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Abstract
Although periodontitis has been implicated as a risk factor for various systemic diseases,
the precise mechanisms by which periodontitis induces systemic disease remain to be elucidated. We have previously revealed that repeated oral administration of Porphyromonas
gingivalis elicits endotoxemia via changes in the gut microbiota of the ileum, and thereby
induces systemic inflammation and insulin resistance. However, it is not clear to what extent
a single administration of P. gingivalis could affect gut microbiota composition, gut barrier
function, and subsequent influx of gut microbiota into the liver. Therefore, in the present
study, C57BL/6 mice were orally administered P. gingivalis (strain W83) once and compared to sham-inoculated mice. The phylogenetic structure and diversity of microbial communities in the gut and liver were analyzed by pyrosequencing the 16S ribosomal RNA
genes. Serum endotoxin activity was determined by a Limulus amebocyte lysate test. Gene
expression in the intestine and expression of 16S rRNA genes in the blood and liver were
examined by quantitative polymerase chain reaction. Administration of P. gingivalis significantly altered gut microbiota, with an increased proportion of phylum Bacteroidetes, a
decreased proportion of phylum Firmicutes, and increased serum endotoxin levels. In the
intestinal tissues, gene expression of tjp-1 and occludin, which are involved in intestinal permeability, were downregulated. Higher amounts of bacterial DNA were detected in the liver
of infected mice. Importantly, changes in gut microbiota preceded systemic inflammatory
changes. These results further support the idea that disturbance of the gut microbiota composition by orally derived periodontopathic bacteria may be a causal mechanism linking
periodontitis and systemic disease.
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Introduction
Periodontal disease is a group of chronic inflammatory diseases resulting from dysbiosis of oral
microbiota. Epidemiological studies indicate its association with increased risk of various diseases such as type 2 diabetes mellitus[1, 2], atherosclerotic vascular diseases [3, 4], and rheumatoid arthritis [5]. Although it is possible that common disease susceptibilities and risk factors
could explain the association between these diseases, endotoxemia, proinflammatory cytokines,
and molecular mimicry have been considered causal mechanisms [6]. However, compelling
evidence is still lacking.
Interestingly, the diseases reported to be affected by periodontal disease are often described in
association with dysbiosis of the gut microbiota [7, 8]. Under physiological conditions, bacteria in
the intestine are commensal and mediate food digestion, strengthen the immune system, and prevent pathogens from invading tissues and organs. However, once dysbiosis occurs and detrimental
bacteria become predominant, noxious agents such as bacterial toxins and metabolites can damage
the gut epithelial wall. These are then absorbed into the systemic circulation through the disrupted
epithelium, resulting in impairment of various tissues and organs such as the liver, heart, kidney,
pancreas, and blood vessels [9]. Despite this, there is a question as to whether changes in gut
microbiota alter physiological conditions such as the host immune system or if immunological
and inflammatory changes induce the alteration of the gut microbiota composition. Examining
this connection, Vijay-Kumar et al. demonstrated that Toll-like receptor 5 knockout (Tlr5-/-) mice
develop metabolic syndrome, and that the transfer of Tlr5-/- gut microbiota into wild-type mice
confers many aspects of the Tlr5-/- phenotype to the recipient mice [10]. These results suggest that
physiologic conditions and the composition of gut microbiota could affect one another.
We have recently demonstrated that repeated oral administration of Porphyromonas gingivalis resulted in alteration of the gut bacterial composition, which coincided with inflammatory
changes in the adipose tissue and liver. Since the gut microbial change is associated with
decreased gut barrier function, as evidenced by reduced expression of the tight junction protein
gene and elevated endotoxin levels in the systemic circulation, the inflammation in the adipose
tissue and liver was expected to be caused by an influx of bacteria and/or bacterial products
into these tissues. In addition, in this mouse model, the administered P. gingivalis was not
found in the blood, and only little inflammation was obvious in gingival tissue, suggesting that
conventional causal mechanisms for the link between periodontitis and systemic diseases may
not be applicable at least in this model [11]. In addition, it is reported that in patients with liver
cirrhosis, major changes in the gut microbiota are attributable to massive invasions of the gut
by oral bacterial species [12]. Moreover, a higher load of diverse bacteria, including enterobacteria, has been detected in biopsies from patients with various vascular diseases comorbid with
chronic periodontitis (CP), compared with those without CP [13].
However, it is not clear to what extent a single administration of P. gingivalis could affect gut
microbiota composition, gut barrier function, and subsequent influx of gut microbiota into the liver.
We show in the present study that even only a single administration of P. gingivalis has a significant impact on the gut microbiota composition and gut barrier function, resulting in the dissemination of enterobacteria to the liver and endotoxemia. Our results provide further insight into the
role of periodontopathic bacteria-mediated gut microbiota modulation in systemic disease.

Materials and Methods
Ethics Statement
This study was approved by the Institutional Animal Care and Use Committee at Niigata
University (permit number 61–4). All experiments were performed in accordance with the
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Regulations and Guidelines on Scientific and Ethical Care and Use of Laboratory Animals of
the Science Council of Japan, enforced on June 1, 2006.

