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Abstract

Recent epidemiological studies have shown that inflammatory bowel disease is associated with 

periodontal disease. The oral–gut microbiota axis is a potential mechanism intersecting the two 

diseases. Porphyromonas gingivalis is currently considered a keystone oral pathogen involved in 

periodontal disease pathogenesis and disease progression. Recent studies have shown that oral 

ingestion of P. gingivalis leads to intestinal inflammation. However, the molecular underpinnings 

of P. gingivalis-mediated gut inflammation have remained elusive. In this study, we show that 

the oral administration of P. gingivalis indeed leads to ileal inflammation and alteration in 

gut microbiota with significant reduction in bacterial alpha diversity despite the absence of P. 
gingivalis in the lower gastrointestinal tract. Utilizing an antibiotic-conditioned mouse model, 

cecal microbiota transfer experiments were performed to demonstrate that P. gingivalis-induced 

dysbiotic gut microbiota is sufficient to reproduce gut pathology. Furthermore, we observed a 

significant expansion in small intestinal lamina propria IL9+ CD4+ T cells, which was negatively 

correlated with both bacterial and fungal alpha diversity, signifying that P. gingivalis-mediated 

intestinal inflammation may be due to the subsequent loss of gut microbial diversity. Finally, 
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we detected changes in gene expression related to gut epithelial barrier function, showing the 

potential downstream effect of intestinal IL9+CD4+ T-cell induction. This study for the first time 

showed the mechanism behind P. gingivalis-mediated intestinal inflammation where P. gingivalis 
indirectly induces intestinal IL9+ CD4+ T cells and inflammation by altering the gut microbiota. 

Understanding the mechanism of P. gingivalis-mediated intestinal inflammation may lead to the 

development of novel therapeutic approaches to alleviate the morbidity from inflammatory bowel 

disease patients with periodontal disease.
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1 | BACKGROUND

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the gastrointestinal 

tract that is driven by abnormal host immune response toward dysbiotic gut microbiota (Ni 

et al., 2017). Periodontal disease is similarly mediated by host immune response toward 

the plaque biofilm and affects the periodontal tissue, resulting in progressive loss of tooth-

supporting tissues (Lamont et al., 2018). Recent epidemiological studies have shown that 

IBD is associated with periodontal diseases (Lira-Junior & Figueredo, 2016; She et al., 

2020). As one of the most prevalent chronic diseases in the United States, periodontitis 

affects more than half of American adults aged over 30 years with prevalence increasing 

with age (Eke et al., 2015). Worldwide, IBD patients have higher prevalence, severity, 

and extent of periodontal diseases compared to healthy populations (Brito et al., 2008; 

Habashneh et al., 2012; Vavricka et al., 2013; Yu et al., 2018). Therefore, understanding the 

molecular pathological mechanisms behind the association between the two diseases may 

lead to discovery of important therapeutic targets for the management of IBD patients with 

chronic periodontitis.

Oral microbiota is a potential mechanism linking the two diseases. As the average human 

adult ingests approximately 1012 oral bacteria everyday through saliva, changes in oral 

microbiota have the potential to affect the gut microbiota (Kitamoto et al., 2020; Sohn et 

al., 2020). Porphyromonas gingivalis is a one of the keystone species that proliferates in 

subgingival periodontal microenvironment surrounding teeth known to play a major critical 

role in the pathogenesis of periodontal disease (How et al., 2016). Previous studies have 

shown that the oral administration of P. gingivalis in mice alters the gut microbiota and 

induces intestinal and systemic inflammation through impairing the gut barrier function 

(Arimatsu et al., 2014; Kato et al., 2018; Nakajima et al., 2015). However, these studies 

do not establish mechanistic basis for P. gingivalis-mediated intestinal inflammation. P. 
gingivalis do not colonize the lower intestinal tract, which suggests that there exists an 

alternate mechanism for the observed intestinal pathology (Geva-Zatorsky et al., 2017). 

