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Periodontitis has been demonstrated to be bidirectionally associated with

diabetes and has been recognized as a complication of diabetes. As a

periodontal pathogen, Porphyromonas gingivalis is a possible pathogen

linking periodontal disease and systemic diseases. It has also been found to

be involved in the occurrence and development of diabetes. In this study, 6-

week-old male C57BL/6 mice were orally administered the P. gingivalis strain

ATCC381 for 22 weeks. Histological analysis of the gingival tissue and

quantified analysis of alveolar bone loss were performed to evaluate

periodontal destruction. Body weight, fasting glucose, glucose tolerance test

(GTT), and insulin tolerance test (ITT) were used to evaluate glucose

metabolism disorder. We then analyzed the expression profiles of

inflammatory cytokines and chemokines in gingival tissue, the liver, and

adipose tissue, as well as in serum. The results showed that mice in the P.

gingivalis-administered group developed apparent gingival inflammation and

more alveolar bone loss compared to the control group. After 22 weeks of P.

gingivalis infection, significant differences were observed at 30 and 60 min for

the GTT and at 15 min for the ITT. P. gingivalis-administered mice showed an

increase in the mRNA expression levels of the pro-inflammatory cytokines

(TNF-a, IL-6, IL-17, and IL-23) and chemokines (CCL2, CCL8, and CXCL10) in

the gingiva and serum. The expression levels of the glucose metabolism-

related genes were also changed in the liver and adipose tissue. Our results
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indicate that oral administration of P. gingivalis can induce changes in the

inflammatory cytokines and chemokines in the gingiva and blood, can lead to

alveolar bone loss and to inflammatory changes in the liver and adipose tissues,

and can promote glucose metabolism disorder in mice.
KEYWORDS

periodontitis, Porphyromonas gingivalis (P. gingivalis), glucose metabolism,
inflammation, alveolar bone loss
Introduction

Periodontitis is a chronic infectious disease caused by a

dental plaque microbiome. It features connective tissue

destruction and alveolar bone loss. A series of studies have

demonstrated that periodontitis not only causes tooth loss but

also contributes to the progress of systemic diseases; it has also

been recognized as a complication of diabetes (Cullinan and

Seymour, 2013). It has been established that diabetes has

bidirectional positive associations with periodontitis and that

high prevalence and severe periodontitis in diabetes mellitus

patients may influence glycemic control (Nascimento et al.,

2018; Sthr et al., 2021). The underlying mechanisms linking

periodontitis and diabetes have been considered to be pro-

inflammatory cytokines derived from gingival lesions [tumor

necrosis factor alpha (TNF-a), interleukin 6 (IL-6), and IL-17].

These are chronically overexpressed in advanced periodontitis

and can be released into the blood to affect other organs and

exacerbate metabolic diseases (Kashiwagi et al., 2021); however,

several reports have shown that the levels of serum TNF-a and

other pro-inflammatory cytokines in periodontitis patients are

not elevated compared with those of healthy subjects (Yamazaki

et al., 2005). Thus, the pathogenic mechanisms of periodontitis

affecting diabetes remain to be elucidated.

Recent studies have shown that Porphyromonas gingivalis, a

major pathogenic bacterium in periodontitis, is a possible pathogen

linking periodontal disease to other systemic diseases (Darveau

et al., 2012). It has been found to participate in the occurrence and

development of insulin resistance (Makiura et al., 2008;

Aemaimanan et al., 2013; Arimatsu et al., 2014; Bhat et al., 2014).

The levels of HbA1c have been shown to be related to the number

of red complex bacteria, including P. gingivalis, in periodontal

tissues (Aemaimanan et al., 2013). P. gingivalis infection increased

systemic inflammation, especially in adipose tissue, through the

induction of IL-6, which can induce insulin resistance (Pradhan

et al., 2001). Oral administration of P. gingivalis has also been

observed to elicit endotoxemia and induce insulin resistance inmice

(Arimatsu et al., 2014).