Mice
Six-week-old male C57BL/6 mice were obtained from Japan SLC, Inc. (Shizuoka, Japan). The
mice were acclimatized under specific pathogen-free conditions and fed regular chow and sterile water until the commencement of infection at 7 weeks of age.

Bacterial cultures
P. gingivalis (strain W83) was cultured in modified Gifu anaerobic medium (GAM) broth (Nissui, Tokyo, Japan) in an anaerobic jar (Becton Dickinson Microbiology System, Cockeysville,
MD) in the presence of an AnaeroPack (Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan) for
48 hrs at 37°C. Bacterial suspensions were prepared in phosphate-buffered saline (PBS) without Mg2+/Ca2+ using established growth curves and spectrophotometric analysis. The number
of colony-forming units (CFUs) was standardized by measuring optical density (600 nm).

Oral administration
A total of 109 CFUs of live P. gingivalis suspended in 100 μL PBS with 2% carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO) was given to the oral cavity of each mouse through a feeding needle. The number of bacteria to administer was determined by considering the body
weight and the number of bacteria in the saliva of periodontitis patients. The control group
was sham-administered 100 μL PBS with 2% carboxymethyl cellulose without P. gingivalis.
After administration, all mice were allowed to eat and drink ad libitum. Mice were euthanized
with CO2 at 3, 24, or 48 hrs after P. gingivalis administration, and their tissues were collected.

DNA extraction from samples
DNA was extracted from feces as described previously [14]. In brief, feces were collected 6, 24,
and 48 hrs after the administration of P. gingivalis. The freeze-dried feces for 16S rRNA gene
sequencing were suspended with buffer [10% sodium dodecyl sulphate / 10 mM Tris-HCl,
1mM EDTA, pH 8.0]. Feces in mixture buffer were disrupted with 0.1 mm zirconia/silica beads
(BioSpec Products, Inc., Bartlesville, OK) by shaking (1500 rpm, for 10 min) using ShakeMaster (Hirata Co., Tokyo, Japan). After centrifugation, the bacterial DNA was purified using phenol /chloroform /isoamyl alcohol (25: 24: 1) solution. The DNA was precipitated by adding
ethanol and sodium acetate. RNase treatment and polyethylene glycol precipitation was
performed.
Whole blood and liver specimens were collected at 3, 24, and 48 hrs after the administration
of P. gingivalis. DNA from these samples was extracted using a QIAampDNA Blood Mini Kit
(Qiagen, Hilden, Germany).

Detection of P. gingivalis in blood and feces
Quantitative real-time PCR was performed on a LightCycler 96 System (Roche, Basel, Switzerland) using FastStart Essential DNA Green Master (Roche). Universal 16S rRNA was amplified
using the forward primer 50 -ACTCCTACGGGAGGCAGCAGT-30 and the reverse primer
50 -ATTACCGCGGCTGCTGGC-30 . P. gingivalis 16S rRNA was amplified using the forward
primer 50 -AGGCAGCTTGCCATACTGCG-30 and the reverse primer 50 -ACTGTTAGCAAC
TACCGATGT-30 .
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Gut and liver microbiota analysis by 16S rRNA sequencing
The V4 variable region (515F-806R) of the respective samples was sequenced on Illumina
Miseq, following the method of Kozich et al. [15]. Each reaction mixture contained 15 pmol of
each primer, 0.2 mM deoxyribonucleoside triphosphates, 5 μl of 10×Ex Taq HS buffer, 1.25 U
Ex Taq HS polymerase (Takara Bio, Inc., Shiga, Japan), 50 ng extracted DNA and sterilized
water to achieve a final volume of 50 μl. PCR program was set as follows: 95°C 2 min and
25 cycles of 95°C 20 s, 55°C 15 s, 72°C 5 min followed by 72°C for 10 min.
The PCR product was purified by AMPure XP (Beckman Coulter, Inc., Brea, CA), and quantified using Quant-iT PicoGreen ds DNA Assay Kit (Lifi Technologies Japan, Ltd, Tokyo, Japan).
Mixed samples were prepared by pooling approximately equal amounts of PCR amplicons from
each sample. The pooled library was analyzed with the Agilent High Sensitivity DNA Kit on an
Agilent 2100 Bioanalyzer. Realtime PCR for quantification was performed on pooled library using
the KAPA Library Quantification Kit for Illumina following manufacture provide protocols.
Based on the quantification, the sample library was denatured and diluted. Sample library
with 20% denatured PhiX spike-in was sequenced by Miseq using 500 cycles kit. We obtained
2×250 bp paired-end reads.
Taxonomic assignments and estimating relative abundance of sequencing data were performed using the analysis pipeline of the QIIME software package [16]. An operational taxonomic unit (OTU) was defined at 97% similarity. OTUs indicating relative abundance of under
0.1% were filtered to remove noise. The OTU was assigned taxonomy based on comparison to
the Silva database using UCLUST [17, 18]. Rarefaction plots with OTU-based measure (Chao1
metric) were employed to evaluate the amount of diversity contained within communities.
Chao1 richness estimation was calculated using the Qiime pipeline. The OTU table was rarefied to the sample with the least reads for each sample. Alpha diversity measures were calculated 10 times at each depth. The rarefaction depth was set in total 10 steps from 10 reads.
Principal coordinate analysis (PCoA) using weighted or unweighted UniFrac distance based on
OUT distribution across samples was performed to provide an overview of gut microbial
dynamics in response to P. gingivalis administration [19].

