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Abstract
This study is to investigate the role of Akkermansia muciniphila (Am) in enhancing immune defense against Porphyromonas 
gingivalis (Pg)-induced periodontal disease. Twenty C57BL/6 J mice received 50 µL of Pg suspension (1.5 × 109 CFU/mL) 
with or without 50 µL of Am suspension (1.5 × 109 CFU/mL) orally every 2 days for a total of 18 administrations to assess 
bone resorption and inflammation. Gingival cervical fluid and periodontal plaques were collected for microbiota analysis 
using 16S sequencing. THP-1 (a human leukemia monocytic cell line) differentiated macrophages were used to explore the 
underlying beneficial mechanisms of Am by evaluating gene expression, cytokine production, and phagocytosis activity. 
Am administration attenuated alveolar bone loss and reduced inflammation in Pg-induced periodontitis in mice. Microbiota 
analysis revealed that Am reduced bacterial load and modified the composition of periodontal microbiota. In THP-1 mac-
rophages, Am enhanced the phagocytosis of Pg by restoring MyD88 protein levels. RNA sequencing and western blotting 
results showed that Am upregulated TLR2 and MyD88 expression while downregulating C5aR, indicating interference with 
the TLR2-C5aR-MyD88 interplay. Am enhances immune defense against Pg-induced periodontal disease by modulating 
the TLR2-C5aR-MyD88 signaling pathway. These findings suggest that Am could be a promising therapeutic option for 
managing periodontal disease.
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MyD88

Introduction

Periodontitis is a chronic inflammatory condition that 
arises from microbial dysbiosis and progresses through the 
destruction of the supporting structures around teeth, ulti-
mately leading to tooth loss. It affects 45–50% of the global 
population and is associated with systemic conditions like 
cardiovascular diseases, diabetes, and Alzheimer’s disease 
[1–3]. Restoring the periodontal microbiota from dysbiosis 
to symbiosis is crucial for preventing or treating periodontal 
diseases and related health issues.

Porphyromonas gingivalis (Pg), a Gram-negative anaero-
bic bacterium, is a keystone pathogen of periodontitis [4, 5]. 
For instance, Pg produces gingipains, which can degrade 
the cytokines/chemokines to paralyze the immune system, 
digest tight junction proteins of the epithelium to damage 
barrier function, and cleave macrophage receptors to evade 
phagocytosis [6, 7]. Additionally, Pg can exploit the Toll-
like receptors (TLR) and complement receptors to degrade 
MyD88, a protective mechanism of the host, and disrupt the 
host’s immune response [8]. These virulence factors allow 
Pg to evade immune surveillance, induce microbial dysbio-
sis in the periodontal environment, leading to disease pro-
gression. Current management approaches, such as scaling, 
root planing, antibiotics, and antimicrobial mouthwash, have 
drawbacks like tooth sensitivity, introducing bacteria into 
the bloodstream, and drug resistance [9]. In light of these 
challenges, leveraging the immune system and restoring its 
protective actions subverted by Pg, is a promising alterna-
tive to tackle Pg and treat Pg-induced periodontal disease.
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Probiotics have shown immunomodulatory characteris-
tics, making them attractive therapeutic options for various 
health conditions [10, 11]. Akkermansia muciniphila (Am), a 
Gram-negative anaerobic commensal colonizer in the human 
gut, has emerged as a next-generation probiotic. The reduc-
tion or absence of Am is tightly linked to various diseases, 
including cancers, metabolic disorders, and inflammatory 
diseases [12–14]. Several studies also reveal that the admin-
istration of live or pasteurized Am can alleviate periodonti-
tis while the underlying mechanisms remain to be clarified 
[15–17].

We hypothesized that Am benefits periodontal health 
through enhancing host defensive immunity and modulat-
ing periodontal microbiota. To explore this, we examined 
the role of Am in Pg-induced periodontitis in mice. Next, 
the underlying mechanisms were determined in THP- 1 
(a human leukemia monocytic cell line) differentiated 
macrophages.

Methodology

Bacterial Strains and Culture Conditions

A. muciniphila (Am, BAA- 835) and P. gingivalis (Pg, W83) 
were obtained from ATCC (USA). Am was cultured on brain 
infusion agar plates, while Pg was grown anaerobically at 
37 °C on blood agar plates. Pg was also cultured in tryptic 
soy broth (TSB) and Am in brain heart infusion (BHI) broth 
with 0.3% mucin. Pasteurized Am (pAm) was prepared by 
suspending Am in phosphate-buffered saline (PBS), pasteur-
izing at 70 °C for 30 min, and storing at − 80 °C. Log-phase 
bacterial cells were collected by centrifugation, resuspended 
in media or PBS to an OD of 0.1 (1.5 × 107 CFU/mL), and 
used as needed. Bacterial supernatants were filtered and 
stored at − 80 °C.

Animals

A total of 20 C57BL/6 J mice were primed with prophylac-
tic antibiotic treatment using sulfamethoxazole (700 µg/mL) 
and trimethoprim (400 µg/mL) in water bottles for 7 days, 
followed by a 3-day rest [18]. The mice were then divided 
into four groups: (1) the control group received 50 µL of 1% 
carboxymethyl cellulose (CMC) solution; (2) the Pg group 
received 50 µL of Pg suspension (CMC solvent) at a con-
centration of 1.5 × 109 CFU/mL; (3) the Am group received 
50 µL of Am suspension (CMC solvent) at a concentration 
of 1.5 × 109 CFU/mL; (4) the mixture group received 50 µL 
of a combined Am and Pg suspension (CMC solvent), each 
at 1.5 × 109 CFU/mL. Solutions were administered to the 
mice orally using a flat-tipped syringe every 2 days, totaling 

18 administrations. After the bacterial challenge, the mice 
underwent a 5-day washout period.

To explore the impact of Am, gingival cervical fluid 
(GCF) was collected from the first right upper molar at days 
15, 30, and 45 to assess the cultivable bacterial loads. On the 
final day of the study, GCF was collected again to analyze 
the microbial community structure and composition. The 
process was conducted in a clean cabinet using sterile paper 
points (size #15). The paper points were gently placed in 
both the buccal and palatal crevices of each first molar for 
10–15 s. The paper tips with GCF were then dissected using 
sterile scissors. For bacterial culture, GCF-loaded the paper 
tips were suspended in PBS solution.

For 16S sequencing, the collected paper tips were 
immediately frozen in liquid nitrogen. The sequencing 
data were processed and analyzed under the R environ-
ment. The clean 250bps paired-end reads were trimmed, 
filtered, and merged into amplicon sequence variants 
(ASVs) using the DADA2 pipeline [19]. The taxonomy of 
ASVs was assigned by referring to the NCBI 16S RefSeq 
database. Beta diversity was assessed by Bray–Curtis dis-
similarity using phyloseq. For functional analysis, ASVs 
were assigned to KEGG terms by the Picrust2 pipeline 
[20]. Differential species and KEGG terms were deter-
mined by using limma-voom pipeline [21]. The resulting 
differential species were summarized in the Venn dia-
grams using ggvenn. The dot plot of differential KEGG 
terms was plotted using ggplot2. All p-values of multiple 
tests were adjusted by the Benjamini–Hochberg method. 
The alpha of the statistical test was set at 0.05.