To demonstrate the causal role of periodontal disease as a

risk factor for diabetes, we orally administered P. gingivalis to
02
mice. Alveolar bone loss levels were evaluated and glucose

metabolism was measured. Inflammatory mediators and the

expression levels of glucose metabolism-related genes were

also investigated. We report the observation of a causal role

for P. gingivalis, a periodontitis-related pathogen, in the progress

of diabetes and metabolic disorders. We have shown that oral

administration of P. gingivalis has an impact on serum

inflammatory cytokines, chemokines, and the expression levels

of glucose-related genes in liver and adipose tissue, resulting in

metabolic disorders. Our results also confirm that P. gingivalis

can aggravate impaired glucose metabolism. This may enhance

our knowledge of the mechanistic relationship between

periodontitis and the clinical features of diabetes.
Materials and methods

Ethics statement

All animal experimental procedures in this study were

approved by the Animal Welfare Ethics of Peking University

Biomedical Ethics Committee (LA2018142).
Mice

Twelve 4-week-old C57BL/6 male mice, weighing nearly 20 g

(Vital River Inc., Beijing, China) were purchased and group-

housed (six mice per cage) in a specific pathogen-free

environment. The mice were fed regular chow and sterile

water until the commencement of infection at 6 weeks of age.

During the observation period, body weight and food intake

were monitored every other week.
Bacterial cultures

The P. gingivalis strain ATCC381 was cultured on anaerobic

basal agar plates (Oxoid, Oxoid Ltd., Hampshire, England)

enriched with 5% sheep blood and incubated under anaerobic
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conditions (80% N2, 10% CO2, and 10% H2) for 3–5 days at 37°C.

Cultures were then inoculated into brain heart infusion broth

(Oxoid, Oxoid Ltd., Hampshire, England), supplemented with

5 mg/ml hemin and 0.4 mg/ml menadione (Sigma-Aldrich, St.

Louis, MO, USA), and grown for 2 days based on a calibration

curve of optical density measured at 600 nm versus the viable cell

count in colony forming units (CFU) per milliliter, corresponding

to 109 CFU/ml. The cultured cells were then centrifuged at 8,000 × g

for 20 min at 4°C and suspended in phosphate-buffered saline

(PBS) with 2% carboxymethylcellulose (CMC) (Sigma-Aldrich, St.

Louis, MO, USA) for oral administration to increase viscosity.
Induction of diabetes and periodontitis
in mice

Twelve mice were randomly divided into two groups: the

control group and the P.gingivalis-administered group. P. gingivalis

and CMC were administered orally through a plastic tube, with

108 CFU P. gingivalis in 100 ml PBS mixed with 2% CMC (for the

P. gingivalis-administered group) or only 100 ml PBS mixed with

2% CMC (for the control group) every 2 days for 22 weeks. The

mice were then sacrificed after anesthetization. The blood, gingiva,

liver, adipose tissue, and maxilla samples were excised and

harvested for the following experiments.
Tissue collection and preparation

Blood samples were collected via infraorbital puncture.

Serum was isolated by centrifugation at 10,000 rpm for 5 min

at 4°C. The gingiva, liver, and the epididymal white adipose

tissues were collected from each mouse and were rapidly

removed from the mice, placed into a liquid nitrogen box, and

kept at −80°C until analyzed, or fixed by 10% formalin for

histological staining. Mouse maxillae were harvested and fixed in

4% paraformaldehyde at 4°C overnight, and then transferred to a

70% ethanol solution. Horizontal bone loss around the maxillary

molars was examined using micro-CT.
Glucose and insulin tolerance tests

Glucose tolerance test (GTT) and insulin tolerance test (ITT)

were performed. For the GTT, the fasting glucose levels were

measured following overnight (12 h) fasting. Thereafter, the mice

were injected intraperitoneally with 1.5 g of glucose (Solarbio,

Beijing, China) per kilogram of body weight. Blood samples were

collected through the tail tip vein at 30, 60, and 90 min after

injection. For the ITT, following 4 h of fasting, the mice were

injected intraperitoneally with 2 U of insulin (Actrapid MC, Novo

Nordisk, Bagsværd, Denmark) per kilogram of body weight.