Endotoxin assay
Endotoxin levels were determined in sera collected 48 hrs after the administration of P. gingivalis using a Limulus amebocyte lysate test (QCL-1000TM, BioWhittaker, Walkersville, MD)
according to the manufacturer’s instructions. Serum samples were diluted 1-to-4 for the assay.
Optical densities were measured using an ELISA plate reader (Model 680, Bio-Rad Laboratories, Hercules, CA) at 405 nm.

Analysis of gene expression in the intestine
Total RNA from the small and large intestines collected 24 hrs and 48 hrs after the administration of P. gingivalis was extracted using TRI Reagent (Molecular Research Center, Inc.,
Cincinnati, OH). cDNA was synthesized with Transcriptor Universal cDNA Master (Roche
Molecular Systems, Inc., Branchburg, NJ). Primers and probes specific for real-time PCR were
purchased from Life Technologies Corporation. Reactions were carried out in a final volume of
25 μL in a LightCycler 96 System (Roche) using TaqMan Gene Expression Assays (Life Technologies Corporation) containing 900 nM each of the forward and reverse primers and a 250
nM probe. The reactions consisted of a 10-min incubation at 95°C, followed by 45 cycles of a
2-step amplification procedure consisting of annealing/extension at 60°C for 1 min and denaturation for 15 s at 95°C. LightCycler 96 software (Roche) was used to analyze the standards
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and carry out the quantification. The relative quantity of each mRNA was normalized to the
relative quantity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.

Statistical analysis
Nonparametric data were evaluated by the Mann-Whitney U-test for two-group comparisons
using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). Analysis of similarity (ANOSIM) was performed to test the differences in the bacterial community compositions across
different groups (e.g., P. gingivalis-administered and sham-administered samples) using the
vegan package in R (http://cran.at.r-project.org/). It calculates R as a statistic value that
describes the level of similarity between each pair in the ANOSIM. Values close to unity indicate completely different communities in two groups, while a zero value indicates complete
overlap or similarity (null hypothesis). A probability value of p < 0.05 was considered statistically significant.

Results
P. gingivalis administration alters the gut microbiota
At the phylum level, no differences in the proportions of Firmicutes or Bacteroidetes were
observed in samples obtained at 0 and 3–6 hrs between P. gingivalis-administered mice and
sham-administered mice. However, the proportions of Bacteroidetes and Firmicutes differed
slightly in the feces recovered at 24 hrs between P. gingivalis-administered mice and shamadministered mice, with differences being statistically significant at 48 hrs (Fig 1A). Therefore,
further analysis was conducted only for fecal samples collected at 48 hrs.
OTU analysis revealed that the proportion of genus S24-7 and Prevotella belonging to the
family Paraprevotellaceae was significantly increased in P. gingivalis-administered mice compared with sham-administered mice. In contrast, the proportion of unclassified Clostridiales
belonging to the phylum Firmicutes was significantly decreased in P. gingivalis-administered
mice compared with sham-administered mice (Fig 1B).
Although P. gingivalis administration did not affect the bacterial diversity in the gut
(Fig 2A), principal coordinate analysis (PCoA) of unweighted and weighted UniFrac distance
between samples revealed that P. gingivalis administration had a profound impact on the
microbiota composition (Fig 2B).

P. gingivalis administration decreases gut barrier function
Tight junction proteins play an important role in gut barrier function. The expression of Tjp1
and Ocln were downregulated in the small intestine at 48 hrs but not at 24 hrs after P. gingivalis
administration, although these changes were not observed in the large intestine (Fig 3A).
In parallel with decreased mRNA expression of tight junction proteins, an influx of bacteria
into the liver was evident since the copy number of the 16S rRNA gene in the liver was significantly higher in P. gingivalis-administered mice compared with sham-administered mice. In
contrast, the copy number of the 16S rRNA gene in the blood did not differ between P. gingivalis-administered mice and sham-administered mice (Fig 3B). Despite this, blood endotoxin
levels were significantly increased 48 hrs after P. gingivalis administration (Fig 3C). It is of
note that no P. gingivalis-specific DNA was detected either in the liver or blood of P. gingivalisadministered mice (data not shown).
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P. gingivalis administration induces elevated proinflammatory gene
expression in the intestine
No change in gene expression was observed at 24 hrs after P. gingivalis administration (data
not shown). At 48 hrs, IL-6 expression was significantly elevated in the small intestine of P.
gingivalis-administered mice. On the other hand, mRNA expression of Rorγt, a characteristic
transcription factor of Th17 cells, was significantly downregulated at this time point. Furthermore, the mRNA expressions of IFN-α and -β and of proinflammatory genes IL-1β and IFN-γ,
as well as of Foxp3, a master gene of regulatory T cells, tended to be upregulated, although
these differences were not statistically significant (Fig 4A).
As with the small intestine, no change in gene expression was found at 2 hrs after P. gingivalis administration (data not shown) in the large intestine. At 48 hrs, TNF-α mRNA expression
was significantly increased, with a concomitant increase in Foxp3, in P. gingivalis-administered
mice. However, the expression of other proinflammatory genes did not differ between the two
groups (Fig 4B).

