto, A., Matsui, M., Yoshimori, T. & Ohsumi, Y. In vivo
analysis of autophagy in response to nutrient starvation using transgenic mice
expressing a fluorescent autophagosome marker. Mol. Biol. Cell 15, 1101–1111
(2004).

57. Wunsch, C. M. & Lewis, J. P. Porphyromonas gingivalis as a model organism for
assessing interaction of anaerobic bacteria with host cells. J. Vis. Exp. 2015, 1–12
(2015).

Porphyromonas gingivalis, a periodontal pathogen, impairs. . .
Shiheido-Watanabe et al.

14

International Journal of Oral Science           (2023) 15:42 



Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Porphyromonas gingivalis, a periodontal pathogen, impairs. . .
Shiheido-Watanabe et al.

15

International Journal of Oral Science           (2023) 15:42 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Porphyromonas gingivalis, a periodontal pathogen, impairs post-infarcted myocardium by inhibiting autophagosome–lysosome fusion
	Introduction
	Results
	P.g. invades and worsens the viability of cardiomyocytes by secreting gingipains
	Gingipains inhibit autophagosome–lysosome fusion
	Gingipains cleave VAMP8 at its 47th lysine residue site
	Gingipains impair the stability of the SNARE protein complex, STX17-SNAP29-VAMP8
	Gingipains cleave NDP52 protein
	Infection with P.g. decreases survival rate following MI in mice
	VAMP8 is cleaved and autophagy is suppressed in the hearts of WTP.g.-inoculated MI mice
	P.g. infection suppresses the autophagy activity in myocardium
	P.g. infection causes hypertrophy in myocardium

	Discussion
	Materials and methods
	Animals
	Genetically modified mice
	Bacterial growth
	Inoculation of periodontal pathogens
	Extraction of gingipains from P.g
	Experimental MI model
	Hemodynamic measurements and echocardiography
	Histopathologic examinations
	Measurement of plasma levels of NT-proBNP
	Preparation of primary neonatal rat cardiomyocytes (NRCMs)
	Cell culture
	Protein extraction from the myocardium and the cells
	Transfection
	Immunoblotting
	Pull-down binding assays
	Protein cleavage assay
	Immunoprecipitation
	NDP52 gingipains assay
	Mice starvation
	Cell viability assays
	Detection of GFP-LC3 or mRFP-GFP-LC3
	TEM analysis
	Confocal fluorescence microscopic analysis
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