Blood samples were collected through the tail vein at 15, 30, 45,
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and 60 min after injection. The glucose levels were determined

using a glucometer (Sinocare, Hunan, China).
Quantification of maxillary alveolar
bone resorption

Micro-CT imaging of the mouse hemi-maxillae, free of soft

tissues, was performed using a CT scanner (Inveon MM Gantry-

STD 3121, Siemens, Munich, Germany) for the purpose of

generating three-dimensional models. The parameters were as

follows: 360° rotation, 360 projections, 1,500-ms exposure time,

60-kV source voltage, 220-mA beam current, 8.82-mm effective

pixel size, and 18-mm isotropic resolution. Acquisitions were

reconstructed with a filtered back-projection algorithm, matrix

size of 1,024 × 1,024 × 448, using Inveon Acquisition Workplace

software (COBRA, Siemens, Berlin, Germany). The images were

rotated and adjusted from M1 to M3 and then analyzed by an

examiner (NK) blinded to the experimental groups. Inveon

Research Workplace software (COBRA, Siemens, Berlin,

Germany) was used to measure the distance from the cemento-

enamel junction (CEJ) to the alveolar bone crest (ABC) at six

points: 1) mesiobuccal and 2) distobuccal regions of the first

maxillary molar; 3) mesiobuccal and 4) distobuccal regions of the

second maxillary molar; and 5) mesiobuccal and 6) distobuccal

regions of the thirdmaxillary molar. Measurements were taken for

the purpose of evaluating the levels of alveolar bone loss (ABL).

Prior to the observation, the intraclass correlation for the

evaluation of bone loss measurements was calculated. The same

examiner evaluated the same tooth points on different days, and

the intraclass correction coefficient (ICC) was 0.89.
Serum cytokine, chemokine, and
receptor levels

Serum samples were isolated from the blood after euthanasia.

Commercially available ELISA kits were used to determine the

serum concentrations of cytokines (TNF-a, IL-6, IL-17, and IL-23)
(RayBiotech Inc., Norcross, GA, USA), chemokines and receptor

chemokines [C–C motif ligand 2 (CCL2), C–C motif receptor 2

(CCR2), CCL3, CCL8, C–X–C motif ligand 10 (CXCL10), and

CCL20] (Mei Mian, Jiangsu, China), and developmental

endothelial locus-1 (Del-1) (Signalway Antibody Co., Ltd.,

Pearland, TX, USA) according to the manufacturers’ protocols.
RNA isolation and quantitative real-time
PCR analysis

Total RNAs from the gingiva, liver, and adipose tissue were

extracted using an RNeasy Mini kit (Qiagen, Valencia, CA, USA)

according to the manufacturer’s instructions. Total RNA was
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quantified by measuring the absorbance at 260–280 nm.

Subsequently, aliquots of RNA were reverse transcribed to

complementary DNA (cDNA) using a Primescript RT Master

Mix Kit (Takara Bio, Shiga, Japan). Quantitative real-time PCR

analysis was performed using an Applied Biosystems 7500 Fast Real-

time PCR System (Life Technology, Carlsbad, CA, USA) in

accordance with the manufacturer’s protocol. Briefly, the reactions

were carried in a 10-ml mixture of 2× SYBR Green (Takara Bio,

Shiga, Japan), each primed at 100 nM and 30 ng of reverse-

transcribed RNA. The PCR program consisted of a 30-s

incubation at 95°C, followed by 40 cycles at 95°C for 5 s and 60°C

for 34 s. A dissociation curve analysis was then performed to confirm

specificity. Each gene was tested in triplicate. The relative level of

messenger RNA (mRNA) for each target mRNA was determined

using the 2−DDCt method. The relative quantities were normalized to

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA and

represented in fold changes relative to those from control group

mice. The sequences of the primers are provided in Table 1.
Statistical analysis

All results are presented as the mean ± standard deviation

(SD). Data between two groups were analyzed using unpaired

two-tailed Student’s t-test. Multiple comparisons were analyzed

with one-way analysis of variance (ANOVA) followed by

Tukey–Kramer multiple tests using SPSS 20.0 statistical
Frontiers in Cellular and Infection Microbiology 04
software (SPSS Inc., IBM, Chicago, IL, USA) and GraphPad

Prism v8.0.2 (GraphPad Software, San Diego, CA, USA).