We hypothesize that P. gingivalis induces intestinal inflammation by disrupting the gut 

microbiota. We utilized antibiotic-conditioned mouse model raised and maintained in 

positive pressure cages to perform microbiota transplantation studies to determine the 

underlying mechanism behind P. gingivalis-mediated intestinal inflammation.
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2 | METHODS

2.1 | Animals

All animal experiments were performed in accordance with relevant guidelines and 

regulations. The study protocol was approved by Institutional Animal Care and Use 

Committee (IACUC) of the University at Buffalo and all methods were carried out in 

compliance with the ARRIVE guidelines. Wild-type BALB/cJ mice (Jackson Laboratory; 

Cat#000651) were given 1 mg/ml of Kanamycin sulfate (IBI Scientific; Cat# 25389–94-0) 

via autoclaved drinking water for 5 days to suppress host microbiota. After 2 days of 

washout period, approximately 1 × 109 CFU of P. gingivalis was administered via oral 

gavage using stainless steel feeding tube (see below for P. gingivalis cultivation method). 

Interleukin 10 (Il10)-deficient BALB/cJ mice (Jackson Laboratory; Cat#004333) were given 

antibiotic cocktail of 1 mg/ml each of ampicillin (Teknova; Cat#50–841-073), neomycin 

sulfate (Fagron; Cat#804599), metronidazole (Spectrum Chemical; Cat#M1284), and 0.5 

mg/ml of Vancomycin hydrochloride (Fagron; Cat#804147) via drinking water for 4 

weeks (refilled every 96 h) to ablate host microbiota (See below for cecal microbiota 

transplantation method). All animals were single housed and raised in sealed positive 

pressure cages (Allentown).

2.2 | gingivalis cultivation

P. gingivalis strain ATCC 33277 was cultivated anaerobically (85% N2, 10% H2, 5% CO2) 

at 37°C in tryptic soy broth (BD; Cat#211825) medium supplemented with 2% (w/v) yeast 

extract, haemin (5 μg/ml), and vitamin K (5 μg/ml) for 2 days, removed, and washed with 

PBS solution once.

2.3 | gingivalis detection by PCR

P. gingivalis-specific primers F-CTTGACTTCAGTGGCGGCAG and R-

AGGGAAGACGGTTTTCACCA were used for detection of P. gingivalis in cecal samples. 

PCR was performed using Phire Green Hot Start II DNA Polymerase (Thermo Scientific; 

Cat# F124L) according to manufacturer’s instruction.

2.4 | Histology

Distal ileal tissues were formalin-fixed, parafilm embedded, horizontally sectioned into 5 

μm sections, and stained with hematoxylin and eosin (H&E). Samples were blinded and 

scored based on inflammation severity, inflammation extent, epithelial changes, and mucosal 

architecture by two individuals (Erben et al., 2014). Statistical significance was calculated 

using Student’s t-test.

2.5 | Microbiome sequencing and analysis

DNA from cecal samples were extracted using DNeasy PowerSoil Kit (Qiagen; Cat#12888). 

16S rRNA gene and internal transcribed spacer (ITS) metagenomic sequencing library was 

prepared as according to Illumina’s metagenomic sequencing protocol. Briefly, V3–V4 and 

ITS1 hypervariable region was first amplified and Illumina adaptor overhang sequences 

were appended using 2x KAPA HiFi HotStart Ready Mix (KapaBiosystems; Cat#KK2602) 
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and T100 Thermal Cycler (Biorad). Library was cleaned using the Ampure XP Bead kit, 

quantified using Quant-iT™ PicoGreen™ dsDNA Reagent (Invitrogen; Cat#P7581), and 

pooled at equal concentration. Library quality control was done using Fragment Analyzer 

(Advanced Analytical Technologies). 2 × 300-cycle paired end sequencing was performed 

using Illumina Miseq System (Illumina).

16S rRNA gene and ITS sequencing data were analyzed using QIIME2 2020.2 (Bolyen 

et al., 2019). Raw sequence data were demultiplexed and filtered using demux plugin and 

denoised using DADA2 plugin (Callahan et al., 2016). Multiple sequence alignment was 

performed using mafft plugin (Katoh et al., 2002). Measurements of alpha diversity and beta 

diversity were calculated using diversity plugin. PERMANOVA test was used to determine 

differences in beta diversity. Taxonomic classification was performed using classify-sklearn 

against genome taxonomy database (GTDB) r86 reference sequence for 16S rRNA gene 

data and international society for human and animal mycology barcoding (ISHAM) database 

for ITS data (Bokulich et al., 2018; Irinyi et al., 2015). Differential abundance testing was 

done with ANCOM (Mandal et al., 2015).

