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Abstract

Background: Z-DNA binding protein 1 (ZBP1) is a vital innate immune sensor that regulates inflammation during
pathogen invasion. ZBP1 may contribute to pyroptosis, apoptosis and necroptosis in infectious diseases. In this study,
Fusobacterium nucleatum (F. nucleatum) infection caused periapical inflammation through proinflammatory cell death
and ZBP1 was involved in regulating the inflammatory activities caused by £. nucleatum infection in apical periodonti-
tis (AP).

Methods: Human periapical tissues were tested by fluorescent in situ hybridization, immunohistochemical staining,
immunofluorescence staining, quantitative real-time PCR (gRT-PCR) and western blotting. F. nucleatum-infected and
F. nucleatum extracellular vesicles (F. nucleatum-EVs)-treated RAW264.7 cells were used to detect the expression of
inflammatory cytokines and different cell death mechanisms by gRT-PCR and western blotting. ZBP1 expression in F.
nucleatum-infected tissues and RAW264.7 cells was detected by gRT-PCR, western blotting, and immunohistochemi-
cal and immunofluorescence staining. Furthermore, the expression of ZBP1 was inhibited by siRNA and different cell
death pathways, including pyroptosis, apoptosis, and necroptosis, and inflammatory cytokines were measured in £.
nucleatum-infected RAW264.7 cells.

Results: f. nucleatum was detected in AP tissues. f. nucleatum-infected RAW264.7 cells polarized to the M1 pheno-
type, and this was accompanied by inflammatory cytokine production. High levels of ZBP1 and GSDME (gasdermin
E)-mediated pyroptosis, caspase-3-mediated apoptosis and MLKL-mediated necroptosis (PANoptosis) were identified
in F. nucleatum-infected tissues and RAW264.7 cells. ZBP1 inhibition reduced inflammatory cytokine secretion and the
occurrence of PANoptosis.

Conclusion: The present study identified a previously unknown role of ZBP1 in regulating F. nucleatum-induced
proinflammatory cell death and inflammatory activation.
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Background

Apical periodontitis (AP) is an oral inflammatory disease
with a worldwide prevalence of 52% according to a recent
epidemiological study [1]. Bacterial infection in the peri-
apical area, such as infection of Fusobacterium nuclea-
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However, the process of bacterial elimination by mac-
rophages is accompanied by complicated inflammatory
activities [4, 5] and ultimately exacerbates tissue destruc-
tion. Therefore, alleviating this inflammatory activity
is critical to control the progression of AP. To date, the
detailed molecular mechanisms by which bacteria trig-
ger inflammatory destruction of periapical tissues remain
unclear.

Macrophage death during the antibacterial process
is a major contributor to the proinflammatory response
[6]. Among the most well-defined genetic pathways of
cell death, pyroptosis, apoptosis and necroptosis are
all involved in the regulation of host defense against
pathogens and other pathologies. Pyroptosis is a more
recently identified inflammatory cell death mechanism
mediated by proteins belonging to the gasdermin fam-
ily, and it is characterized by cell enlargement with huge
bubbles and the release of abundant inflammatory sub-
stances such as interleukin 1f (IL-1p) and IL-18, follow-
ing cell rupture [7, 8]. Recent studies have established
that pyroptosis plays a vital function in bacterial infec-
tions [9, 10]. Mixed-lineage kinase domain-like (MLKL)
proteins mediate necroptosis after being phosphorylated
downstream of the receptor-interacting protein kinase
1 (RIPK1) and RIPK3 signaling axis [11]. Phosphoryl-
ated MLKL translocates to the cell membrane, resulting
in cell membrane permeabilization and cell lysis [11]. By
triggering the host’s innate immune response, necropto-
sis protects the host from pathogenic infection [12] but
may also inflict tissue damage [13]. Apoptosis is thought
to be a noninflammatory form of cell death, but some
studies have shown that apoptosis is also accompanied
by inflammatory substance production [14]. These stud-
ies imply that pyroptosis, apoptosis and necroptosis may
also play a role in the defense against F nucleatum infec-
tion, but additional research is required to confirm this
hypothesis.