P < 0.05 was considered to indicate statistical significance.
Results

P. gingivalis administration had no
significant effect on animal body weight

There was no significant difference in body weight from the

baseline of the experiment after treatment with P. gingivalis for

22 weeks. In addition, there was no significant difference in body

weight or food intake between the P. gingivalis-administered

group and the control group (Figure 1).
P. gingivalis Administration induced
alveolar bone loss

We showed via hematoxylin–eosin (H&E) staining that

inflammatory cells infiltrated the periodontal tissue of mice

(Figure 2A), and apparent gingival inflammation was observed

after oral P. gingivalis infection. Mice in the P. gingivalis-

administered group exhibited significantly more alveolar bone

loss compared to those in the control group (Figure 2B).

Quantification of bone resorption indicated a statistical increase
TABLE 1 Primer sequences used for real-time PCR.

Gene Forward Reverse

GAPDH AGGTTGTCTCCTGCGACTTCA CTGTTGCTGTAGCCGTATTCATTG

TNF-a AGGCGGTGCCTATGTCTCAG GCCATTTGGGAACTTCTCATC

IL-6 TAGCTACCTGGAGTACATGAAGAACA TGGTCCTTAGCCACTCCTTCTG

IL-17 CCTCAGACTACCTCAACCGTTC ACTGAGCTTCCCAGATCACAGAG

IL-23 GAGCAACTTCACACCTCCCTACTA TGCCACTGCTGACTAGAACTCA

Del-1 CTTGGTAGCAGCCTGGCTTT GCCTTCTGGACACTCACAGG

CCL2 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTGGGATCA

CCL8 CGCAGTGCTTCTTTGCCTG TCTGGCCCAGTCAGCTTCTC

CXCL10 AGAACGGTGCGCTGCAC CCTATGGCCCTGGGTCTCA

CCR2 ATCCACGGCATACTATCAACATC CAAGGCTCACCATCATCGTAG

CCL20 TTTTGGGATGGAATTGGACAC TGCAGGTGAAGCCTTCAACC

CCL3 CCACTGCCCTTGCTGTTCTT GCAAAGGCTGCTGG-TTTCAA

G6pc CAGCAAGGTAGATCCGGGA AAAAAGCCAACGTATGGATTCCG

Saa GTAATTGGGGTCTTTGCC TTCTGCTCCCTGCTCCTG

Pck1 AAGTGCCTGCACTCTGTGG CAGGCCCAGTTGTTGACC

Ppara GTCATCACAGACACCCTC TATTCGACACTCGATGTTCAG

Irs1 CTTCTCAGACGTGCGCAAGG GTTGATGTTGAAACAGCTCTC

Fitm2 ATGGAGCACCTGGAGCGC TCATTTCTTGTAAGTATCTCGCTTCAAAG

Angptl4 CCAACGCCACCCACTTAC CTCGGTTCCCTGTGATGC

C1qtnf9 CCTGCACACCAAGGACAGTTAC TGTCACCTGCATCCACACTTC

Sirt1 TTCACATTGCATGTGTGTGG TAGCCTGCGTAGTGTTGGTG
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at all six points in the P. gingivalis-administered group compared to

the control group (the sum of the six points; 0.18 ± 0.07 mm vs.