All mice were sacrificed on the last day. The upper right 
jaws were carefully dissected for micro-CT analysis. Based 
on the sample characteristics, the scanning parameters 
were set to a voltage of 50 kV, a current of 500 µA, and a 
resolution of 8.7 µm. All projection images obtained from 
the scan were reconstructed into tomographic images using 
NRecon software (v.1.7.1.0). Using DataViewer software 
(v.1.5.6.2), the coronal, sagittal, and transverse planes of 
the sample’s tomographic images were aligned. The dis-
tance from the alveolar bone crest between the second and 
third molars to the cementoenamel junction of the first 
molar was measured. Centered on the cross-section of the 
molar, a square area of 1.2 × 1.2 mm was selected, exclud-
ing the dental tissue. The height ranged from the root bifur-
cation to the apex, defining the region of interest (ROI). 
The selected ROI of the alveolar bone was analyzed using 
CTAn software (v.1.20) to calculate parameters such as 
bone volume fraction (BV/TV). Finally, the three-dimen-
sional structure of the entire jawbone was visualized using 
CTVox software (v.3.3.0).

The upper left jaws were fixed, decalcified, embedded 
in paraffin, and sectioned for immunohistochemical stain-
ing. Immunohistochemical staining was performed using the 
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following primary and secondary antibodies: IL- 6 (Catalog 
No: ab290735, Abcam, UK) at a dilution of 1:200, IL- 1β 
(Catalog No: ab283818, Abcam, UK) at a dilution of 1:200, 
MCP- 1 (Catalog No: ab25124, Abcam, UK) at a dilution of 
1:200, MPO (Catalog No: 22225–1-AP, Proteintech, USA) 
at a dilution of 1:200, and goat anti-rabbit IgG H&L (HRP) 
(Catalog No: ab6721, Abcam, UK) at a dilution of 1:1000. 
For tartrate-resistant acid phosphatase (TRAP) staining, 
slides were incubated with TRAP staining solution mix (Ser-
vicebio, CN) according to the manufacturer’s instruction.

Cell Culture

THP- 1 cells (ATCC, USA) were maintained in RPMI- 
1640 medium (ATCC, USA) containing 10% fetal bovine 
serum, 100 µg/mL normocin (InvivoGen, USA) and 50 µM 
β-mercaptoethanol, and the cells were differentiated into 
macrophages with phorbol- 12-myristate- 13-acetate (PMA, 
Sigma-Aldrich, USA) at 100 ng/mL for 24 h followed by at 
least a 24-h rest in PMA-free medium prior to assays. Cells 
were cultured at 37 °C in a 5% CO2 atmosphere.

Cytocompatibility and Bacterial Administration 
Protocol for In Vitro Assays

THP- 1 differentiated macrophages were seeded in 6-well 
plates and cultured overnight. The cells were then exposed 
to Am at a varying multiplicity of infection (MOI). After 
the bacterial infection, the metabolic activity of the cells 
was evaluated using Cell Counting Kit- 8 (CCK- 8, Dojindo 
Laboratories, Japan), while plasma membrane integrity 
was assessed using CyQUANT LDH cytotoxicity assay kit 
(Thermo Fisher Scientific, USA). Meanwhile, cell viability 
was determined using the LIVE/DEAD viability/cytotoxicity 
kit (Invitrogen, USA).

Referring to the following assays, the treatment groups 
were established as follows: Ctrl (medium alone), Am (MOI: 
100), Pg (MOI: 10), mixture (mixture of Am at MOI of 100 
and Pg at MOI of 10), pAm (MOI: 100), and pAm + Pg (mix-
ture of pAm at MOI of 100 and Pg at MOI of 10).

Effect of Am on the Adhesion and Cellular 
Internalization of Pg

THP- 1 was differentiated by PMA in 6-well plates at a den-
sity of 1 × 106 cells/well and pre-treated with/without Am 
or pAm for 3 h at an MOI of 100. Gentamicin (GTM) and 
ampicillin (AMP) were used to eliminate Am interference in 
CFU counting. Cells were infected with Pg for 1 h, washed 
with PBS, and treated with GTM and metronidazole (MTZ) 
to assess adherent and internalized Pg. Cells were lysed, 
serially diluted, and plated for CFU counting. For MyD88-
associated phagocytosis, THP- 1 macrophages were infected 

with Pg, Pg with Am, or Pg with Am and MyD88 inhibitor 
(TJ-M2010 - 5) for 3 h. Cells were collected, stained with 
mouse anti-Pg primary antibody followed by Alexa Fluor 
488-conjugated anti-mouse IgG secondary antibody, and 
analyzed for intracellular Pg using a BD LSRFortessa flow 
cytometer and FlowJo software.

Enzyme‑linked Immunosorbent Assay (ELISA) 
and Cytokine Array Assay

Supernatants of cells challenged by different bacteria were 
collected and debris removed by centrifugation. Cytokine or 
chemokine levels were quantified using ELISA kits (R&D 
Systems, USA). Culture media from bacteria-infected THP- 
1 cells were tested using the Proteome Profiler Human XL 
cytokine array kit ARY022B (R&D Systems, USA). Array 
panels were visualized using the iBright 1500 (Invitrogen, 
USA) and analyzed with HLImage +  + (Western Vision 
Software, USA).

Real‑Time Quantitative Transcription PCR (RT‑qPCR), 
and RNA Sequencing

Total RNA was extracted with RNAfast200 kit (Fastagen, 
China). RNA was reverse transcribed into cDNA with the 
TB Green® Premix DimerEraser™ Kit (Takara, Japan). 
Quantitative PCR (qPCR) was performed on the ABI Prism 
7700 (Applied Biosystems, USA). The primer sequences 
used were listed in Table S1. Relative gene expression lev-
els were normalized to endogenous reference genes ACTB 
with the comparative threshold cycle (2−△△ct) method. 
RNA sequencing was conducted on RNA from THP- 1 cells 
treated with Am and/or Pg. Samples were tested using the 
DNBSEQ platform, and differential expression was calcu-
lated using DESeq2.

Western Blotting

Cells were lysed using M-PER reagent with Halt protease 
and phosphatase inhibitors. Lysates were centrifuged, and 
protein concentration was measured using the Pierce BCA 
protein assay kit. Proteins were denatured, separated on 
10% SDS polyacrylamide gels, and transferred to Amer-
sham Hybond P membranes. Membranes were blocked 
with 5% BSA for 1 h at room temperature. They were then 
incubated overnight at 4 °C with rabbit monoclonal pri-
mary antibodies: anti-MyD88 antibody from Cell Signal-
ing Technology and anti-C5aR antibody from Proteintech, 
both at a dilution of 1:1000. After washing, membranes 
were incubated with HRP-conjugated secondary antibod-
ies (abcam). Blots were detected using the WesternBright 
Sirius kit and imaged with the ChemiDoc XRS + System. 
Images were processed using ImageJ. The protein bands 
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Fig. 1   Am mitigated Pg-initiated periodontitis. a Experimental 
design: specific-pathogen-free mice received prophylactic antibiot-
ics for 7 days with a 3-day rest. Starting from day 10, mice received 
different treatments (Ctrl, n = 5, receiving CMC; Am, n = 5, receiv-
ing Am; Pg, n = 5, receiving Pg; Mixture, n = 5, receiving a mixture 
solution of Am and Pg), repeated every 2 days until day 45. Gingival 
crevicular fluid (GCF) was collected on days 15, 30, and 45. After a 
5-day washout period, plaques surrounding the periodontal area were 
collected for 16S sequencing, and mice were sacrificed for sample 
collections. b Micro-CT images of the right upper molar periodon-
tal sections. The cementoenamel junction-alveolar bone crest (CEJ-
ABC) distance and bone volume over total volume (BV/TV) fraction 
were analysed. c Histological examination of the left upper molar 
periodontal sections, with immunohistochemical staining for IL- 1, 
IL- 6, MCP- 1, MPO, and TRAP. Data are presented as mean ± SD. 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus the 
control and matched groups

◂

were selected using the “rectangular” tool, ensuring the 
same frame size across all lanes. The density of the blots 
was measured and recorded using ImageJ. Before ANOVA 
analysis, the results for the target protein were then nor-
malized to each corresponding Actin/GAPDH value.