Recent studies have suggested that Z-DNA binding
protein 1 (ZBP1) is an upstream receptor for pyropto-
sis, apoptosis and necroptosis [15]. ZBP1, also known as
DNA-dependent activator of IFN regulatory factors [16],
is a vital innate immune sensor that regulates inflamma-
tion during pathogen invasion. While previous research
has mainly focused on the role of ZBP1 in restricting
viral infection [17, 18], more recent investigations have
demonstrated that ZBP1 is also involved in heatstroke
[19], skin inflammation [20, 21], antitumor immunity
[22] and bacterial invasion [15, 23]. Although moderate
ZBP1 activation mediates host defense against certain
pathogens, excessive and prolonged ZBP1 activation has
been documented to paradoxically exacerbate chronic
inflammation and influenza pathogenesis [20, 24]. These
studies underscore the importance of a comprehensive
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understanding of the mechanisms mediated by ZBP1
between effective pathogen clearance and inflammation
activation. However, it is unclear whether E nucleatum
infection activates ZBP1 and further causes proinflam-
matory cell death in AP.

Based on the above knowledge, the present study
aimed to explore whether F nucleatum infection can sig-
nificantly promote periapical inflammation through pro-
inflammatory cell death and to investigate whether and
how ZBP1 is involved in regulating the inflammatory
activities caused by F nucleatum infection in AP.

Materials and methods

Ethical statement and human periapical tissue samples
The present study was approved by the Ethics Commit-
tee of School and Hospital of Stomatology, Wuhan Uni-
versity, in accordance with the institutional guidelines
(2022LUNSHENZIB16) and followed the Declaration
of Helsinki of the World Medical Association [25]. All
patients agreed to participate in this study. Tissue sam-
ples were obtained from 28 patients, including 10 normal
tissues and 18 AP tissues. The normal periapical tissues
consisted of third molars extracted for orthodontic treat-
ment, without any caries lesions or periodontitis. The AP
tissues consisted of teeth collected from patients diag-
nosed with chronic AP who needed apical surgery or
extraction.

Cell culture

RAW?264.7 cells (ATCC) were grown in DMEM (GIBCO)
supplemented with 10% FBS (GIBCO). Cells (1 x 10°
cells/well into 6-well plates, or 5x 10° cells/well into
12-well plates) were seeded and incubated overnight
before usage. The cells were incubated with lipopolysac-
charide (LPS, 100 ng/ml, Sigma) or recombinant murine
interleukin-4 (IL-4, 20 ng/ml, Peprotech) for 24 h to
induce M1 macrophage or M2 macrophage polarization,
respectively [26].

Quantitative real-time PCR (qRT-PCR)

Total RNA from tissues or in vitro cultured cells was
extracted with TRIzol reagent (Life Technologies) and
c¢DNA was prepared with a Hiscript II Q RT SuperMix
c¢DNA synthesis kit (Vazyme Biotech, China). qRT-PCR
was performed to detect relative mRNA expression levels
using SYBR Green master mix (Vazyme Biotech, China)
on a QuantStudio 6 Real-Time PCR System (Life Tech-
nologies). The 2722T method was used to quantify fold
induction. Each ¢cDNA data point was normalized to
GAPDH expression. The primer sequences are shown in
Additional file 1: Table S1.
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siRNA-mediated gene silencing

siRNAs against mouse ZBP1, RIPK3, GSDME and
MLKL were purchased from GenePharma (Shang-
hai, China) and transfected using RNAi Lipofectamine
(Invitrogen) following the manufacturer’s instructions.
Nontargeting control siRNA was used as a negative
control, and qRT-PCR was performed to determine the
knockdown efficiency. The siRNA sequences are shown
in Additional file 1: Table S2.