2.6 | RNAseq

RNA was extracted from ileal tissues using Qiagen RNeasy Mini Kit (Qiagen; Cat#74104) 

and treated with DNase (Qiagen; Cat#79254) according to manufacturer’s protocol. RNA 

libraries were generated using TruSeq Stranded RNA Library Preparation (Illumina) and 

sequenced with 2 × 75 bp paired-end reads in an Nextseq 500 (Illumina). Sequence 

reads were aligned using HISAT2 (2.2.0) and GRCm38 reference sequence. Differential 

expression analysis was performed with DESeq2 Bioconductor package in R (3.6.3) 

Canonical pathway analysis was performed using Ingenuity Pathway Analysis (Qiagen) 

(Love et al., 2014).

2.7 | Cecal microbiota transplantation

Approximately 50 mg of cecal contents from each mouse were pooled in 1 ml of liquid 

dental transport medium (Anaerobe Systems; Cat#AS-916) and vortexed. Pooled samples 

were filtered using 100 μm pore cell strainer (Falcon; Cat#08–771) and the plunger end of a 

sterile 5 ml syringe to remove any debris. Two hundred microliters of filtered pooled cecal 

contents were administered into Il10-deficient BALB/c mice via oral gavage using stainless 

steel feeding tube.

2.8 | Isolation of lamina propria lymphocyte and flow cytometry

Small intestinal lamina propria lymphocytes were isolated using lamina propria dissociation 

kit (Miltenyi Biotec; Cat#130–097-410) and gentleMACS™ Octo Dissociator with 

Heaters (Miltenyi Biotec; Cat#130–096-427) according to manufacturer’s instruction. The 

dissociated tissue was resuspended in 5 ml of 40% Percoll (GE Healthcare; Cat#17–

0891-01) and underlaid with 5 ml of 80% Percoll in 15 ml Falcon tube. Percoll gradient 

separation was performed by centrifuging at 600 RCF for 20 min at room temperature with 

break off. The lymphocytes at interphase were collected and washed with 10 ml 1× PBS 

once and resuspended in RPMI with 10% FBS. Cell Activation Cocktail (with Brefeldin 

A) (Biolegend; Cat#423303) was used to stimulate cells according to manufacturer’s 
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instruction. LIVE/DEAD Fixable Dead Cell Stain Kit (Invitrogen; Cat#L34955) was used 

to distinguish live and dead cells. Rat Anti-Mouse CD16/CD32 (BD; Cat#553141, Clone: 

2.4G2) was used block nonspecific staining. Extracellular staining was performed with anti-

CD3 (Miltenyi Biotec; Cat#130–102-943, Clone: REA641), anti-CD4 (Invitrogen; Cat#25–

0041-82, Clone: GK1.5), and anti-CD8 (Miltenyi Biotec; Cat#130–120-806, REA601). 

After cells were permeabilized using Foxp3/Transcription Factor Staining Buffer Set 

(Invitrogen; Cat#00–5523-00), cells were stained with anti-IL17 (Miltenyi Biotec; Cat#130–

102-262, Clone: TC11–18H10), anti-IL9 (Miltenyi Biotec; Cat#130–102-442, Clone: 

RM9A4), anti-IL4 (Miltenyi Biotec; Cat#130–102-435, Clone: BVD4–1D11), and anti-IFN-

y (Miltenyi Biotec; Cat#130–102-388, Clone: AN.18.17.24).

2.9 | Focused transcriptomic analyses

Ileal gene expression associated with tight junction pathway was measured using nCounter® 

Custom CodeSets (NanoString Technologies) (Supplementary Table 1). RNA counts were 

normalized to a group of housekeeping genes, and differentially expressed genes were 

calculated using Student’s t-test.