Statistical Analysis

All experiments were repeated at least three times indepen-
dently. The one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparisons test was used for statistical 
evaluation of all results. A p-value < 0.05 was considered 
statistically significant.

Results

Am Attenuated the Bone Resorption 
and Inflammation in Pg‑Induced Periodontitis

Figure 1a illustrates the scheme of animal study. Micro-CT 
results showed that mice treated with Pg exhibited a signifi-
cant increase in the cementoenamel junction-alveolar bone 
crest (CEJ-ABC) distance compared with the control group 
(p = 0.0372), while the addition of Am attenuated the resorp-
tion (Fig. 1b). However, the BV/TV fraction (bone volume 
relative to total tissue volume) showed no statistical difference 
across the four groups. Immunohistochemistry (IHC) stain-
ing showed inflammatory changes in the gingival tissues after 
45 days of treatment (Fig. 1c). Compared with the control 
group, administration of Pg stimulated remarkable IL- 1 (p < 
0.0001), IL- 6 (p = 0.0019), MCP- 1 (p = 0.006), and myelop-
eroxidase (MPO, p = 0.0034) expression. However, Am did 
not increase their expression. The mixture group showed a 
less potent inflammatory response compared to Pg group with 
significantly reduced expression in IL- 1 (p = 0.0192) and 
IL- 6 (p = 0.0044). An increase in TRAP-positive cells was 

observed in both the Pg (p = 0.012) and mixture (p = 0.0167) 
groups, indicating elevated osteoclast activity.

Am Reduced Bacterial Load and Modified 
the Microbiota Composition in Periodontitis

An overall increasing trend was observed for both aerobic 
and anaerobic bacteria load in the GCF from the group inoc-
ulated with Pg (Fig. 2a), while the control group showed a 
steady bacterial count over time. After 15 days, the group 
treated with Am displayed a rise in the count of anaerobic 
bacteria. Pg induced notable increases in both aerobic and 
anaerobic bacterial load over time. The introduction of the 
bacterial mixture only resulted in an elevation of the bacte-
rial load on day 15. As the treatment time extended, the 
bacterial load in the mixture group showed no statistically 
significant difference compared to the control group.

Regarding the 16S sequencing result, the heat map in 
Fig. 2b showed the similarities among different samples, 
where the microbiome composition from the Pg group 
significantly deviated from that of the control and mixture 
groups. When compared to the Pg group, seven species 
were upregulated (Prevotellamassilia timonensis, Muri-
baclum intestinale, Akkermansia muciniphila, Faecli-
catena orotica, Duncaniella freteri, Acetatifactor muris, 
Faecalicatena fissicatena) and five were downregulated 
([Eubacteriuim] sulci, Succiniclasticum ruminis, Slackia 
heliotrinireducens, Pyramidobacter piscolens, Mailhella 
massiliensis) across the remaining three groups (Fig. 2c). 
Among them, those upregulated species are common 
commensals in the host microbiome, while the downreg-
ulated species are all anaerobic bacteria, most of which 
are associated with various disease conditions [22, 23]. 
The microbiomes of the Am and mixture groups exhibited 
no difference in the amplicon sequence variants (ASVs) 
in the differential abundance analysis (Fig. 3a). The bub-
ble plot indicated that the microbial function of all other 
three groups varied from that of the Pg group in the alpha-
linolenic acid metabolism function, which is significantly 
related to the MyD88/NF-κB pathway (Fig. 3b) [24].

The Impact of Am on the Immune Response of THP‑ 
1 Differentiated Macrophages

Macrophages play a crucial role in bacterial clearance during 
infections. In this study, we evaluated the cytocompatibility 
of Am with THP- 1-derived macrophages at various infec-
tion ratios (Fig. S1a). A decrease in viability was observed 
in THP- 1-derived macrophages from the infection ratio of 
500:1. Consequently, for subsequent in vitro experiments, 
the MOI for Am on THP- 1 cells was standardized to 100:1.

The cytokine array results indicated that 22 out of 
the 105 analyzed cytokines exhibited notable intensity 
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changes across different groups, as highlighted on the 
array membranes (Fig. 4a). The expression differences of 
these proteins were further presented in both a heat map 
and a bar chart (Fig. 4b, c). Am stimulated the expression 
of cell recruitment and accumulation-related cytokines, 
including ENA- 78, GRO-alpha, MCP- 1, and MCP- 3, 
while Pg had the opposite effect. Moreover, MMP- 9, 

which is associated with cell invasion and migration 
and plays a crucial role in host immune function, was 
decreased by Pg compared with the control group [25, 
26]. G-CSF, as a key regulator of neutrophils, was 
enhanced by the stimulation of Am, Pg, and their combi-
nation. A similar expression pattern was also observed 
in GM-CSF, which is essential in the anti-infection 

Fig. 2   Am modified periodontal microbiota during periodontitis. a 
Bacterial load (total, aerobic, and anaerobic culturable bacteria) in 
the GCF from different groups at three-time points. b Beta-diversity 
heatmap representing the Bray–Curtis dissimilarity in bacterial com-
munity structure among different treatment groups. Each cell in the 

heatmap corresponds to the dissimilarity value between the two sam-
ples. c Venn diagrams showing the number of upregulated (up) and 
downregulated (down) species observed in different groups compared 
to the Pg group. Data are presented as mean ± SD. *p < 0.05 and 
**p < 0.01 versus the control and matched groups



Probiotics and Antimicrobial Proteins	

process. Furthermore, chitinase- 3-like protein 1, which 
is induced during infection and promotes bacterial clear-
ance, was suppressed in the Pg group [27, 28]. These 
results suggest a possible mechanism for how Pg evades 
the host immune response and reveal the potential of Am 
to restore immune function. In addition, the expressions 
of MCP- 1, IL- 8, and CXCL10 were quantitively evalu-
ated at gene and protein levels in the cells after differ-
ent bacteria stimulation (Fig. 4d, e). Am or pAm could 
increase the expression of MCP- 1, IL- 8, and CXCL10. 
Although Pg alone showed subtle changes to THP- 1, the 

tested chemokine levels could be upregulated to some 
extent by adding Am or pAm. These results demonstrated 
that Am or pAm could stimulate acute inflammation per-
turbed by Pg and enhance the function of immune cells.