0.25 ± 0.09 mm for the control and P. gingivalis, respectively,

p < 0.01) (Figure 2C). Based on these data, we conclude that

repeated oral administration of P. gingivalis can induce alveolar

bone resorption.
P. gingivalis administration induced an
inflammatory response in gingival tissue

To examine the inflammatory mediators in periodontitis

induced by P. gingivalis, the expression levels of the genes in the

gingiva from the two groups of mice were determined using real-

time PCR. The P. gingivalis-administered group showed an

increase in the mRNA expression levels of the pro-inflammatory

cytokines (TNF-a, IL-6, IL-17, and IL-23; p < 0.05) and

chemokines (CCL2, CCL8 and CXCL10; p < 0.05). We also

observed a decrease in the mRNA expression levels of the anti-

inflammatory mediator (Del-1; p < 0.05). However, there was no

significant difference in the gingival gene expressions of CCR2,

CCL3, and CCL20 between the two groups (Figure 3).
P. gingivalis administration induced
impaired glucose metabolism

To explore the effect of oral administration of P. gingivalis

on the glucose metabolism of mice, we performed fasting GTT
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and ITT at baseline, 11 weeks, and at 22 weeks of oral P.

gingivalis administration. As shown in Figure 4A, at baseline,

there were no significant differences in the fasting glucose levels

and the GTT and ITT results between the control group and

the experimental group. At 11 and 22 weeks after P. gingivalis

infection, the fasting glucose levels showed no significant

difference between these two groups. Although the effect of

P. gingivalis infection was relatively weak, at 11 weeks after

P. gingivalis administration, a significant difference was

observed at 30 min for the GTT. At 22 weeks after P.

gingivalis infection, in the P. gingivalis-administered group,

significant differences were observed at 30 and 60 min for the

GTT and at 15 min for the ITT. An overall effect was evident, as

shown in Figures 4B, C.
P. gingivalis administration induced an
inflammation- and glucose metabolism-
related gene response in the liver

We compared the gene expression profiles of live tissue

samples from mice in the P. gingivalis-administered group and

the control group. Oral administration of P. gingivalis led to

increased mRNA expressions of the pro-inflammatory

cytokines TNF-a and IL-6 and the expression levels of genes

related to glucose metabolism [negative regulation effect

genes: glucose 6 phosphatase (G6pc), serum amyloid A

(Saa), and phosphoenolpyruvate carboxykinase 1 (Pck1)].

The mRNA expressions of peroxisome proliferator activated
FIGURE 1

Effects of the oral administration of Porphyromonas gingivalis on body weight. Body changes during the experimental period in the control
group (N = 6) and the P. gingivalis-administered group (N = 6) were measured. All data for each time point are expressed as the mean ± SEM.
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receptor alpha (Ppara) and insulin receptor substrate (Irs1),

which positively regulate glucose metabolism, were

downregulated in the P. gingivalis-administered group

(Figure 5A). There was no significant difference in the

expression of fat storage-inducing transmembrane protein 2

(Fitm2) between these two groups.
Frontiers in Cellular and Infection Microbiology 06
P. gingivalis administration induced an
inflammation- and glucose metabolism-
related gene response in adipose tissue

TNF-a and IL-6 are known to be pro-inflammatory and are

adipocytokines that are expressed in adipocytes to modulate
FIGURE 3

Effects of the oral administration of Porphyromonas gingivalis on the gene expressions of inflammatory cytokines and chemokines in the gingiva
of mice in the P. gingivalis-administered group and the control 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, **p < 0.01, ***p < 0.001. N = 6. Data are
expressed as the mean ± SEM.
B