Western blot analysis

Tissues or in vitro cultured cells were lysed in RIPA
buffer (Beyotime, China) containing protease and
phosphatase inhibitors (Roche). Western blotting was
performed according to the following procedure [27].
Proteins were boiled and separated by electrophoresis
through 12% SDS-PAGE gels. Following electropho-
retic transfer of proteins onto polyvinylidene difluoride
membranes (Roche), nonspecific binding was blocked
by incubation with 5% skimmed milk. The membranes
were incubated at 4 °C overnight with the following pri-
mary antibodies: anti-ZBP1 (AG-20B-0010, AdipoGen,
1:1000); anti-GSDME (ab215191, Abcam, 1:1000); anti-
cleaved-caspase-3 (#9664, Cell Signaling Technology,
1:1000); anti-pMLKL (ab196436, Abcam, 1:1000); anti-
pMLKL (TA7420S, Abmart, 1:1000); and anti-p-Actin
(PMKO058, BIOPRIMACY, 1:1000). The membranes
were then washed and incubated with secondary anti-
bodies (1:5000, Proteintech, China). An ECL kit was
used (Advantista) to detect the protein bands, and the
Odyssey system (LI-COR Biosciences) was used for vis-
ualization. Images were analyzed with Image] software
(Image], National Institutes of Health, Bethesda, Mary-
land, USA, https://imagej.nih.gov/ij/, 1997-2018).

Bacterial culture and cell infection

E nucleatum (ATCC 25586) was grown in brain heart
infusion (BHI) broth (BD) supplemented with hemin
and vitamin K1 or on Columbia agar plates (LAND
BRIDGE, China). The bacteria were grown in an anaer-
obic chamber (Mart Microbiology, Netherlands) in an
atmosphere of 90% N,, 5% CO,, and 5% H, at 37 °C. For
E nucleatum infection, cells were infected in DMEM
supplemented with 10% FBS at an MOI of 1, 10, 20,
50 or 100 (12 h) to determine the secretion of inflam-
matory cytokines, and at an MOI of 50 (0, 6, 12, 24 or
48 h) to determine the gene expression of Gsdme, Cas-
pase-3 and Mlkl as well as the protein expression of
N-GSDME, cleaved-caspase 3 and pMLKL. For live/
dead staining, an MOI of 100 (0, 6, 12, 24 and 48 h)
was used. To verify the phagocytosis of macrophages,
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E nucleatum was stained with CFDA SE (5 mM, Beyo-
time, China).

Live/dead staining

RAW?264.7 cells were seeded into 12-well plates (5 x 10°
cells/well) and infected with F nucleatum. After incuba-
tion for 0, 6, 12, 24 and 48 h, 100 nM PI (Thermo Fisher
Scientific) and 1 pM calcein AM (Beyotime, Shanghai,
China) were added to the cells [28]. Images were acquired
on a Zeiss LSM880 Fast microscope using ZEN Software
(Zeiss).

Hematoxylin and eosin (HE) and immunohistochemistry
(IHC) staining

Tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, and cut into 4 pm sections. IHC was performed
according to a previously reported procedure [27]. In
brief, sections were dewaxed in xylene and rehydrated in
gradient alcohol, and citrate buffer at pH 6.0 was used for
heat-induced antigen retrieval. For HE staining, sections
were stained for 2 min in hematoxylin, differentiated in
tap water (15 min) and incubated for 1 min in eosin. For
IHC, sections were incubated in endogenous peroxidase
blocking agent and goat serum at 37 °C for 20 min. Then,
primary antibodies (anti-ZBP1, AG-20B-0010, Adipo-
Gen, 1:200 and anti-CD68, Cell Signaling Technology,
#26042, 1:200) were added to the sectioned tissues, and
they were incubated overnight at 4 °C. A biotinylated
secondary antibody and the anti-biotin-peroxidase rea-
gent were added to the sections, and they were incubated
at 37 °C for 20 min. DAB substrate (Mxb Biotechnolo-
gies) was used to visualize the staining. All samples were
incubated for the same amount of time with DAB sub-
strate, and the nuclei were stained with hematoxylin. All
slides were scanned by an Aperio ScanScope CS scanner
(Aperio).