Change in liver microbial composition after P. gingivalis administration
Since the copy number of the 16S rRNA gene was significantly increased after P. gingivalis
administration, the composition of the microbiota was analyzed by pyrosequencing. As shown

Fig 1. Comparison of the gut microbiota between P. gingivalis-administered and sham-administered
mice by 16S rRNA sequencing analysis (N = 6 in the experimental group, N = 7 in the control group).
(A) Relative abundances of each bacterial group at the phylum level at 24 hrs and 48 hrs after P. gingivalis
administration are indicated by box plots. (*p < 0.05, **p < 0.01, Mann-Whitney U-test). (B) Relative
abundance of each bacterial group at the genus level were significantly increased or decreased are shown.
Each assigned taxonomy obtained from 16S rRNA deep sequencing was compared to Silva database using
UCLUST. (*p < 0.05, **p < 0.01, Mann-Whitney U-test).
doi:10.1371/journal.pone.0134234.g001
PLOS ONE | DOI:10.1371/journal.pone.0134234 July 28, 2015
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in Fig 5A, although no significant difference was found between the two groups, the phyla Bacteroidetes and Firmicutes tended to be increased and decreased, respectively, in P. gingivalisadministered mice. At the genus level, the proportion of Prevotella belonging to the family

Fig 2. Sequencing analysis of the gut microbiota obtained from P. gingivalis-administered and sham-administered mice. (A) Diversity of bacterial
species as indicated by Chao1 rarefaction measure. (B) PCoA of fecal microbiota from P. gingivalis-administered and sham-administered mice. (Unweighted
distance: R = 0.2646, p < 0.01; Weighted distance: R = -0.0251, p = 0.018, ANOSIM test).
doi:10.1371/journal.pone.0134234.g002
PLOS ONE | DOI:10.1371/journal.pone.0134234 July 28, 2015
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Fig 3. Effect of oral administration of P. gingivalis on gut barrier function and endotoxemia. (A)
Quantitative PCR analysis of tight junction genes in the small intestine of P. gingivalis-administered mice and
sham-administered mice at 24 hrs and 48 hrs after P. gingivalis administration. The relative mRNA expressions
of the genes of interest were normalized to the relative quantity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA (N = 7 in each group). (B) Relative abundance of bacteria in the liver and blood of P.
gingivalis-administered mice and sham-administered mice (N = 7 in each group). (C) Serum endotoxin (LPS)
concentration (EU/mL) were determined after P. gingivalis administration or sham administration (N = 7 in each
group). (*p < 0.05, **p < 0.01, Mann-Whitney U-test).
doi:10.1371/journal.pone.0134234.g003

Paraprevotellaceae tended to be elevated, whereas those of Allobaculum and Akkermansia
tended to be reduced (Fig 5B). Despite the lack of significance in these results at the individual
microorganismal level, P. gingivalis administration clearly demonstrated significant impact on
the liver microbiota composition and diversity (Fig 6A and 6B).
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Fig 4. Effect of oral administration of P. gingivalis on the gene expression of the gut. (A) Relative gene expression levels in the small intestine of P.
gingivalis-administered and sham-administered mice (N = 7 in each group). (B) Relative gene expression levels in the large intestine of P. gingivalisadministered and sham-administered mice (N = 7 in each group). The relative mRNA expressions of the genes of interest were normalized to the relative
quantity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. (*p < 0.05, Mann-Whitney U-test).
doi:10.1371/journal.pone.0134234.g004

Discussion
In this study, we found that single oral administration of P. gingivalis induced significant alteration of the phylogenetic structure and diversity of microbial communities in the gut. Moreover, this alteration of gut microbiota coincided with the dissemination of enterobacteria to the
liver and decreased mRNA expression of the tight junction proteins Tjp1 and Ocln, together
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Fig 5. Comparison of the liver microbiota in P. gingivalis-administered and sham-administered mice
by 16S rRNA sequencing analysis. (A) Relative abundances of each bacterial group at the phylum level are
indicated by the box plots. (*p < 0.05, **p < 0.01, Mann-Whitney U-test). (B) Relative abundance of each
bacterial group at the genus level were significantly increased or decreased are shown. Each assigned
taxonomy obtained from 16S rRNA deep sequencing was compared to Silva database using UCLUST.
(*p < 0.05, **p < 0.01, Mann-Whitney U-test).
doi:10.1371/journal.pone.0134234.g005