C

A

FIGURE 2

Oral administration of Porphyromonas gingivalis for 22 weeks induced periodontitis. (A) Histological examination of the hemi-maxillae (T, tooth;
PT, periodontal tissue; B, alveolar bone) stained with hematoxylin–eosin (H&E). Apparent losses of periodontal attachment and alveolar bone
resorption. The arrow shows inflammatory cells that have infiltrated the periodontal tissue. (B) Buccal side maxillary alveolar bone loss measured
from the cemento-enamel junction (CEJ) to the alveolar bone crest (ABC) at six points—1) mesiobuccal and 2) distobuccal regions for the first
maxillary molar; 3) mesiobuccal and 4) distobuccal regions for the second maxillary molar; and 5) mesiobuccal and 6) distobuccal regions for
the third maxillary molar—in mice from the P. gingivalis-administered group and the control group. (C) comparison of the six CEJ–ABC linear
distances (SUM, the sum of six points; M1, mesiobuccal for the first maxillary molar; D1, distobuccal for the first maxillary molar; M2,
mesiobuccal for the second maxillary molar; D2, distobuccal for the second maxillary molar; M3, mesiobuccal for the third maxillary molar; D3,
distobuccal for the third maxillary molar). *p < 0.05, **p < 0.01. N = 6. Data are expressed as the mean ± SEM.
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glucose metabolism by suppressing insulin signals (Pradhan

et al., 2001). The mRNA expressions of TNF-a, IL-6, and
angiopoietin-like 4 (Angptl4), which are involved in insulin

resistance (Watanabe et al., 2008; Trayhurn and Alomar,

2015), were shown to be higher in the adipose tissue of mice

from the P. gingivalis-administered group. Conversely, the Irs1

gene, which improves insulin sensitivity (Copps and White,

2012), was downregulated in the P. gingivalis-administered

group. There was no significant difference in the expressions

of c1q/tnf-related protein 9 (C1qtnf9) and sirtuin type 1 (Sirt1)

between the two groups (Figure 5B).
P. gingivalis administration increased
serum cytokine and chemokine levels

We compared the levels of inflammatory cytokines and

chemokines in serum between the P. gingivalis-administered

group and the control group. As shown in Figure 6, P.

gingivalis infection increased the serum levels of the pro-

inflammatory cytokines TNF-a, IL-6, IL-17A, and IL-23 and

the chemokines CCL2, CCL8, and CXCL10. The serum level

of the potential anti-inflammatory mediator Del-1 was

decreased in the P. gingivalis-administered group compared

to the control group. Similar to the results of the gingival

mRNA gene expression levels, there was no significant

difference in serum CCR2, CCL3, and CCL20 between the

two groups.
Frontiers in Cellular and Infection Microbiology 07
Discussion

Periodontitis is believed to be bidirectionally related to

diabetes. Clinical investigations have confirmed that

periodontitis increases the severity of diabetes (Kuo et al.,

2008; Genco et al., 2020; Genco and Borgnakke, 2020) and

that periodontal treatment can improve glycemic control in

diabetes patients (Lalla et al., 2006; D'Aiuto et al., 2018).

However, the mutually promotional relationship between

periodontitis and diabetes is still not fully understood.

Numerous studies have explored the role of periodontitis in

the incidence of diabetes in animal investigations and have

shown that oral administration of periodontal bacteria

diminished glucose tolerance and insulin sensitivity in mice

(Arimatsu et al., 2014; Komazaki et al., 2017). In this study,

after oral P. gingivalis infection, the levels of fasting glucose

showed no significant difference compared to those in the

control group. However, after GTT, mice in the P. gingivalis

group showed high blood glucose levels 30 min after glucose

injection at 11 weeks after P. gingivalis infection. Furthermore,

the mice in this group displayed high blood glucose 30 and

60 min after glucose injection at 22 weeks after P. gingivalis

infection. After ITT, the mice in the P. gingivalis group showed

high blood glucose 15 min after insulin injection at 22 weeks

after P. gingivalis infection. Although these effects were

relatively modest, we confirmed that mice could develop

impai red g lucose metabo l i sm af ter repea ted ora l

administration of P. gingivalis (Sasaki et al., 2018; Seyama
B

C

A

FIGURE 4

Effects of the oral administration of Porphyromonas gingivalis on fasting glucose, glucose tolerance, and insulin sensitivity. (A) Fasting glucose
levels between the P. gingivalis-administered group and the control group at baseline, 11 weeks, and at 22 weeks after P. gingivalis infection.
(B) Plasma glucose levels during an intraperitoneal glucose tolerance test (GTT) following overnight (12 h) fasting at baseline, 11 weeks, and at
22 weeks after P. gingivalis infection. (C) Plasma glucose levels during an intraperitoneal insulin tolerance test (ITT) following 4 h of fasting at
baseline, 11 weeks, and at 22 weeks after P. gingivalis infection. *p < 0.05, **p < 0.01. N = 6. Data are expressed as the mean ± SEM.
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et al., 2020; Tian et al., 2020). However, some researchers have

shown inconsistent or contradictory results. The study by

Mahamed et al. (2005) showed that periodontitis is not

associated with the onset and severity of diabetes after oral

administration of P. gingivalis. The studies of Li et al. (2013);