Immunofluorescence staining

Immunofluorescence staining was performed on cells or
tissue sections as previously described [29]. Cells were
plated in 12-well plates, allowed to adhere overnight
and infected with CFDA SE-labeled E nucleatum at an
MOI of 50. Following infection, cells were fixed in 4%
paraformaldehyde, permeabilized in 0.2% Triton X-100
and blocked with 5% bovine serum albumin for 1 h. For
sections, antigen retrieval and endogenous peroxidase
blocking were performed according to the description in
IHC. The cells or sections were incubated with primary
antibodies (anti-CD68, CST, #26042, 1:200; anti-ZBP1,
AG-20B-0010, AdipoGen, 1:200; anti-Z-DNA, absolute
antibody, Ab00783-3.0, 1:200) overnight at 4 °C, fol-
lowed by incubation with fluorophore-conjugated sec-
ondary antibodies (Abbkine) for 1 h. Nuclei were stained
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with DAPI (Beyotime, China). Images were acquired on
a Zeiss LSM880 Fast microscope using ZEN Software
(Zeiss).

Fluorescent in situ hybridization (FISH)

FISH of E nucleatum on formalin-fixed paraffin-embed-
ded tissues was performed manually following the manu-
facturer’s instructions. Briefly, the slides were dewaxed
in xylene and rehydrated in gradient alcohol, and cit-
rate buffer at pH 6.0 was used for heat-induced antigen
retrieval. The slides were incubated with protease K solu-
tion (20 pg/ml) at 37 °C for 30 min and then subjected
to hybridization buffer at 37 °C for 1 h. The hybridiza-
tion buffer was removed and incubated with hybridiza-
tion buffer containing the F nucleatum probe (10 ng/pl)
overnight at 37 °C. Then, the tissues were washed with
saline sodium citrate buffer and incubated with DAPI
for 30 min at room temperature. Images were acquired
on a Zeiss LSM880 Fast microscope using ZEN Software
(Zeiss).

Preparation and characterization of F. nucleatum
extracellular vesicles (F. nucleatum-EVs)

For the isolation of E nucleatum-EVs, E nucleatum-EVs
were pelleted by sequential centrifugation at 3000 x g for
30 min and 15,000 x g for 30 min at 4 °C. The superna-
tant was filtered by a 0.22 um filter (Millipore) and then
centrifuged for 3 h at 150,000 g and 4 °C. The obtained
E nucleatum-EVs were resuspended in PBS. Transmis-
sion electron microscopy (TEM; JEM-2100, JEOL, Tokyo,
Japan) and dynamic light scattering (DLS; Malvern, Zeta-
sizer Nano ZS, UK) were used to assess the morphologies
and diameters of E nucleatum-EVs. Zeta potential was
measured by a zeta potential analyzer (Malvern, Zeta-
sizer Nano ZS, UK). Dio-labeled E nucleatum-EVs were
cultured with RAW 264.7 cells to verify the internaliza-
tion of E nucleatum-EVs.

Apoptosis analysis

Apoptosis was detected by an annexin V-FITC/PI apop-
tosis kit (Chamot Biotechnologies, Shanghai, China).
RAW?264.7 cells were cultured with E nucleatum-EVs
at a dose of 0—5 pg/ml. Annexin V-FITC was detected
through the FITC detection channel, and PI was detected
through the PI detection channel on a Beckman Cyto-
FLEX Flow Cytometer (Beckman Coulter, Brea, CA,
USA). For this experiment, 10 000 events were analyzed
for each sample.

Statistical analysis

GraphPad Prism 8.0 was used for data analysis. Student’s
t test and one-way ANOVA tests (multiple groups) were
used for comparison. Data are shown as the mean+ SEM.
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P <0.05 was considered statistically significant (*P <0.05;
**P <0.01; ***P <0.001).