Am Enhanced the Phagocytosis of THP‑ 1 Derived 
Macrophages

A schematic illustration of the treatment procedure is 
shown in Fig. 5a. The results showed that the amount of 
adhesive and invasive Pg decreased in the Am or pAm 

Fig. 3   The impact of Am on the microbial composition and func-
tion. a Volcano plots showing the differential abundance of ASVs 
due to the treatment effect. Each point corresponds to an individual 
ASV. The x-axis position represents the abundance fold change. The 
dashed line indicates the threshold for significant differential ASVs 

(|log2(FC)|> 1.5). Green dots, red dots, and grey dots represented sig-
nificantly enriched ASVs (upregulated), significantly depleted ASVs 
(downdownregulated), and no difference ASVs, respectively. b Bub-
ble plot representing the differences in the abundance (%) of potential 
functions (KEGG) compared with the Pg group
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pre-treated group (p < 0.0001, Fig. 5b). Additionally, 
even after a 1-h disinfection by MTZ/GTM to eliminate 
the attached Pg on the cell surface, the pre-treatment of 
Am or pAm could still significantly reduce the amount of 

intracellular Pg (p < 0.0001). A previous study revealed 
that Pg induced MyD88 degradation through the inter-
play between TLR2 and C5aR which in turn caused 
the disengagement of Pg from bacterial clearance [8]. 
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Fig. 4   Am facilitated the immune response of THP- 1. a, b, c THP- 
1-differentiated macrophages were treated with Am, Pg, or their com-
bination for 24 h, respectively. The supernatants were analyzed using 
the Proteome Profiler Human XL Cytokine Array Kit. Twenty-two 
out of 105 proteins showing the greatest differences were highlighted 
in the membranes, analyzed, and presented in the heatmap and bar 
chart. d THP- 1-differentiated macrophages were treated with live or 
pasteurized Am with or without Pg for 6 h to evaluate the transcrip-
tion levels of IL- 8, CXCL10, and MCP- 1. e Supernatants were col-
lected from THP- 1 differentiated macrophages at 24 h for the ELISA 
assays to evaluate the protein levels of IL- 8, CXCL10, and MCP- 
1. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 
0.001, and ****p < 0.0001 versus the control and matched groups

◂

The protein levels of C5 AR1 and MyD88 in different 
groups were further determined (Fig. 5c). Pg elevated the 
expression of C5 AR1 compared to control group (p < 
0.0001) while the addition of Am relatively diminished 
Pg’s effect. One the other hand, Pg tended to degrade 
the MyD88 protein whereas Am was capable of increas-
ing and restoring the protein levels. The flow cytom-
etry result in Fig. 5d showed that Am could significantly 
enhance the internalization of Pg by the THP- 1 cells 
(p = 0.0013). Yet, the administration of MyD88 inhibitor 
could reduce the intracellular Pg (p = 0.0285), suggest-
ing that Am mediated the phagocytosis of Pg by THP- 1 
via the TLR-C5aR-MyD88 pathway.

Am Interfered the TLR‑C5aR‑MyD88 Interplay

For RNA sequencing, a total of 16,843 genes were identi-
fied. The Venn diagram showed the distribution of the 
genes (14,643) and most of the genes were common in 
all groups (Fig. 6a–c). Kyoto Encyclopaedia of Genes 
and Genomes (KEGG) functional enrichment analysis 
showed enrichment in NF-κB, TLR signaling pathway, 
etc. (Fig. 6d). The cluster heatmap presented differen-
tially expressed genes associated with the TLR signaling 
pathway (Fig. 6e) where the mixture group presented a 
higher correlation to the Am group than the Pg group. 
Exposure to Am with or without Pg activated most of 
the related genes in the TLR signaling pathway which is 
presented as red. In this study, the gene expression levels 
of TLR2, MYD88, IKBIP, NFKB1, and C5AR were also 
assessed and presented (Fig. 6f, g). Am participated in 
the TLR2 modulation and increased gene expression of 
MYD88 and NFKB1 while simultaneously decreasing 
the expression of C5AR.

Discussion

Am has garnered attention in periodontal disease treat-
ment due to its microbe-modifying and immune-regulating 
effects demonstrated in various diseases. In this study, we 

established a mouse model to investigate the role of Am dur-
ing the host’s exposure to Pg. We found that Am alleviated 
Pg-induced periodontal inflammation, which was accompa-
nied by an alteration in the periodontal microbial commu-
nity. Additionally, Am enhanced the phagocytosis of THP- 1 
derived macrophages, a process mediated by MyD88.

During periodontitis, Pg is the key pathogen that impairs 
the host immune response, evades the immune surveillance, 
and induces periodontal dysbiosis, leading to further inflam-
mation and tissue destruction [8, 29–33]. Commensals in 
dental plaque continuously stimulate the orchestrated innate 
immune response, which can resist the colonization of perio-
pathogens. This provides a basis for addressing Pg through 
biological therapy. Accumulating evidence indicates that Am 
benefits the host through modulating host immunity.

As a Gram-negative bacterium, numerous studies indi-
cated that supplementation with Am, its pasteurized form, 
or its extracted protein (Amuc_1100) could activate TLR 
pathways [34, 35]. These studies demonstrated that Am 
could activate NF-κB and the NLRP3 inflammasome 
through TLRs, facilitating M1 macrophage polarization 
[36–38]. These characteristics endow Am with potential 
anti-tumor and anti-infection properties. In accordance 
with these findings, we observed that Am upregulated the 
transcriptional expression of TLR2 in THP- 1 derived 
macrophages in vitro, activated the NF-κB pathway, and 
promoted the production of inflammatory cytokines, par-
ticularly chemokines.

However, other studies indicated Am’s capacity in 
suppressing host inflammatory response. For instance, 
many studies indicate that Am can ameliorate colitis [38]. 
Threonyl-tRNA synthetase secreted by Am (AmTARS) 
was reported to restore macrophage homeostasis through 
specific TLR2 interaction, activating MAPK and PI3 K/
AKT pathways to enhance anti-inflammatory IL- 10 
production, which ultimately attenuates colitis in mice 
[39]. Similarly, Am was reported to be able to alleviate 
periodontal inflammation and reduce periodontal bone 
destruction induced by Pg or Fusobacterium nuclea-
tum (Fn) [15–17, 40]. These studies indicated that Am 
could suppress the virulence of Pg and Fn and enhance 
epithelial integrity to improve periodontal condition. 
Additionally, Am was reported to inhibit TLR/MyD88/
NF-κB pathway in gingival epithelial cells to reduce 
inflammation which contrasts with our results where the 
Am upregulate the expression of MyD88 in THP- 1 mac-
rophage. The difference might arise from the dynamic 
activation of NF-κB pathway that the signal transduction 
through MyD88 with activated TLRs is transient [41]. 
In this study, although we did not observe the immune 
suppression effect of Am in vitro, the oral administra-
tion of Am was found to reduce the expression of IL- 
1 and IL- 6 in gingival tissues and decreased alveolar 
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study, Am upregulated MyD88 expression in THP- 1 
cells, facilitating the internalization of Pg. RNA sequenc-
ing results showed that Am increased TLR2 expression 

and decreased C5aR expression. Additionally, western 
blot analysis revealed that Am downregulated C5aR 
protein levels in THP- 1 cells. These findings suggest 
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Fig. 5   Am enhanced the phagocytosis of THP- 1 via MyD88. a Infec-
tion protocol. PMA-differentiated THP- 1 cells were assigned to two 
groups. One group was pretreated with Am/pAm at the MOI of 100:1. 
Cells then were treated with GTM (0.5 mg mL−1)/AMP (0.2 mg 
mL−1) solutions to remove Am followed by Pg infection at the MOI 
of 10:1 for 1  h. Cells were treated with/without GTM/AMP to dif-
ferentiate the adherent Pg and intracellular Pg. The other group was 
infected with Pg followed by the same procedures. Cells were lysed 
in water and lysate was plated on blood agar plates for CFU count-
ing. b Live or pasteurized Am pretreated THP- 1 macrophages were 
infected with Pg. Cells were rinsed with or without MTZ and GTM 
to eliminate the adherent Pg followed by lysis in H2O. Lysates were 
plated on blood agar plates and incubated in anaerobic conditions for 
7 days to count the colony-forming units of Pg. c Western blot analy-
sis of C5 AR1 and MyD88 protein level in THP- 1 cells treated with 
different bacteria (Am at the MOI of 100, Pg at the MOI of 10) or 
their combination for 3 h. d Flow cytometry analysis of the intracel-
lular Pg. THP- 1 cells were treated with Pg, Pg + Am, or Pg + Am + 
MyD88 inhibitor (10 µM) for 3  h and then fixed. Pg was detected 
with a specific anti-Pg antibody in the flow cytometry assay. Data are 
presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001 versus the control and matched groups

◂ that Am combats Pg by interfering with the TLR2/C5aR 
interplay and activating MyD88, thereby alleviating 
periodontitis.