3 | RESULTS

Oral administration of P. gingivalis induces ileal inflammation and alters gene expression 

profile associated with T-cell signaling pathway. To initially confirm whether oral 

administration of P. gingivalis leads to intestinal inflammation, 109 CFU of P. gingivalis 
was administered to wild-type Balb/c mice via oral gavage every other day for 14 days 

(Figure 1a). Histopathological analysis revealed significant inflammation in terminal ileum 

(Figure 1b). To further elucidate the mechanism behind P. gingivalis-induced intestinal 

inflammation, metatranscriptomic analysis was performed on ileal tissue. Differential gene 

expression analysis revealed 4 significantly upregulated and 30 significantly downregulated 

genes (Figure 1c). Notably, pathway analysis showed upregulation of T-cell signaling-related 

pathways as well as downregulation of liver X receptor (LXR)/retinoid X receptor (RXR) 

activation pathway (Figure 1d).

Oral administration of P. gingivalis alters the gut microbiota and decreases bacterial alpha 

diversity but P. gingivalis does not colonize the intestinal tract. Next, we characterized 

the changes in the gut microbial community with oral administration of P. gingivalis by 

performing 16S rRNA gene and ITS sequencing on the mouse cecal samples. Results 

indicated that there was significant reduction in gut bacterial but not fungal alpha diversity 

in mice that received P. gingivalis compared to control mice (Figure 2a). Furthermore, we 

observed significant difference in bacterial beta diversity (Figure 2b). Administration of P. 
gingivalis led to increased Acholeplasmataceae in mice cecum (Figure 2c) (Supplementary 

Table 2). There were no significant differences in abundance of fungal taxa (Supplementary 

Table 3). P. gingivalis was not detected in the cecum of mice that received P. gingivalis 
via oral gavage (Figure 2d), indicating that P. gingivalis indirectly induces intestinal 

inflammation by disrupting the gut microbiota.
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3.1 | P. gingivalis-induced dysbiotic gut microbiota is sufficient to induce ileal 
inflammation in genetically susceptible mice

To investigate whether P. gingivalis induces intestinal inflammation by altering the 

gut microbiota, we performed a cecal microbiota transplantation study using antibiotic-

conditioned Il10-deficient mice raised in positive pressure cages (Figure 3a). Histology 

analysis of the ileal tissue showed more ileal inflammation in mice that received P. 
gingivalis-altered cecal microbiota compared to control cecal transfer mice (Figure 3b). 16S 

rRNA gene and ITS sequencing analysis of the cecal samples confirmed the successful 

transfer of cecal microbiota from the previous experiment. There was a significant 

reduction in bacterial but not fungal alpha diversity and alteration in bacterial beta 

diversity in P. gingivalis-altered cecal microbiota recipient mice (Figure 4a, b). Increase in 

Acholeplasmataceae was observed in the control cecal microbiota recipient as previously 

seen (Figure 4c) (Supplementary Table 4). No fungal taxa were significantly altered 

(Supplementary Table 5).

3.2 | gingivalis-altered gut microbiota induces IL9+ CD4 T cells and disrupts the gut 
barrier function

To elucidate the cellular mechanisms mediating P. gingivalis-induced intestinal 

inflammation, flow cytometry analysis was performed to characterize the small intestinal T-

cell population from the lamina propria. There was significant increase in the percentage of 

IL9+ CD4+ T cells in P. gingivalis-altered cecal microbiota recipient (Figure 5a). However, 

there was no change in IL17+, IFN-y+, or IL4+ CD4 T cells (Supplementary Figure 1). 

Intriguingly, the percentage of IL9+ CD4+ T cells was negatively correlated with both 

bacterial and fungal measurements of alpha diversity (Figure 5b). To further investigate the 

underlying mechanism, differential gene expression analysis was performed using custom 

NanoString panel consisting of genes that have been shown to play a role in intestinal barrier 

function. Notably, Cldn4, Cldn2, and Tjp2 mRNAs were significantly altered (Figure 5c).