Results

Recruitment of macrophages and inflammatory activation
in F. nucleatum-infected AP tissues

Human periapical tissues were analyzed by FISH to
examine the presence of E nucleatum in AP tissues. The
results showed that F nucleatum was present in 10 sam-
ples out of 18 AP samples, but was not detected in nor-
mal samples (Fig. 1A). To investigate whether the innate
immune system is activated in E nucleatum-infected
tissues, the 10 AP samples infected with E nucleatum
and 10 normal samples were analyzed by immunohisto-
chemistry and immunofluorescence. The results showed
that CD68" macrophage recruitment was enhanced in E
nucleatum-infected samples compared to normal sam-
ples (Fig. 1B, C). Additionally, the expression levels of
inflammatory cytokines (ILIB, IL6, TNF and CXCLI0)
were higher in F nucleatum-infected AP samples than in
normal tissues (Fig. 1D).

F. nucleatum infection increases M1 phenotype
macrophages and the production of inflammatory
cytokines in vitro

To explore the phagocytosis of macrophages during F
nucleatum infection, CFDA SE labeled E nucleatum was
cocultured with macrophages. The results showed that
macrophages accumulated a considerable quantity of
fluorescence-labeled E nucleatum (Fig. 2A). To further
discern the effect of F nucleatum infection on the mac-
rophage phenotype and the production of inflamma-
tory cytokines, macrophages of the M1 (typical markers
are shown in Additional file 1: Fig. S1A) or M2 pheno-
type (typical markers are shown in Additional file 1: Fig.
S1B) were induced in vitro. E nucleatum was then cocul-
tured with M0, M1 and M2 macrophages. The qRT-PCR
results revealed that both MO and M2 macrophages
began to polarize to the M1 phenotype when cocultured
with E nucleatum (Fig. 2 C, D), and M1 macrophages
were induced to secrete inflammatory factors after cocul-
ture with E nucleatum (Fig. 2E). Furthermore, the qRT-
PCR results showed that cytokines (I/1b, 1l6, Tnf and
Cxcl10) were significantly upregulated by E nucleatum
infection in a dose-dependent manner (Fig. 2B).

F. nucleatum infection triggers the production

of inflammatory cytokines through activation of ZBP1

To elucidate how FE nucleatum causes inflammation
in macrophages, qRT-PCR was performed, and the
results demonstrated that bacterial infection acti-
vated ZBP1 mRNA expression in macrophages in vitro
(Fig. 3B). ZBP1 protein expression was further studied



Liu et al. Cell Communication and Signaling (2022) 20:196

Page 5 of 15

ttest; *p <0.05; **p<0.01; **p <0.001)

Fig. 1 Recruitment of macrophages and production of inflammatory cytokines in F. nucleatum-infected AP tissues. A Representative image of FISH
in periapical tissues (AP, n=18; Normal, n = 10; Scale bar, 50 um). B Immunohistochemical staining of CD68 in AP or normal tissues. (AP, n=10;
Normal, n=10; Scale bar, 50 um). C Immunofluorescence staining of CD68 (red) in AP or normal tissues. (AP, n=10; Normal, n=10; Scale bar,

50 um). D mRNA levels of IL1B, IL6, TNF and CXCL 10 detected by gRT-PCR. (AP, n=8; Normal, n=8). Data are expressed as the mean £ SEM (unpaired
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following F. nucleatum infection. ZBP1 expression was
increased in a time-dependent manner, with a greater
increase at 24 and 48 h than at 6 and 12 h post-infec-
tion (Fig. 3D, E). Consistently, immunofluorescence
showed high ZBP1 protein expression following E
nucleatum infection (Fig. 3A). Further analysis of ZBP1