Wang et al. (2016); Ahn et al. (2021), and Ohtsu et al. (2019)

showed no significant difference in glucose metabolism

between P. gingivalis-infected and sham-infected mice. These
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discrepancies might be due to differences in the procedures of

oral infection and the measures of glucose metabolism. Our

study administered P. gingivalis infection every 2 days for

22 weeks, Li et al. carried out P. gingivalis infection in three

batches during the experimental period and three times at 2-

day intervals per batch, and Ahn and Ohtsu administered P.

gingivalis infection only for 6 or 5 weeks and calculated the

fasting glucose levels without performing GTT or ITT.
B

A

FIGURE 6

Effects of the oral administration of Porphyromonas gingivalis on serum inflammatory cytokines (A) and chemokines (B) between mice in the P.
gingivalis-administered group and the control group determined by ELISA. *p < 0.05, **p < 0.01. N = 6. Data are expressed as the mean ± SEM.
B

A

FIGURE 5

Effects of the oral administration of Porphyromonas gingivalis on the gene expression of inflammatory cytokines and the expression of the
glucose metabolism-related genes in the liver (A) and adipose tissue (B) of mice in the P. gingivalis-administered group and the control 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, **p < 0.01, ***p < 0.001. N = 6. Data are expressed as the mean ± SEM.
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In previous studies, TNF-a and IL-6 had been proven to be

pro-inflammatory cytokines in periodontal tissues (Kurgan and

Kantarci, 2018). Moreover, they are also recognized as

adipocytokines with fairly negative impacts on insulin

signaling (Pradhan et al., 2001); the combination of TNF-a
and IL-6 had an impact on progressive pancreatic b-cell loss
during the progression of diabetes (Watanabe et al., 2008;

Ilievski et al., 2017). In this study, we compared the gingival

and serum levels of TNF-a and IL-6 between the P. gingivalis

administration and control groups and found that the gingival

mRNA expression levels of TNF-a and IL-6 were upregulated

after P. gingivalis infection and that their serum levels were also

significantly increased. These results reveal that oral P. gingivalis

infection induced an increase in gingival and serum TNF-a and

IL-6. This had harmful effects on insulin sensitivity and was

attributable to the progression of impaired glucose metabolism.

Low-grade inflammation is considered the common

systemic effect of periodontitis (Preshaw et al., 2012;

Hajishengallis and Chavakis, 2021b). IL-17 and IL-23 are pro-

inflammatory cytokines that can cause dysbiosis in bacterial

communities and are associated with leukocyte adhesion

(Abusleme and Moutsopoulos, 2017). IL-17 and Del-1 have

exhibited an antagonistic relationship in inflammatory effects

(Saxena et al., 2020; Hajishengallis and Chavakis, 2021a). In

addition, they have been observed to play a critical role in the

loss of pancreatic B cells and have been shown to have pro-

diabetic effects (Mensah-Brown et al., 2006; Marwaha et al.,

2014). In the present study, we observed an upregulated mRNA

expression of IL-17 and a downregulated mRNA expression of

Del-1 in the gingiva. Similar changes were observed in the serum

levels of IL-17 and IL-23, which were increased, and the

potential anti-inflammatory mediator Del-1, which was

decreased in the P. gingivalis group compared to the

control group.