A study reported that priming neutrophils with pro-
inflammatory cytokines like TNF-α and GM-CSF could 
reduce the expression of C5aR, suggesting a potential 
feedback mechanism to prevent excessive inflammation 
[48]. Interestingly, although the lipid form of Am’s cell 
membrane acts as a TLR2 agonist, it is significantly less 
potent than conventional agonists [35]. This selective 
activation pattern suggests Am may possess the unique 
ability to recalibrate immune activation thresholds, 
potentially explaining its capacity to mount defensive 
responses without triggering uncontrolled inflammation. 
These findings gain additional significance when consid-
ered alongside recent work demonstrating Am’s ability to 
expand colonic Treg populations and enhance their IL- 
10 production in murine colitis models [49]. Although 
our study observed Am’s regulation of C5aR and TLR2 
and the downstream cytokine production, the underlying 
mechanisms require further investigation. Specifically, 
further research is warranted to verify the TLR2-C5aR-
MyD88 pathway in vivo. Furthermore, future studies 
should investigate whether Am mediates its periodontal 
benefits through alternative mechanisms, including IL- 
10 production and regulatory T cell induction. Together, 
these findings suggest Am functions as a immunomodu-
lator through multiple complementary mechanisms: (1) 
initiating measured pro-inf lammatory responses via 
TLR2/C5aR/MyD88 signaling to combat pathogens, 
(2) avoiding inflammation amplification through selec-
tive receptor activation and cytokine induction, and (3) 
potentially engaging regulatory pathways (including Treg 
induction) to restore homeostasis. This confined inflam-
matory response not only supports Am’s safety in clinical 
applications but also suggests its potential to enhance 
immune surveillance, thereby preventing dysbiosis at 
early stages of gingivitis or periodontitis. By modulating 
the periodontal microbiota before pathogenic communi-
ties dominate, Am could serve as a preventive or early-
intervention strategy. However, its immunogenic prop-
erties in severely inflamed periodontal tissues—where 
immune tolerance may be compromised—require further 
investigation to determine whether Am exacerbates or 
resolves inflammation in advanced disease.

bone resorption induced by Pg. The conflicting results 
between in vitro and in vivo studies may be attributed 
to Am initially triggering a milder and more confined 
inflammatory response at infected sites to recruit remote 
immune cells[42, 43]. This process further employs 
immune cells’ defensive mechanisms to control patho-
gens and prevent pathogen-induced microbial dysbio-
sis, thereby inhibiting the amplification of periodontal 
inflammation. This process is supported by our observa-
tions that Am activated phagocytosis activity of THP- 1 
derived macrophage in vitro, decreased the microbial 
load in periodontal area, and modified the structure of 
microbial community in vivo. The reduced inflammation 
might result from achieving microbial homeostasis.

MyD88 is essential in the TLR signaling pathways, 
which is important in recruiting immune cells, enhanc-
ing phagocytosis, and promoting bacterial eradication 
by immune cells. TLR/MyD88 dependent signals were 
reported to enhance the macrophage function, particu-
larly phagocytosis [44–46]. MyD88-deficiency has been 
shown to dampen the host protective mechanisms [47]. 
It has been reported that Pg manipulates the crosstalk 
between TLR2 and C5aR leading to the degradation of 
MyD88 further subverting the host immunity [8]. In this 
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In conclusion, this study highlights the potential of Am to 
act as an immune modulator, restoring the bacterial clear-
ance capacity disarmed by Pg and ultimately alleviating 

periodontitis. These findings offer promising insights into 
the potential of Am as a management option for periodontal 
disease.
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Fig. 6   Am interefered the TLR-C5aR-MyD88 interplay. a, b, c Venn 
diagram showing the distribution of genes identified. Upregulated 
(left) and downregulated (right) genes were shown in the Venn dia-
grams. d The up- and downregulated genes were called to KEGG 
term separately and plotted. e Cluster analysis of the gene expression 
in the KEGG TLR signal pathway. RNA was extracted from THP- 1 
cells treated by bacteria for 6 h. Different colors indicate the expres-
sion intensity: red represents higher expression, and blue represents 
lower expression. f Selected differentially expressed genes. g Relative 
related gene expression validated by RT-PCR. Data are presented as 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 
versus the control and matched groups

◂

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12602-​025-​10541-2.

Acknowledgements  The authors express their gratitude to Prof. L. J. 
Jin for generously providing the necessary materials for the experi-
ments. Special thanks to Wai Man Tong for his support in the analysis 
of bioinformatic data.

Author Contributions  G. P. was the primary architect of the study 
design and provided overall supervision. Q. H. executed the experi-
ments, modified the study design as the research progressed, and ana-
lyzed the data. The manuscript was drafted by Q. H.. All authors were 
involved in discussing the results, contributed to the interpretation of 
the findings, and participated in the manuscript review process.

Funding  This work was supported by the Oral Health Research and 
Innovation Fund (Dr. George Pelekos, The University of Hong Kong) 
and the Health and Medical Research Fund from Hong Kong Food and 
Health Bureau (20190682, Dr. Xuan Li, The University of Hong Kong).

Data Availability  Sequence data that support the findings of this study 
have been deposited in NCBI Sequence Read Archive (SRA) under the 
accession numbers [PRJNA1149924 and PRJNA1150382].

Declarations 

Ethics Approval  Ethical approval for this study was obtained from the 
Ethics Committee of Lanzhou University (Approval Number: LZUKQ- 
2024–052). All procedures performed in studies involving animals 
were in accordance with the ethical standards of the institution.