with increased levels of serum endotoxins. Furthermore, whereas alteration of the gut microbiota composition commenced at 24 hrs, change in gene expression became evident 48 hrs
after P. gingivalis administration.
Although the administered P. gingivalis-derived DNA was detected in both the fecal and
cecal samples by PCR, the alteration of gut microbiota composition was not considered attributable to the administered P. gingivalis itself because the proportion of Porphyromonadaceae
in the fecal samples of P. gingivalis-administered mice was less than 0.003% (data not shown).
This suggests that the effect of P. gingivalis administration is quite different from other pathogenic bacteria such as Salmonella typhimurium that usually outgrow other indigenous bacteria.
In fact, P. gingivalis has been suggested to act as a keystone pathogen for periodontal disease
because P. gingivalis causes the change in the oral microbiota composition and the dramatic
acceleration of alveolar bone loss despite the colonization at low level [20]. Thus, similar mechanisms seen in periodontal tissue destruction by P. gingivalis may also occur in the gut even
though the precise mechanisms yet to be determined. Further studies are clearly needed to
identify the molecules or metabolites derived from P. gingivalis that cause phenotypic and
microbiological changes.
It has been reported that the concentration of P. gingivalis in saliva can reach 106/mL in
patients with severe periodontitis [21–23]. Since P. gingivalis is over-represented in the
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Fig 6. Sequencing analysis of the liver microbiota obtained from P. gingivalis-administered and sham-administered mice. (A) Diversity of bacterial
species as indicated by Chao1 rarefaction measure (*p < 0.05). (B) PCoA of fecal microbiota from P. gingivalis-administered and sham-administered mice.
(Unweighted distance: R = 0.3638, p < 0.01; Weighted distance: R = 0.4497, p = 0.541, ANOSIM test).
doi:10.1371/journal.pone.0134234.g006

subgingival plaque of periodontitis patients[24] and its proportion in the oral flora is estimated
to be 0.8% [25], and since humans produce 1–1.5 L of saliva a day, patients with severe
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periodontitis can be expected to swallow 1012–1013 P. gingivalis bacteria a day. Therefore, the
number of bacteria administered in our mouse model seems commensurate with real conditions when the difference in body weight is taken into consideration. In addition, the administration of saliva itself from periodontitis patients and healthy subjects may provide further
insight into the effect of periodontitis on systemic health.
In the fecal samples, the proportion of the phylum Bacteroidetes significantly increased,
while the phylum Firmicutes significantly decreased after single administration of P. gingivalis.
These changes in bacterial phyla are in accordance with those in the ileum following multiple
inoculations with P. gingivalis seen in our previous study [11]. At the genus level, unclassified
S24-7 and Prevotella belonging to the family Paraprevotellaceae were significantly elevated in
P. gingivalis-administered mice. It is known that in some instances, changes in the ecological
balance of the microbiota can occur such as an outgrowth of potentially pathogenic bacteria
and/or a decrease in bacterial diversity, including bacteria beneficial to the host [26]. Although
the pathogenicity of these bacteria has not been fully elucidated, S24-7 has been identified as
being highly coated with IgA in the intestinal microbiota of mice. Palm et al. found that the
high level of IgA coating specifically marked a select group of known inflammation- and disease-driving intestinal microbiota in mice with inflammasome-mediated colitogenic dysbiosis
[27].
Similarly, it is reported that Prevotella species are likely involved in the transferable and colitogenic activity in a mouse dextran sulfate sodium-induced colitis model [28]. Another study
demonstrated that members of the Bacteroides/Prevotella genuses increased together with
increased inflammation in the parasite-free large intestinal tract following infection with the
hookworm Heligmosomoides polygyrus bakeri [29]. These suggest that bacteria with increased
proportion by P. gingivalis administration are associated with increased inflammation in the
gut.
In contrast, the proportion of unclassified bacteria belonging to the order Clostridiales was
significantly decreased in P. gingivalis-administered mice. The bacteria belonging to this taxon
are associated with both health and disease [30]. Although Clostridium difficile is a well-known
pathogenic bacterium that induces colitis [31], the identified bacteria had less than 97% similarity in the 16S rRNA gene with Clostridium difficile and therefore was considered to belong
to a different taxon. On the other hand, it has been reported that several strains of Clostridium
are involved in the induction of colonic regulatory T cells in mice [32]. Therefore, the reduction
in the bacteria that belong to the order Clostridiales may be responsible for the proinflammatory nature of the intestine following the administration of P. gingivalis.
We also found an increased copy number of bacterial DNA in the liver of P. gingivalisadministered mice. Bacterial diversity analysis revealed that S24-7 and Prevotella tended to be
higher in P. gingivalis-administered mice, consistent with the change in bacterial composition
of the gut. Given the impaired gut barrier function, as demonstrated by the reduced mRNA
expression of tight junction proteins in the small intestine, it was considered possible that
altered gut microbiota could have been influxed into the liver. Although the change was not
observed in the large intestine, it was also conceivable that the barrier function of the large
intestine could have been impaired. In this respect, Vaziri et al. demonstrated that systemic
inflammation in chronic kidney disease is associated with reductions in the protein expression
of claudin-1, occluding, and ZO-1 without the change in the mRNA expression of each molecule. This suggests that post-transcriptional or post-translational modifications were a cause of
the observed depletion of tight junction proteins [33]. However, no difference was found in the
copy number of the 16S rRNA gene in the blood between the two groups, suggesting that reticuloendothelial cells were capable of capturing the influx of bacteria into the liver via the portal
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vein from the gut. The increased levels of endotoxins in the serum may also reflect impaired
gut barrier function.
It has been clearly demonstrated that changes in gut microbiota can lead to metabolic endotoxemia, systemic inflammation, and associated disorders [34], likely due to an increase in
intestinal permeability [35]. Increased levels of endotoxins in the serum of P. gingivalis-administered mice are not synonymous with the “metabolic endotoxemia” seen in mice fed a high-fat
diet. However, repeated administration of P. gingivalis induces inflammatory changes in the
adipose tissue and liver, as well as glucose intolerance, which notably are characteristics of
mice on a high-fat diet [11]. Therefore, it is conceivable that oral administration of P. gingivalis
has a similar effect to consuming a high-fat diet, since both induce changes in gut microbial
composition and subsequent increased intestinal permeability. This notion is further supported
by the similarity in the gene expression profiles of adipose tissues from high-fat diet-fed [36]
and P. gingivalis-administered mice [11].
In addition to the impairment in gut barrier function, P. gingivalis administration induced
increased mRNA expression of proinflammatory cytokines in the intestine. However, the reasons for the increased mRNA expression of IL-6 and TNF-α in the small intestine and large
intestine, respectively, in the absence of an effect on other cytokines, are not known. Interestingly, the gene expression of Foxp3, a characteristic marker of regulatory T cells, showed a
slightly but non-significant increase, whereas that of Rorγt, a characteristic marker of Th17
cells, showed a decrease. Proinflammatory cytokine genes generally showed slightly (but nonsignificantly) higher expression in both the small and large intestine. Although it is reasonable
to suppose that the number of regulatory T cells increased to balance the increased inflammatory response in the gut tissues, the precise mechanisms for this have yet-to-be determined.
In conclusion, in the present study, we demonstrated that single oral administration of P.
gingivalis induces an alteration of the gut microbiota, as well as decreased expression of tight
junction protein genes in the gut. We consider these changes to be attributable to increases in
endotoxins in the blood. These results provide insight into the cause-and-effect relationship of
oral influx of P. gingivalis on systemic inflammation. The relationship between inflammatory
changes and alteration of the gut microbiota after repeated administration of P. gingivalis may
evoke the idea that the induction of inflammation in the intestine by P. gingivalis results in the
alteration of the gut microbiota. However, our study clearly demonstrated that changes in gut
microbiota precede any systemic inflammation as with metabolic endotoxemia by obesityassociated changes in gut microbiota [35]. Further studies will provide evidence to support this
more likely hypothesis.