expression in tissues revealed that it was expressed at
a higher level in infected tissues than in normal tissues
(Fig. 3C and Additional file 1: Fig. S2A). ZBP1 expres-
sion was then suppressed with siRNA (Additional file 1:
Fig. S2B), and the results showed that the production of
cytokines ({l1b, Il6, Tnf and Cxcl10) in AP tissues was
significantly decreased (Fig. 3F).
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Fig.2 f nucleatum increases M1 macrophages and inflammatory cytokines production. A Representative image of . nucleatum staining in normal
and F. nucleatum-treated cells (Scale bar, 20 um). B mRNA levels of I/1b, 116, Tnf and Cxcl10 in RAW264.7 cells cocultured with £. nucleatum (MOI=0, 1,
10, 50 and 100) for 12 h (one-way ANOVA). (C) mRNA levels of Tnf, Nos2, ll6 and Cd86 in M2 RAW264.7 cells cocultured with F. nucleatum (MOl = 50)
for 12 h (unpaired t test). D mRNA levels of Tnf, Nos2, Il6 and Cd86 in MO RAW264.7 cells cocultured with . nucleatum (MOl =50) for 12 h (unpaired
ttest). E mRNA levels of /16, 116, Tnf and Cxcl10 in M1 RAW264.7 cells cocultured with F. nucleatum (MOI=50) for 12 h (unpaired t test). Data are
expressed as the mean & SEM (*p < 0.05; **p < 0.01; **p <0.001)
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Fig. 3 . nucleatum triggers the inflammatory cytokines production through the activation of ZBP1. A Immunofluorescence staining of ZBP1 in
normal and F. nucleatum-treated cells (Scale bar, 20 um). B-E mRNA and protein levels of ZBP1 in RAW264.7 cells cocultured with F. nucleatum
(MOI=50) for 0, 6, 12, 24 and 48 h. The quantitative data represent the relative ratio of the target protein to 3-Actin (one-way ANOVA). C
Immunohistochemistry staining of ZBP1 in normal and AP tissues (AP, n =10; Normal, n = 10; Scale bar, 50 um). F mRNA levels of //1b, Il6, Tnf and
Cxcl10in RAW264.7 cells cocultured with F. nucleatum (MOl = 50) for 12 h after ZBP1 silencing (NC, negative control; one-way ANOVA). Data are
expressed as the mean &+ SEM (*p < 0.05; **p < 0.01; **p <0.001)
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Sustained ZBP1 activation induces pyroptosis, apoptosis
and necroptosis in macrophages

Live/dead staining was utilized to determine whether
persistent E nucleatum infection results in macrophage
death. The results indicated that macrophages began
to exhibit death at 24 h post-infection, and more pro-
nounced death at 48 h post-infection (Fig. 4 A). Further
investigation was performed by western blot analysis and
revealed a time-dependent increase in GSDME cleavage,
cleaved-caspase-3 and pMLKL (Fig. 4B, D), indicating
that E nucleatum infection induced a mixed mechanism
of cell death pathways, including pyroptosis, apoptosis
and necroptosis. qRT-PCR analysis revealed that the
expression of Gsdme and MIkl was increased after infec-
tion, while the expression of caspase-3 was decreased
(Fig. 5A, B, C). In accordance with those results, using
periapical tissue samples, the expression levels of
N-GSDME, cleaved-caspase-3 and pMLKL were signifi-
cantly increased in AP tissue compared to normal sam-
ples (Fig. 5E). ZBP1 knockdown significantly reduced the
expression of N-GSDME, cleaved-caspase 3 and pMLKL
after E nucleatum infection (Fig. 4C, E).