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Liccardo D, Cannavo A, Spagnuolo G, Ferrara N, Cittadini A, 
Rengo C, and Rengo G (2019) Periodontal disease: a risk factor 
for diabetes and cardiovascular disease. Int J Mol Sci 20. https://​
doi.​org/​10.​3390/​ijms2​00614​14

	 2.	 Bourgeois D, Gonçalves LS, Lima-Junior JDC, Carrouel F (2022) 
Editorial: The oral microbiome is a key factor in oral and systemic 
health. Front Microbiol 13:855668. https://​doi.​org/​10.​3389/​fmicb.​
2022.​855668

	 3.	 Bourgeois D, Inquimbert C, Ottolenghi L, and Carrouel F (2019) 
Periodontal pathogens as risk factors of cardiovascular diseases, 
diabetes, rheumatoid arthritis, cancer, and chronic obstructive pul-
monary disease-is there cause for consideration? Microorganisms 
7. https://​doi.​org/​10.​3390/​micro​organ​isms7​100424

	 4.	 Hajishengallis G, Darveau RP, Curtis MA (2012) The keystone-
pathogen hypothesis. Nat Rev Microbiol 10:717–725. https://​doi.​
org/​10.​1038/​nrmic​ro2873

	 5.	 Hajishengallis G, Lamont RJ (2014) Breaking bad: manipulation 
of the host response by Porphyromonas gingivalis. Eur J Immunol 
44:328–338. https://​doi.​org/​10.​1002/​eji.​20134​4202

	 6.	 Belibasakis GN, Kast JI, Thurnheer T, Akdis CA, Bostanci N 
(2015) The expression of gingival epithelial junctions in response 
to subgingival biofilms. Virulence 6:704–709. https://​doi.​org/​10.​
1080/​21505​594.​2015.​10817​31

	 7.	 Stathopoulou PG, Benakanakere MR, Galicia JC, Kinane DF 
(2010) Epithelial cell pro-inflammatory cytokine response dif-
fers across dental plaque bacterial species. J Clin Periodontol 
37:24–29. https://​doi.​org/​10.​1111/j.​1600-​051X.​2009.​01505.x

	 8.	 Maekawa T, Krauss JL, Abe T, Jotwani R, Triantafilou M, 
Triantafilou K, Hashim A, Hoch S, Curtis MA, Nussbaum G, 
Lambris JD, Hajishengallis G (2014) Porphyromonas gingivalis 
manipulates complement and TLR signaling to uncouple bacterial 
clearance from inflammation and promote dysbiosis. Cell Host 
Microbe 15:768–778. https://​doi.​org/​10.​1016/j.​chom.​2014.​05.​012

	 9.	 van Winkelhoff AJ, Gonzales DH, Winkel EG, Dellemijn-Kippuw 
N, Vandenbroucke-Grauls CMJE, Sanz M (2000) Antimicrobial 
resistance in the subgingival microflora in patients with adult peri-
odontitis - a comparison between The Netherlands and Spain. J 
Clin Periodontol 27:79–86. https://​doi.​org/​10.​1034/j.​1600-​051x.​
2000.​02700​2079.x

	10.	 Wu ZW, Nasab EM, Arora P, Athari SS (2022) Study effect of 
probiotics and prebiotics on treatment of OVA-LPS-induced of 
allergic asthma inflammation and pneumonia by regulating the 
TLR4/NF-kB signaling pathway. Journal of Translational Medi-
cine 20: 130, ARTN 13010.1186/s12967–022–03337–3

	11.	 Al-Najjar MAA, Abdulrazzaq SB, Alzaghari LF, Mahmod AI, 
Omar A, Hasen E, Athamneh T, Talib WH, Chellappan DK, 
Barakat M (2024) Evaluation of immunomodulatory potential of 
probiotic conditioned medium on murine macrophages. Scientific 
Reports 14:7126, ARTN 712610.1038/s41598–024–56622–0

	12.	 Derosa L, Routy B, Thomas AM, Iebba V, Zalcman G, Friard S, 
Mazieres J, Audigier-Valette C, Moro-Sibilot D, Goldwasser F, 
Silva CAC, Terrisse S, Bonvalet M, Scherpereel A, Pegliasco H, 
Richard C, Ghiringhelli F, Elkrief A, Desilets A, Blanc-Durand 
F, Cumbo F, Blanco A, Boidot R, Chevrier S, Daillere R, Kro-
emer G, Alla L, Pons N, Le Chatelier E, Galleron N, Roume H, 
Dubuisson A, Bouchard N, Messaoudene M, Drubay D, Deutsch 
E, Barlesi F, Planchard D, Segata N, Martinez S, Zitvogel L, 
Soria JC, Besse B (2022) Intestinal Akkermansia muciniphila 
predicts clinical response to PD-1 blockade in patients with 
advanced non-small-cell lung cancer. Nat Med 28:315–324. 
https://​doi.​org/​10.​1038/​s41591-​021-​01655-5

	13.	 Yoon HS, Cho CH, Yun MS, Jang SJ, You HJ, Kim JH, Han 
D, Cha KH, Moon SH, Lee K, Kim YJ, Lee SJ, Nam TW, Ko 

https://doi.org/10.1007/s12602-025-10541-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms20061414
https://doi.org/10.3390/ijms20061414
https://doi.org/10.3389/fmicb.2022.855668
https://doi.org/10.3389/fmicb.2022.855668
https://doi.org/10.3390/microorganisms7100424
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1002/eji.201344202
https://doi.org/10.1080/21505594.2015.1081731
https://doi.org/10.1080/21505594.2015.1081731
https://doi.org/10.1111/j.1600-051X.2009.01505.x
https://doi.org/10.1016/j.chom.2014.05.012
https://doi.org/10.1034/j.1600-051x.2000.027002079.x
https://doi.org/10.1034/j.1600-051x.2000.027002079.x
https://doi.org/10.1038/s41591-021-01655-5


	 Probiotics and Antimicrobial Proteins

G (2021) Secretes a glucagon-like peptide-1-inducing protein 
that improves glucose homeostasis and ameliorates metabolic 
disease in mice. Nat Microbiol 6:563–573. https://​doi.​org/​10.​
1038/​s41564-​021-​00880-5

	14.	 Li J, Lin SQ, Vanhoutte PM, Woo CW, Xu AM (2016) Protects 
Against atherosclerosis by preventing metabolic endotoxemia-
induced inflammation in mice. Circulation 133:2434–2446. 
https://​doi.​org/​10.​1161/​Circu​latio​naha.​115.​019645

	15.	 Song B, Xian W, Sun Y, Gou L, Guo Q, Zhou X, Ren B, Cheng 
L (2023) Akkermansia muciniphila inhibited the periodontitis 
caused by Fusobacterium nucleatum. NPJ Biofilms Microbi-
omes 9:49. https://​doi.​org/​10.​1038/​s41522-​023-​00417-0

	16.	 Huck O, Mulhall H, Rubin G, Kizelnik Z, Iyer R, Perpich JD, 
Haque N, Cani PD, de Vos WM, Amar S (2020) Akkermansia 
muciniphila reduces Porphyromonas gingivalis-induced inflam-
mation and periodontal bone destruction. J Clin Periodontol 
47:202–212. https://​doi.​org/​10.​1111/​jcpe.​13214

	17.	 Mulhall H, DiChiara JM, Huck O, Amar S (2022) Pasteurized 
Akkermansia muciniphila reduces periodontal and systemic 
inflammation induced by Porphyromonas gingivalis in lean and 
obese mice. J Clin Periodontol 49:717–729. https://​doi.​org/​10.​
1111/​jcpe.​13629

	18.	 Ishida N, Ishihara Y, Ishida K, Tada H, Funaki-Kato Y, Hagi-
wara M, Ferdous T, Abdullah M, Mitani A, Michikawa M, 
Matsushita K (2017) Periodontitis induced by bacterial infec-
tion exacerbates features of Alzheimer’s disease in transgenic 
mice. NPJ Aging Mech Dis 3:15. https://​doi.​org/​10.​1038/​
s41514-​017-​0015-x

	19.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, 
Holmes SP (2016) DADA2: high-resolution sample inference 
from Illumina amplicon data. Nat Methods 13:581. https://​doi.​
org/​10.​1038/​Nmeth.​3869

	20.	 Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, 
Taylor CM, Huttenhower C, Langille MGI (2020) PICRUSt2 for 
prediction of metagenome functions. Nat Biotechnol 38:685–688. 
https://​doi.​org/​10.​1038/​s41587-​020-​0548-6