4 | DISCUSSION

A number of studies have attempted to investigate the oral–gut microbiota axis as the 

potential link that connects periodontal disease and inflammatory bowel disease (IBD; 

reviewed in Sohn et al. [2020]). In particular, the role of the oral pathogen, P. gingivalis, in 

initiating intestinal inflammation has been previously addressed. The Yamazaki group has 

shown that the oral administration P. gingivalis alters the gut microbiota and disrupts the 

gut barrier function to cause inflammation and alter host metabolism (Arimatsu et al., 2014; 

Kato et al., 2018; Nakajima et al., 2015). Subsequent studies by others have reproduced 

similar results where P. gingivalis is capable of disrupting the gut barrier function, leading 

to exacerbation of a variety of systemic diseases, including rheumatoid arthritis (Flak et al., 

2019; Sato et al., 2017) and Parkinson’s disease (Feng et al., 2020). However, only few 

studies have attempted to address how P. gingivalis induces gut barrier dysfunction despite 

several data sets, including one from this study, showing that P. gingivalis is not capable 

of colonizing the lower gastrointestinal tract in mice (Geva-Zatorsky et al., 2017). Previous 

studies have shown that lipopolysaccharide (LPS), found in the outer membrane of Gram-

negative bacteria, can disrupt the gut barrier function and induce intestinal inflammation 
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(Guo et al., 2015; Guo et al., 2013; Im et al., 2012). Therefore, P. gingivalis-mediated 

intestinal inflammation may be due to the effect of ingesting P. gingivalis-derived LPS. 

However, a recent study shows that P. gingivalis-derived LPS paradoxically ameliorates 

DSS-induced colitis suggesting that the P. gingivalis-derived LPS is not responsible for the 

observed intestinal inflammation (Seo et al., 2019). Gut dysbiosis has also been implicated 

in intestinal inflammation (Buttó & Haller, 2016). IBD disease severity is significantly 

correlated with low species richness (Gevers et al., 2014). Furthermore, gnotobiotic animal 

studies show evidence for the causal role of gut dysbiosis in intestinal inflammation 

(Schaubeck et al., 2016). Therefore, we hypothesized that P. gingivalis induces intestinal 

inflammation by disrupting the gut microbial community.

To test the hypothesis, we first showed that oral administration of P. gingivalis indeed 

alters the gut microbiota and induces intestinal inflammation. Only one bacteria of the 

family, Acholeplasmataceae, which is a commensal facultative anaerobe, was identified to 

be increased in control mice by ANCOM analysis of the 16S rRNA gene sequencing data 

(Stephens et al., 1983). There is limited information on the role of Acholeplasmataceae in 

IBD, however one study investigating the anti-inflammatory effect of Lactobacillus mucosae 
in neuropsychiatric disorder, indicated that an increase in intestinal Acholeplasmataceae 
and amelioration of Escherichia coli K1-induced colitis with administration of L. mucosae 
(Kim et al., 2020). Overall, there was significant reduction in bacterial species richness 

and difference in unweighted UNIFrac distance as seen by others (Nakajima et al., 

2015). We also characterized, for the first time, the changes in the fungal community by 

performing ITS sequencing as previous studies have indicated the potential role of altered 

fungal communities in both IBD and periodontal disease (Peters et al., 2017; Sokol et al., 

2017). However, there were no significantly differentially abundant fungal taxa as well as 

differences in alpha diversity.

P. gingivalis affects the oral and gut microbiota by dissimilar mechanisms. In the oral 

cavity, P. gingivalis produces gingipain, which inhibits leukocyte killing of periodontal 

pathogens, thereby contributing to the increased microbial diversity of periodontal pockets 

(Hajishengallis, 2015). In fact, increased microbial diversity in the oral cavity is positively 

correlated with the severity of periodontal disease (Genco et al., 2019). This increased 

diversity seen in periodontal disease is distinct from infections seen from other sites of the 

body, where the progression of infection leads to reduction in diversity due to increasing 

dominance of the specific pathogen (Van Dyke et al., 2020). The results from this study and 

others have shown that ingestion of P. gingivalis leads to decreased gut bacterial diversity 

(Nakajima et al., 2015). The decreased gut bacterial diversity has been shown by multiple 

studies to be associated with various gastrointestinal pathologies such as IBD and colorectal 

cancer (Cheng et al., 2020; Gong et al., 2016). Further studies exploring the mechanism in 

which P. gingivalis reduces the gut bacterial diversity is needed to understand the role P. 
gingivalis has in gastrointestinal disease pathogenesis.