Author Contributions
Conceived and designed the experiments: KY HO. Performed the experiments: MN KA TK
YM TM NT. Analyzed the data: MN TK KY. Contributed reagents/materials/analysis tools: TK
HO. Wrote the paper: MN TK KY.

References
1.

Chávarry NG, Vettore MV, Sansone C, Sheiham A. The relationship between diabetes mellitus and
destructive periodontal disease: a meta-analysis. Oral Health Prev Dent. 2009; 7(2):107–27. Epub
2009/07/09. PMID: 19583037.

2.

Salvi GE, Carollo-Bittel B, Lang NP. Effects of diabetes mellitus on periodontal and peri-implant conditions: update on associations and risks. J Clin Periodontol. 2008; 35(8 Suppl):398–409. Epub 2008/09/
09. doi: 10.1111/j.1600-051X.2008.01282.x CPE1282 [pii]. PMID: 18724865.

3.

Bahekar AA, Singh S, Saha S, Molnar J, Arora R. The prevalence and incidence of coronary heart disease is significantly increased in periodontitis: a meta-analysis. Am Heart J. 2007; 154(5):830–7. Epub
2007/10/31. doi: S0002-8703(07)00541-8 [pii] doi: 10.1016/j.ahj.2007.06.037 PMID: 17967586.

PLOS ONE | DOI:10.1371/journal.pone.0134234 July 28, 2015

13 / 15

Oral Pathobiont Changes Gut Microbiota Composition

4.

Humphrey LL, Fu R, Buckley DI, Freeman M, Helfand M. Periodontal disease and coronary heart disease incidence: a systematic review and meta-analysis. J Gen Intern Med. 2008; 23(12):2079–86.
Epub 2008/09/23. doi: 10.1007/s11606-008-0787-6 PMID: 18807098; PubMed Central PMCID:
PMC2596495.

5.

Kaur S, White S, Bartold PM. Periodontal disease and rheumatoid arthritis: a systematic review. J Dent
Res. 2013; 92(5):399–408. Epub 2013/03/26. doi: 10.1177/0022034513483142 0022034513483142
[pii]. PMID: 23525531.