Chemokines have also been observed to be involved in the

pathogenesis of insulin resistance and diabetes (Esser et al.,

2014). IL-17 can increase the expression and the production of

CCL2 and CXCL10 to enhance its pro-inflammatory effect

(Matsui and Yoshida, 2016). CCL2 (Elmarakby and Sullivan,

2012; Ota, 2013), CCL8 (Sarkar et al., 2012), and CXCL10

(Antonelli et al., 2014; Hueso et al., 2018; Moreno et al., 2022)

have also been demonstrated to play a role in the development of

diabetes. Along with the elevation of IL-17, the gingival mRNA

expressions of CCL2, CCL8, and CXCL10 were upregulated.

Similar alterations were seen in serum, CCL2, CCL8, and

CXCL10 were increased in the P. gingivalis group compared to

the control group. All of these results provide evidence that

elevated chemokine levels induced by IL-17 after P. gingivalis

infection may be related to the progression of glucose

metabolism disorder.

The liver is crucial for maintaining normal glucose

homeostasis and regulating glycogen synthesis and degradation,

glycolysis, and gluconeogenesis, depending on the fasting and
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postprandial states. Accompanied by changes of the cytokines

and chemokines in the gingiva and serum, the expressions of

TNF-a and IL-6 were upregulated in the livers of mice in the P.

gingivalis group. In addition, the expression levels of the glucose

metabolism-related genes G6pc (Bruni et al., 1999; Pound et al.,

2013), Saa (Leinonen et al., 2003; Han et al., 2007; Sjöholm et al.,

2009), and Pck1 (Choi et al., 2008; Yuan et al., 2019), which can

influence gluconeogenesis, were upregulated in the livers of mice in

the P. gingivalis group. The expression levels of the genes Ppara

(Srinivasan et al., 2004; Maciejewska-Skrendo et al., 2019) and Irs1

(Dong et al., 2006; Copps and White, 2012; Takatani et al., 2021),

which have been reported to improve insulin sensitivity, were

downregulated in the livers of P. gingivalis-administered mice.

Adipose tissue also plays an important role in mediating glucose

metabolism and insulin sensitivity through various molecules,

including the adipocytokines TNF-a and IL-6, which possess

strong, naturally pro-inflammatory traits that negatively impact

insulin signaling. In the present study, the expression levels of

TNF-a and IL-6 were significantly upregulated in the adipose

tissue from the P. gingivalis-administered group. Additionally, an

upregulated expression of the pro-inflammatory gene Angptl4

(Trayhurn and Alomar, 2015), which is supposed to increase

insulin resistance, was observed; on the other hand, Irs1 (Copps

and White, 2012), a gene that improves insulin sensitivity, was

downregulated. Taken together, these results indicate that the oral

administration of P. gingivalis has harmful effects on the

inflammatory response and on insulin sensitivity. Although the

effect was not robust, continuous deterioration of these cytokines

and chemokines could have significant negative effects on both

glucose tolerance and insulin sensitivity. The above results confirm

that the proposed mechanism for periodontitis-induced diabetes is

the increase of the expressions of the inflammatory cytokines and

chemokines produced in periodontal lesions.

One limitation of our study is that the symptoms of impaired

glucose metabolism were mild. Therefore, further investigations

using an increased dosage of bacterial infection, shorter intervals

of bacterial incubation, or combined treatment with molar

ligation might be targeted for future study.

In the present study, we demonstrated that the oral

administration of P. gingivalis induced alveolar bone loss and

inflammatory changes in the liver and adipose tissues, which

also induced impaired glucose metabolism after GTT and ITT.

These changes were considered to be attributable to the changes

in the levels of the inflammatory cytokines (TNF-a, IL-6, IL-17,
and IL-23), chemokines (CCL2, CCL8, and CXCL10), and

another mediator (Del-1) in the gingiva and blood. They

provide further insight into the role of P. gingivalis-mediated

inflammatory cytokines and chemokines in the development of

diabetes. However, it remains to be elucidated whether a causal

relationship exists between periodontitis and impaired glucose

metabolism. Further investigations are needed to examine

whether other oral periodontal pathogens have similar effects

on glucose metabolism.
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