Next, we further expanded the phenotypic description of P. gingivalis-induced intestinal 

inflammation by characterizing the metatranscriptomic profile of the ileal tissue. Among 

the differentially regulated genes, Mrap, melanocortin receptor accessory protein, which 

inhibits the activation of nuclear transcription factor NF-κB and thus exert marked anti-
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inflammatory effects, was notably downregulated (Catania et al., 2010). The critical role 

of NF-κB activation in the development of IBD is well studied and Mrap has been 

proposed as a therapeutic target for IBD management (Lee et al., 2007; Podolsky, 2002). 

The top upregulated pathways were PKC-theta signaling in T lymphocyte, iCOS-iCOSL 

signaling in T helper cells, Th1 pathway, and CD28 signaling in T helper cells pathways, 

which highlighted the critical role of T cells in the observed intestinal pathology. Cellular 

immunity mediated by T lymphocyte is critical in maintaining mucosal immunity and 

dysregulation of T cells and their secreted mediators have shown to be play an essential 

role in IBD pathogenesis (Chen & Sundrud, 2016). In fact, the most effective therapies for 

IBD are the biologics, which target critical mediators of key T-cell immunological pathways 

(Paramsothy et al., 2018). The top downregulated pathway was liver X receptor/retinoid 

X receptor (LXR/RXR) activation, which is part of nuclear receptor network involved 

in gastrointestinal mucus secretion and expression of tight junction proteins autophagy 

(Klepsch et al., 2019). Both LXR and RXR induce anti-inflammatory effects and their 

deletion have been attributed to worsening intestinal inflammation or IBD phenotype in 

animal models and human IBD (Andersen et al., 2011; Jakobsson et al., 2014; Knackstedt et 

al., 2014).

Next, we utilized antibiotic-conditioned Il10-deficient mice raised and maintained in 

positively pressure cages to perform a cecal microbiota transplantation study to test 

whether the dysbiotic gut microbial community from P. gingivalis ingestion plays a causal 

role in the intestinal inflammation. Metagenomics sequencing data showed a successful 

transference of donor cecal microbiota to the recipient. Histological results clearly exhibited 

a transference of phenotype despite the absence of P. gingivalis in the cecal inoculum, 

suggesting that P. gingivalis induces intestinal inflammation by altering the gut microbiota. 

We further elucidated the mechanism whereby P. gingivalis mediates intestinal inflammation 

by performing flow cytometry analyses on the lamina propria lymphocytes isolated from 

the small intestine and shows an increase in the percentage of IL9+ CD4+ T cells. Recent 

translocation of microbes and microbial products to cause intestinal inflammation (Gerlach 

et al., 2014; Vyas & Goswami, 2018). To test whether intestinal barrier integrity is altered, 

we performed a focus transcriptomic analysis on custom panel consisting of genes involved 

in tight junction pathways and observed significant alteration in gene expression profile. 

Notably, Cldn4 and Cldn2 and Tjp2 were differentially expressed with same expression 

pattern as seen in human IBD patients (Gurram et al., 2016; Zhu et al., 2019). Studies 

have shown that host–microbiota interaction is necessary for expansion of IL9-producing T 

cells (Almeida et al., 2020). Our results not only highlight the crucial role of gut bacterial 

communities in IL9-producing T-cell expansion but also the fungal communities by showing 

the negative correlation between both bacterial and fungal species richness to the percent 

IL9+ CD4+ T cells. Anti-IL9 is currently being considered for therapeutic approach for the 

management of IBD (Zhang et al., 2018). Our results indicate that intestinal IL9-producing 

T cells could be modulated by manipulating the gut microbiota, possibly through altering the 

oral microbiota by treating periodontal disease.
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5 | CONCLUSION

Overall, this study fills a critical gap in knowledge by providing a mechanistic 

connection between periodontal diseases and IBD pathology. We have elucidated the 

mechanistic underpinnings of P. gingivalis-mediated intestinal inflammation. Specifically, 

we demonstrated that P. gingivalis induces ileal inflammation and IL9+ CD4+ lamina 

propria T cells and reduces gut epithelial barrier function through induction of gut dysbiotic 

microbial community (Figure 6).