	21.	 Ritchie ME, Phipson B, Wu D, Hu YF, Law CW, Shi W, Smyth 
GK (2015) Powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Research 
43:e47, ARTN e47 https://​doi.​org/​10.​1093/​nar/​gkv007

	22.	 Pilliol V, Beye M, Terlier L, Balmelle J, Kacel I, Lan R, Aboud-
haram G, Grine G, Terrer E (2024) Methanobrevibacter massil-
iense and Pyramidobacter piscolens co-culture illustrates tran-
skingdom symbiosis. Microorganisms 12:215. https://​doi.​org/​10.​
3390/​micro​organ​isms1​20102​15

	23.	 Rosenboom I, Thavarasa A, Richardson H, Long MB, Wiehl-
mann L, Davenport CF, Shoemark A, Chalmers JD, Tummler 
B (2024) Sputum metagenomics of people with bronchiectasis. 
ERJ Open Res 10:01008–02023. https://​doi.​org/​10.​1183/​23120​
541.​01008-​2023

	24.	 Yang J, Liu S, Zhao Q, Li X, Jiang K (2023) Gut microbi-
ota-related metabolite alpha-linolenic acid mitigates intes-
tinal inf lammation induced by oral infection with Toxo-
plasma gondii. Microbiome 11:273. https://​doi.​org/​10.​1186/​
s40168-​023-​01681-0

	25.	 Watanabe R, Maeda T, Zhang H, Berry GJ, Zeisbrich M, Brockett 
R, Greenstein AE, Tian L, Goronzy JJ, Weyand CM (2018) MMP 
(matrix metalloprotease)-9-producing monocytes enable T cells to 
invade the vessel wall and cause vasculitis. Circ Res 123:700–715. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​118.​313206

	26.	 Ou YQ, Chen LH, Li XJ, Lin ZB, Li WD (2009) Sinomenine 
influences capacity for invasion and migration in activated human 
monocytic THP-1 cells by inhibiting the expression of MMP-2, 
MMP-9, and CD147. Acta Pharmacol Sin 30:435–441. https://​
doi.​org/​10.​1038/​aps.​2009.​21

	27.	 Munsif M, Sweeney D, Leong TL, Stirling RG (2023) Nebulised 
granulocyte-macrophage colony-stimulating factor (GM-CSF) in 
autoimmune pulmonary alveolar proteinosis: a systematic review 
and meta-analysis. Eur Respir Rev 32:170. https://​doi.​org/​10.​
1183/​16000​617.​0080-​2023

	28.	 Dela Cruz CS, Liu W, He CH, Jacoby A, Gornitzky A, Ma B, 
Flavell R, Lee CG, Elias JA (2012) Chitinase 3-like-1 promotes 
Streptococcus pneumoniae killing and augments host tolerance to 
lung antibacterial responses. Cell Host Microbe 12:34–46. https://​
doi.​org/​10.​1016/j.​chom.​2012.​05.​017

	29.	 Shang L, Deng D, Buskermolen JK, Roffel S, Janus MM, Krom 
BP, Crielaard W, Gibbs S (2019) Commensal and pathogenic bio-
films alter toll-like receptor signaling in reconstructed human gin-
giva. Front Cell Infect Microbiol 9:282. https://​doi.​org/​10.​3389/​
fcimb.​2019.​00282

	30.	 Tonetti MS, Imboden MA, Lang NP (1998) Neutrophil migration 
into the gingival sulcus is associated with transepithelial gradi-
ents of interleukin-8 and ICAM-1. J Periodontol 69:1139–1147. 
https://​doi.​org/​10.​1902/​jop.​1998.​69.​10.​1139

	31.	 Zenobia C, Luo XL, Hashim A, Abe T, Jin LJ, Chang YC, Jin 
ZC, Sun JX, Hajishengallis G, Curtis MA, Darveau RP (2013) 
Commensal bacteria-dependent select expression of CXCL2 
contributes to periodontal tissue homeostasis. Cell Microbiol 
15:1419–1426. https://​doi.​org/​10.​1111/​cmi.​12127

	32.	 Hajishengallis G, Liang S, Payne MA, Hashim A, Jotwani R, 
Eskan MA, McIntosh ML, Alsam A, Kirkwood KL, Lambris JD, 
Darveau RP, Curtis MA (2011) Low-abundance biofilm species 
orchestrates inflammatory periodontal disease through the com-
mensal microbiota and complement. Cell Host Microbe 10:497–
506. https://​doi.​org/​10.​1016/j.​chom.​2011.​10.​006

	33.	 Blasco-Baque V, Garidou L, Pomie C, Escoula Q, Loubieres P, Le 
Gall-David S, Lemaitre M, Nicolas S, Klopp P, Waget A, Azalbert 
V, Colom A, Bonnaure-Mallet M, Kemoun P, Serino M, Burce-
lin R (2017) Periodontitis induced by Porphyromonas gingivalis 
drives periodontal microbiota dysbiosis and insulin resistance via 
an impaired adaptive immune response. Gut 66:872–885. https://​
doi.​org/​10.​1136/​gutjnl-​2015-​309897

	34.	 Wang Y, Morishima T, Sezaki M, Sato R, Nakato G, Fukuda S, 
Kobiyama K, Ishii KJ, Li Y, Takizawa H (2023) Akkermansia 
muciniphila induces slow extramedullary hematopoiesis via coop-
erative IL-1R/TLR signals. EMBO Rep 24:e57485. https://​doi.​
org/​10.​15252/​embr.​20235​7485

	35.	 Bae M, Cassilly CD, Liu X, Park SM, Tusi BK, Chen X, Kwon 
J, Filipcik P, Bolze AS, Liu Z, Vlamakis H, Graham DB, Buhr-
lage SJ, Xavier RJ, Clardy J (2022) Akkermansia muciniphila 
phospholipid induces homeostatic immune responses. Nature 
608:168–173. https://​doi.​org/​10.​1038/​s41586-​022-​04985-7

	36.	 Fan L, Xu C, Ge Q, Lin Y, Wong CC, Qi Y, Ye B, Lian Q, Zhuo 
W, Si J, Chen S, Wang L (2021) A. muciniphila suppresses colo-
rectal tumorigenesis by inducing TLR2/NLRP3-mediated M1-like 
TAMs. Cancer Immunol Res 9:1111–1124. https://​doi.​org/​10.​
1158/​2326-​6066.​CIR-​20-​1019

	37.	 Liu J, Liu H, Liu H, Teng Y, Qin N, Ren X, Xia X (2023) Live and 
pasteurized Akkermansia muciniphila decrease susceptibility to 
Salmonella typhimurium infection in mice. J Adv Res 52:89–102. 
https://​doi.​org/​10.​1016/j.​jare.​2023.​03.​008

	38.	 Qu S, Fan L, Qi Y, Xu C, Hu Y, Chen S, Liu W, Liu W, Si J 
(2021) Akkermansia muciniphila alleviates dextran sulfate sodium 
(DSS)-induced acute colitis by NLRP3 activation. Microbiol 
Spectr 9:e0073021. https://​doi.​org/​10.​1128/​Spect​rum.​00730-​21