6.

Cullinan MP, Seymour GJ. Periodontal disease and systemic illness: will the evidence ever be enough?
Periodontol 2000. 2013; 62(1):271–86. Epub 2013/04/12. doi: 10.1111/prd.12007 PMID: 23574472.

7.

Cho I, Blaser MJ. The human microbiome: at the interface of health and disease. Nat Rev Genet. 2012;
13(4):260–70. Epub 2012/03/14. doi: 10.1038/nrg3182 nrg3182 [pii]. PMID: 22411464; PubMed Central PMCID: PMC3418802.

8.

Fukuda S, Ohno H. Gut microbiome and metabolic diseases. Semin Immunopathol. 2014; 36(1):103–
14. Epub 2013/11/08. doi: 10.1007/s00281-013-0399-z PMID: 24196453.

9.

Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut microbiota on human health: an
integrative view. Cell. 2012; 148(6):1258–70. Epub 2012/03/20. doi: 10.1016/j.cell.2012.01.035 S00928674(12)00104-3 [pii]. PMID: 22424233.

10.

Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S, et al. Metabolic syndrome and altered gut microbiota in mice lacking Toll-like receptor 5. Science. 2010; 328(5975):228–
31. Epub 2010/03/06. doi: 10.1126/science.1179721 PMID: 20203013.

11.

Arimatsu K, Yamada H, Miyazawa H, Minagawa T, Nakajima M, Ryder MI, et al. Oral pathobiont
induces systemic inflammation and metabolic changes associated with alteration of gut microbiota. Sci
Rep. 2014; 4:4828. Epub 2014/05/07. doi: 10.1038/srep04828 srep04828 [pii]. PMID: 24797416;
PubMed Central PMCID: PMC4010932.

12.

Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L, et al. Alterations of the human gut microbiome in liver cirrhosis. Nature. 2014; 513(7516):59–64. Epub 2014/08/01. doi: 10.1038/nature13568 nature13568 [pii].
PMID: 25079328.

13.

Armingohar Z, Jorgensen JJ, Kristoffersen AK, Abesha-Belay E, Olsen I. Bacteria and bacterial DNA in
atherosclerotic plaque and aneurysmal wall biopsies from patients with and without periodontitis. J Oral
Microbiol. 2014; 6:23408. Epub 2014/07/10. doi: 10.3402/jom.v6.23408 23408 [pii]. PMID: 25006361;
PubMed Central PMCID: PMC4024159.

14.

Kato T, Fukuda S, Fujiwara A, Suda W, Hattori M, Kikuchi J, et al. Multiple omics uncovers host-gut
microbial mutualism during prebiotic fructooligosaccharide supplementation. DNA Res. 2014; 21
(5):469–80. Epub 2014/05/23. doi: 10.1093/dnares/dsu013 dsu013 [pii]. PMID: 24848698; PubMed
Central PMCID: PMC4195493.

15.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina
sequencing platform. Appl Environ Microbiol. 2013; 79(17):5112–20. Epub 2013/06/25. doi: 10.1128/
AEM.01043-13 AEM.01043-13 [pii]. PMID: 23793624; PubMed Central PMCID: PMC3753973.

16.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335–6. Epub 2010/
04/13. doi: 10.1038/nmeth.f.303 nmeth.f.303 [pii]. PMID: 20383131; PubMed Central PMCID:
PMC3156573.

17.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26
(19):2460–1. Epub 2010/08/17. doi: 10.1093/bioinformatics/btq461 btq461 [pii]. PMID: 20709691.

18.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Res. 2013; 41(Database issue):D590–6. Epub 2012/11/30. doi: 10.1093/nar/gks1219gks1219 [pii]. PMID: 23193283;
PubMed Central PMCID: PMC3531112.

19.

Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing microbial communities.
Appl Environ Microbiol. 2005; 71(12):8228–35. Epub 2005/12/08. doi: 71/12/8228 [pii] doi: 10.1128/
AEM.71.12.8228–8235.2005 PMID: 16332807; PubMed Central PMCID: PMC1317376.

20.

Hajishengallis G, Liang S, Payne MA, Hashim A, Jotwani R, Eskan MA, et al. Low-abundance biofilm
species orchestrates inflammatory periodontal disease through the commensal microbiota and complement. Cell Host Microbe. 2011; 10(5):497–506. Epub 2011/11/01. doi: 10.1016/j.chom.2011.10.
006S1931-3128(11)00299-X [pii]. PMID: 22036469; PubMed Central PMCID: PMC3221781.

21.

Boutaga K, Savelkoul PH, Winkel EG, van Winkelhoff AJ. Comparison of subgingival bacterial sampling with oral lavage for detection and quantification of periodontal pathogens by real-time polymerase
chain reaction. J Periodontol. 2007; 78(1):79–86. Epub 2007/01/04. doi: 10.1902/jop.2007.060078
PMID: 17199543.

PLOS ONE | DOI:10.1371/journal.pone.0134234 July 28, 2015

14 / 15

Oral Pathobiont Changes Gut Microbiota Composition

22.