Effects of different cell death pathways on the production
of inflammatory cytokines

To further elucidate the involvement of different cell
death pathways in inflammation, inflammatory cytokines
were detected after the inhibition of cell death including
pyroptosis, apoptosis and necroptosis. GSDME expres-
sion was knocked down using siRNA, which resulted
in decreased inflammatory cytokine (I/1b, 1l6, Tnf and
Cxcl10) release (Fig. 6A). Functional knockdown of
RIPK3 and MLKL with siRNA resulted in a significant
decrease in the release of inflammatory cytokines (1115,
1l6, Tnf and Cxcl10) (Fig. 6A). However, when caspase-3
was blocked using caspase-3 inhibitors, the release of
inflammatory factors (1/1b, 1l6, Tnuf and Cxcl10) did not
significantly decrease (Fig. 6B).

Effects of F. nucleatum-EVs on inflammation cytokine
production and cell death

The DLS (Fig. 6 C) and TEM (Fig. 6E) results verified
isolation of E nucleatum-EVs from the culture medium
of E nucleatum, and zeta potential is shown in Fig. 6D.
The Dio-labeled E nucleatum-EVs accumulated in RAW
264.7 cells (Fig. 6F). qRT-PCR results demonstrated
that the production of inflammatory factors by RAW
264.7 cells increased significantly after culture with E
nucleatum-EVs (Fig. 7A). In addition, cotreatment with
E nucleatum-EVs resulted in an increase in RAW264.7
cells death (Fig. 7B). Furthermore, the results of western
blot analysis revealed an increased expression of ZBP1
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and Z-nucleic acid (Fig. 7C and Additional file 1: Fig.
S4), cleaved GSDME, cleaved-caspase-3 and pMLKL
(Fig. 7D), indicating that F nucleatum infection induced
a mixed mechanism of cell death pathways, including
pyroptosis, apoptosis and necroptosis.

Discussion

Previous studies have identified the role of numerous
bacteria in the occurrence of AP [30-32]. However, the
intricate proinflammatory mechanisms of bacteria in
the pathogenesis of AP are still unclear. Recent findings
have demonstrated ZBP1 upregulation during pathogen
invasion [15], suggesting that it may contribute to media-
tion of the inflammatory response. The present study
first found that E nucleatum activated ZBP1, and further
examination revealed the connection between cell death
and ZBP1 (Fig. 8). Thus, the present study tried to eluci-
date the mechanism by which E nucleatum exacerbates
periapical inflammation via ZBP1 activation.

Macrophages are present in the infected pulp and peri-
apical tissues, and they perform a critical protective func-
tion against persistent periapical infection [33, 34]. The
present study discovered significant macrophage infiltra-
tion in the infected periapical tissue. In addition, E nucle-
atum and considerable accumulation of inflammatory
cytokines were observed in AP tissues. These findings
demonstrated that infection with E nucleatum enhanced
macrophage recruitment and was positively correlated
with inflammation in AP tissues. To further confirm
the link between F nucleatum infection and inflamma-
tion, macrophages were cocultured with E nucleatum
in vitro. The results indicated that macrophages perform
extensive phagocytosis to remove invading F nucleatum,
a process that is accompanied by macrophage polariza-
tion to the M1 phenotype and the production of inflam-
matory cytokines. Consistent with previous studies,
macrophages are actively involved in the antimicrobial
process, but the associated inflammatory response dur-
ing this process leads to damage and serious disease [35,
36].

Programmed cell death of macrophages is well inte-
grated into antibacterial immune responses during
infection and is critical for the elimination of bacteria
[37-40]. According to the present experimental results,
macrophage death increased gradually with infection
development, and significant cell death occurred 48 h
after infection. To elucidate the mechanisms underlying
this phenomenon, the presence of different types of pro-
grammed cell death was further examined. The results
showed that E nucleatum infection ultimately caused
pyroptosis, apoptosis and necroptosis. In accordance
with this finding, FE nucleatum-EVs induced significant
cell death after being cocultured with RAW264.7 cells.
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Pyroptosis and necroptosis have been defined as pro-
inflammatory cell death processes that are characterized