	39.	 Kim SM, Park S, Hwang SH, Lee EY, Kim JH, Lee GS, Lee G, 
Chang DH, Lee JG, Hwang J, Lee Y, Kyung M, Kim EK, Kim 
JH, Kim TH, Moon JH, Kim BC, Ko G, Kim SY, Ryu JH, Lee 
JS, Lee CH, Kim JY, Kim S, Lee WJ, Kim MH (2023) Secreted 
Akkermansia muciniphila threonyl-tRNA synthetase functions to 

https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1161/Circulationaha.115.019645
https://doi.org/10.1038/s41522-023-00417-0
https://doi.org/10.1111/jcpe.13214
https://doi.org/10.1111/jcpe.13629
https://doi.org/10.1111/jcpe.13629
https://doi.org/10.1038/s41514-017-0015-x
https://doi.org/10.1038/s41514-017-0015-x
https://doi.org/10.1038/Nmeth.3869
https://doi.org/10.1038/Nmeth.3869
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.3390/microorganisms12010215
https://doi.org/10.3390/microorganisms12010215
https://doi.org/10.1183/23120541.01008-2023
https://doi.org/10.1183/23120541.01008-2023
https://doi.org/10.1186/s40168-023-01681-0
https://doi.org/10.1186/s40168-023-01681-0
https://doi.org/10.1161/CIRCRESAHA.118.313206
https://doi.org/10.1038/aps.2009.21
https://doi.org/10.1038/aps.2009.21
https://doi.org/10.1183/16000617.0080-2023
https://doi.org/10.1183/16000617.0080-2023
https://doi.org/10.1016/j.chom.2012.05.017
https://doi.org/10.1016/j.chom.2012.05.017
https://doi.org/10.3389/fcimb.2019.00282
https://doi.org/10.3389/fcimb.2019.00282
https://doi.org/10.1902/jop.1998.69.10.1139
https://doi.org/10.1111/cmi.12127
https://doi.org/10.1016/j.chom.2011.10.006
https://doi.org/10.1136/gutjnl-2015-309897
https://doi.org/10.1136/gutjnl-2015-309897
https://doi.org/10.15252/embr.202357485
https://doi.org/10.15252/embr.202357485
https://doi.org/10.1038/s41586-022-04985-7
https://doi.org/10.1158/2326-6066.CIR-20-1019
https://doi.org/10.1158/2326-6066.CIR-20-1019
https://doi.org/10.1016/j.jare.2023.03.008
https://doi.org/10.1128/Spectrum.00730-21


Probiotics and Antimicrobial Proteins	

monitor and modulate immune homeostasis. Cell Host Microbe 
31(1021–1037):e10. https://​doi.​org/​10.​1016/j.​chom.​2023.​05.​007

	40.	 Mulhall H, DiChiara JM, Deragon M, Iyer R, Huck O, Amar 
S (2021) Akkermansia muciniphila and its pili-like protein 
Amuc_1100 modulate macrophage polarization in experi-
mental periodontitis. Infection and Immunity 89, ARTN 
e00500–2010.1128/IAI.00500–20

	41.	 Fisch D, Zhang T, Sun H, Ma WY, Tan YH, Gygi SP, Higgins DE, 
Kagan JC (2024) Molecular definition of the endogenous Toll-like 
receptor signalling pathways. Nature 631. https://​doi.​org/​10.​1038/​
s41586-​024-​07614-7

	42.	 Hu Q, Leung WK, Acharya A, Pelekos G (2025) Akkermansia 
muciniphila enhances mucosal immunity against porphyromonas 
gingivalis. Arch Oral Biol 174:106240. https://​doi.​org/​10.​1016/j.​
archo​ralbio.​2025.​106240

	43.	 Hu Q, Acharya A, Shum HC, Leung WK, Pelekos G (2025) Gum-
on-a-chip exploring host-microbe interactions: periodontal disease 
modeling and drug discovery. J Tissue Eng 16:20417314251314356. 
https://​doi.​org/​10.​1177/​20417​31425​13143​56

	44.	 Jun JI, Lau LF (2020) CCN1 is an opsonin for bacterial clearance 
and a direct activator of Toll-like receptor signaling. Nature Com-
munications 11:1242, ARTN 1242. 10.1038/s41467–020–15075–5

	45.	 Cao M, Yan HJ, Han X, Weng L, Wei Q, Sun XY, Lu WG, Wei 
QY, Ye J, Cai XT, Hu CP, Yin XY, Cao P (2019) Ginseng-derived 
nanoparticles alter macrophage polarization to inhibit melanoma 
growth. Journal for Immunotherapy of Cancer 7: 1–18, ARTN 
326. 10.1186/s40425–019–0817–4

	46.	 Zou J, Shankar N (2015) Roles of TLR/MyD88/MAPK/NF-κB signal-
ing pathways in the regulation of phagocytosis and proinflammatory 
cytokine expression in response to infection. Plos One 10: e0136947, 
ARTN e0136947. https://​doi.​org/​10.​1371/​journ​al.​pone.​01369​47

	47.	 Franzenburg S, Fraune S, Künzel S, Baines JF, Domazet-Loso T, 
Bosch TCG (2012) MyD88-deficient reveal an ancient function of 
TLR signaling in sensing bacterial colonizers. Proc Natl Acad Sci 
USA 109:19374–19379. https://​doi.​org/​10.​1073/​pnas.​12131​10109

	48.	 Binder R, Kress A, Kirschfink M (1999) Modulation of C5a-
mediated effector functions of human polymorphonuclear leuko-
cytes by tumor necrosis factor alpha and granulocyte macrophage 
colony-stimulating factor. Exp Clin Immunogenet 16:212–225. 
https://​doi.​org/​10.​1159/​00001​9113

	49.	 Liu Y, Yang M, Tang L, Wang F, Huang S, Liu S, Lei Y, Wang 
S, Xie Z, Wang W, Zhao X, Tang B, Yang S (2022) TLR4 regu-
lates RORgammat(+) regulatory T-cell responses and suscep-
tibility to colon inflammation through interaction with Akker-
mansia muciniphila. Microbiome 10:98. https://​doi.​org/​10.​1186/​
s40168-​022-​01296-x

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.chom.2023.05.007
https://doi.org/10.1038/s41586-024-07614-7
https://doi.org/10.1038/s41586-024-07614-7
https://doi.org/10.1016/j.archoralbio.2025.106240
https://doi.org/10.1016/j.archoralbio.2025.106240
https://doi.org/10.1177/20417314251314356
https://doi.org/10.1371/journal.pone.0136947
https://doi.org/10.1073/pnas.1213110109
https://doi.org/10.1159/000019113
https://doi.org/10.1186/s40168-022-01296-x
https://doi.org/10.1186/s40168-022-01296-x

	Akkermansia muciniphila Alleviates Porphyromonas gingivalis-induced Periodontal Disease by Enhancing Bacterial Clearance
	Abstract
	Introduction
	Methodology
	Bacterial Strains and Culture Conditions
	Animals
	Cell Culture
	Cytocompatibility and Bacterial Administration Protocol for In Vitro Assays
	Effect of Am on the Adhesion and Cellular Internalization of Pg
	Enzyme-linked Immunosorbent Assay (ELISA) and Cytokine Array Assay
	Real-Time Quantitative Transcription PCR (RT-qPCR), and RNA Sequencing
	Western Blotting
	Statistical Analysis

	Results
	Am Attenuated the Bone Resorption and Inflammation in Pg-Induced Periodontitis
	Am Reduced Bacterial Load and Modified the Microbiota Composition in Periodontitis
	The Impact of Am on the Immune Response of THP- 1 Differentiated Macrophages
	Am Enhanced the Phagocytosis of THP- 1 Derived Macrophages
	Am Interfered the TLR-C5aR-MyD88 Interplay

	Discussion
	Acknowledgements 
	References