P. gingivalis is one of many periodontal pathogens known to contribute to the pathogenesis 

of periodontal diseases. Thus, it is likely that other microorganisms exist that can migrate to 

the lower intestinal tract and induce dysbiosis to cause intestinal inflammation. Additional 

studies are needed to understand if other bacteria contribute to the oral–gut connection 

responsible for periodontal disease-associated IBD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Oral administration of P. gingivalis induces intestinal inflammation. (a) Study design: 6-

week-old Balb/c mice were given Kanamycin via autoclaved drinking water (1 mg/ml) for 5 

days before the oral administration of either PBS control or P. gingivalis every consecutive 

day for 14 days. (b) Distal ileal samples were processed for H&E stain and scored for 

histological inflammation score. (c) Volcano plot showing the differentially expressed ileal 

genes in mice given P. gingivalis. Y-axis represents −log10 p value. Two horizontal dotted 

lines represent p = 0.05 and q = 0.05. X-axis represents Log2 fold-change. Two vertical 

dotted lines represent Log2 fold-change cutoff of −0.25 and 0.25. Dots labeled and colored 
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in red represent genes with q < 0.05 and Log2 fold-change greater than 0.25 or less than 

−0.25. (d) Differentially expressed ileal gene expression data (p < 0.05) were used to 

perform pathway analysis using Ingenuity Pathway Analysis
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FIGURE 2. 
The effect of oral administration of P. gingivalis in the composition of gut microbiota. (a) 

Measurements of alpha diversity. (b) Beta diversity represented by Principal coordinates 

analysis (PCoA) using unweighted UNIFrac distance. (c) Volcano plot representing 

differentially abundant microbial taxa determined by ANCOM analysis. W statistic, strength 

of ANCOM test statistics, is on the y-axis, and the effect size, F-score, is on the x-axis. 

Statistically significant bacterial taxa are labeled. (d) PCR amplification of P. gingivalis-

specific probe shown in gel electrophoresis
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FIGURE 3. 
P. gingivalis-mediated dysbiotic gut microbiota induces intestinal inflammation. (a) Study 

design: 4-week-old Il10-deficient Balb/c mice were given antibiotic cocktail via autoclaved 

drinking water for 4 weeks before the oral administration of pooled-cecal contents from PBS 

or P. gingivalis treated mice. Mice were maintained in positively pressured cages for 6 weeks 

during the intestinal disease development experimental period. (b) Distal ileal samples were 

processed for H&E stain and scored for histological inflammation score
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FIGURE 4. 
The gut microbiota composition of P. gingivalis-altered gut microbiota recipient mice. (a) 

Measurements of alpha diversity. (b) Beta diversity represented by Principal coordinates 

analysis (PCoA) using unweighted UNIFrac distance. (c) Volcano plot representing 

differentially abundant microbial taxa determined by ANCOM analysis. W statistic, strength 

of ANCOM test statistics, is on the y-axis, and the effect size, F-score, is on the x-axis. 

Statistically significant bacterial taxa are labeled
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FIGURE 5. 
P. gingivalis-altered gut microbiota induces IL9+ CD4+ T cells and alters gut barrier 

function. (a) % IL9+ CD4+ T cells in the lamina propria of small intestine measured by 

flow cytometry analysis. (b) Spearman’s correlation analysis between % IL9+ CD4+ T cells 

and measurements of bacterial and fungal alpha diversity. (c) Gene expression levels of 

selected genes associated with tight junction pathway measured by NanoString analysis
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FIGURE 6. 
Schematic view of the proposed mechanism behind P. gingivalis-induced intestinal 

inflammation. Ingestion of P. gingivalis through saliva swallowing alters the gut microbiota 

and lowers the diversity, which causes induction of IL9+ CD4+ T cells in the small intestine, 

disrupts the gut barrier function, and causes ileal inflammation
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