Saygun I, Nizam N, Keskiner I, Bal V, Kubar A, Acikel C, et al. Salivary infectious agents and periodontal disease status. J Periodontal Res. 2011; 46(2):235–9. Epub 2011/01/26. doi: 10.1111/j.1600-0765.
2010.01335.x PMID: 21261620.

23.

von Troil-Linden B, Torkko H, Alaluusua S, Jousimies-Somer H, Asikainen S. Salivary levels of suspected periodontal pathogens in relation to periodontal status and treatment. J Dent Res. 1995; 74
(11):1789–95. Epub 1995/11/01. PMID: 8530742.

24.

Wang J, Qi J, Zhao H, He S, Zhang Y, Wei S, et al. Metagenomic sequencing reveals microbiota and its
functional potential associated with periodontal disease. Scientific reports. 2013; 3:1843. Epub 2013/
05/16. doi: 10.1038/srep01843 PMID: 23673380; PubMed Central PMCID: PMC3654486.

25.

Kumar PS, Leys EJ, Bryk JM, Martinez FJ, Moeschberger ML, Griffen AL. Changes in periodontal
health status are associated with bacterial community shifts as assessed by quantitative 16S cloning
and sequencing. J Clin Microbiol. 2006; 44(10):3665–73. Epub 2006/10/06. doi: 44/10/3665 [pii] doi:
10.1128/JCM.00317-06 PMID: 17021095; PubMed Central PMCID: PMC1594761.

26.

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses during health and
disease. Nat Rev Immunol. 2009; 9(5):313–23. Epub 2009/04/04. doi: 10.1038/nri2515nri2515 [pii].
PMID: 19343057; PubMed Central PMCID: PMC4095778.

27.

Palm NW, de Zoete MR, Cullen TW, Barry NA, Stefanowski J, Hao L, et al. Immunoglobulin A coating
identifies colitogenic bacteria in inflammatory bowel disease. Cell. 2014; 158(5):1000–10. Epub 2014/
08/30. doi: 10.1016/j.cell.2014.08.006 S0092-8674(14)01001-0 [pii]. PMID: 25171403; PubMed Central PMCID: PMC4174347.

28.

Brinkman BM, Becker A, Ayiseh RB, Hildebrand F, Raes J, Huys G, et al. Gut microbiota affects sensitivity to acute DSS-induced colitis independently of host genotype. Inflamm Bowel Dis. 2013; 19
(12):2560–7. Epub 2013/10/10. doi: 10.1097/MIB.0b013e3182a8759a PMID: 24105395.

29.

Rausch S, Held J, Fischer A, Heimesaat MM, Kuhl AA, Bereswill S, et al. Small intestinal nematode
infection of mice is associated with increased enterobacterial loads alongside the intestinal tract. PLoS
One. 2013; 8(9):e74026. Epub 2013/09/17. doi: 10.1371/journal.pone.0074026PONE-D-13-17668
[pii]. PMID: 24040152; PubMed Central PMCID: PMC3769368.

30.

Lozupone C, Faust K, Raes J, Faith JJ, Frank DN, Zaneveld J, et al. Identifying genomic and metabolic
features that can underlie early successional and opportunistic lifestyles of human gut symbionts.
Genome Res. 2012; 22(10):1974–84. Epub 2012/06/06. doi: 10.1101/gr.138198.112 PMID: 22665442;
PubMed Central PMCID: PMC3460192.

31.

Seekatz AM, Young VB. Clostridium difficile and the microbiota. J Clin Invest. 2014; 124(10):4182–9.
Epub 2014/07/19. doi: 10.1172/JCI7233672336 [pii]. PMID: 25036699; PubMed Central PMCID:
PMC4191019.

32.

Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al. Treg induction by a rationally
selected mixture of Clostridia strains from the human microbiota. Nature. 2013; 500(7461):232–6. Epub
2013/07/12. doi: 10.1038/nature12331nature12331 [pii]. PMID: 23842501.

33.

Vaziri ND, Yuan J, Rahimi A, Ni Z, Said H, Subramanian VS. Disintegration of colonic epithelial tight
junction in uremia: a likely cause of CKD-associated inflammation. Nephrol Dial Transplant. 2012; 27
(7):2686–93. Epub 2011/12/02. doi: 10.1093/ndt/gfr624 PMID: 22131233; PubMed Central PMCID:
PMC3616758.

34.

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes. 2007; 56(7):1761–72. Epub 2007/04/26. doi: db06-1491 [pii]
doi: 10.2337/db06-1491 PMID: 17456850.

35.

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al. Changes in gut microbiota
control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in
mice. Diabetes. 2008; 57(6):1470–81. doi: 10.2337/db07-1403 PMID: 18305141.

36.

Hotamisligil GS. Inflammation and metabolic disorders. Nature. 2006; 444(7121):860–7. Epub 2006/
12/15. doi: nature05485 [pii] doi: 10.1038/nature05485 PMID: 17167474.

PLOS ONE | DOI:10.1371/journal.pone.0134234 July 28, 2015

15 / 15