N- and C-terminal domains, and the N-terminal mono-
mers oligomerize to form pores in the plasma mem-

by the release of cytokines and activation of the immune
system [41, 42]. GSDME belongs to the gasdermin fam-
ily and functions as an executor of pyroptosis. It contains

brane [43]. Recent studies have suggested that GSDME
promotes the release of inflammatory cytokines [44, 45].
Consistently, the findings of this study indicated that
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activation of ZBP1 further promoted cleavage of GSDME
and MLKL phosphorylation, resulting in cell lysis and
release of inflammatory substances. While apoptosis is
historically considered immunologically silent, studies
of the crosstalk between apoptosis and pyroptosis have
indicated that in some cell types, apoptotic cell death is

also inflammatory [37, 46]. The present results showed
that functional inhibition of apoptosis had little effect on
inflammation. These findings may indicate that pyrop-
tosis and necroptosis, rather than apoptosis, play a sig-
nificant role in periapical inflammation. Accumulating
evidence suggests that different death processes are not
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mutually exclusive but interact extensively. As a well-  of caspase-3 had no effect on inflammation, which may
characterized apoptotic executor, caspase-3 also induces  imply the existence of other compensatory mechanisms
GSDME cleavage [46]. Although inhibition of GSDME and highlights the complexity of AP. For example, RIPK3
decreased inflammation in the present study, inhibition  has been implicated in both apoptosis and necroptosis
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signaling, and it has also been discovered that RIPK3
causes NLRP3 activation to mediate pyroptosis [47]. The
present results indicate that restriction of pyroptosis
and necroptosis as well as enhanced apoptosis may clear
pathogens without inducing considerable inflammation.
The intricacy of various types of cell death demonstrates
the necessity of investigating regulatory mechanisms.
The finding of ZBP1 activation in response to E nuclea-
tum infection offered insights into the mechanism under-
lying E nucleatum-induced pyroptosis, apoptosis and
necroptosis.

ZBP1 is recognized as an immune sensor regulating the
activation of both programmed cell death and inflamma-
tion under diverse conditions including pathogen inva-
sion and embryonic development. The most common
role of ZBP1 is its involvement in antiviral responses [48],
but in addition to regulating virus invasion, ZBP1 may
also be required for bacterial infection, such as Yersinia
pestis [23] and Francisella infection [49]. In this study,
ZBP1 was highly expressed in AP tissues, and E nuclea-
tum infection stimulated ZBP1 expression in vitro. Inhib-
iting ZBP1 expression resulted in a significant reduction
in inflammatory cytokines. These observations suggest

that E nucleatum triggers an inflammatory response in
AP by activating ZBP1. Recent studies have demonstrated
that ZBP1 activation can induce programmed cell death.
For example, ZBP1 induces necroptosis via an RHIM-
mediated homotypic interaction with RIPK3 [48, 50], and
pyroptosis is also activated upon ZBP1 activation [51, 52].
Consistently, the present results showed that inhibition
of ZBP1 reduced pyroptosis, apoptosis and necroptosis
of macrophages during F nucleatum infection. ZBP1 was
initially recognized as a sensor for double-stranded DNA
(dsDNA), and further research demonstrated its role
as a Z-nucleic acid sensor to identify both endogenous
and viral Z-nucleic acid [17, 53]. Therefore, it is hypoth-
esized that Z-nucleic acid was present in RAW?264.7 cells
stimulated with E nucleatum-EVs, which then led to the
activation of ZBP1. Our findings confirmed that with
the stimulation of E nucleatum-EVs, Z-nucleic acid was
detected and consistent with the expression level of ZBP1
protein (Additional file 1: Fig. S4). Based on this finding,
it might be surmised that Z-nucleic acid during E nucle-
atum infection is a molecular mechanism that activates
the upregulation of ZBP1 in AP although more studies
are needed to verify this role.
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The present study identified a previously unknown role
of ZBP1 in regulating E nucleatum-induced proinflam-
matory cell death and inflammation activation, and tar-
geting ZBP1 may prevent serious periapical damage.
The in vivo role of ZBP1 during AP development still
requires further investigation.
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