Received: 11 May 2020 Revised: 30 September 2020 Accepted: 26 October 2020

DOI: 10.1096/1j.202001158R

RESEARCH ARTICLE FASE‘BJOURNAL

Porphyromonas gingivalis impairs glucose uptake in skeletal
muscle associated with altering gut microbiota

Kazuki Watanabe' | Sayaka Katagiri1 | Hirokazu Takahashi>® | Naoki Sasaki' |
Shogo Maekawa' | Rina Komazaki' | Masahiro Hatasa' | Yoichiro Kitajima®! |
Yusuke Maruyama® | Takahiko Shiba' | Keiji Komatsu' | Yujin Ohsugi' |

Kenichi Tanaka® | Ayumi Matsuzawa® | Tomomitsu Hirota’ | Haruka Tohara® |
Yuichiro Eguchi3 | Keizo Anzai’> | Atsuhiko Hattori’ | Takanori Iwata!

]Department of Periodontology, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University (TMDU), Tokyo, Japan
*Division of Metabolism and Endocrinology, Facility of Medicine, Saga University, Saga, Japan

3Liver Center, Saga University Hospital, Saga University, Saga, Japan

4Department of Radiology, Eguchi Hospital, Saga, Japan

5Department of Biology, College of Liberal Arts and Sciences, Tokyo Medical and Dental University (TMDU), Tokyo, Japan

®Department of Epigenetics, Medical Research Institute, Tokyo Medical and Dental University (TMDU), Tokyo, Japan

"Division of Molecular Genetics, Research Center for Medical Science, The Jikei University School of Medicine, Tokyo, Japan

8Dysphagia Rehabilitation, Department of Gerontology and Gerodontology, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental
University (TMDU), Tokyo, Japan

Correspondence
Sayaka Katagiri, Department of Abstract

Periodontology, Graduate School of Skeletal muscles have a high metabolic capacity, which play key roles in glu-
Medical and Dental Sciences, Tokyo

Medical and Dental University, 1-5-45 . . . L. .
Yushima, Bunkyoku, Tokyo 1138510 syndrome, the relationship between periodontal bacterial infection and skeletal

cose metabolism. Although periodontal disease increases the risk of metabolic

Japan. muscle metabolic dysfunction is unclear. We found that anti-Porphyromonas gin-

Email address: katagiri.peri@tmd.ac.jp givalis (Pg) antibody titers positively correlated with intramuscular adipose tissue

Hirokazu Takahashi, Division of content (IMAC), fasting blood glucose, and HOMA-IR in metabolic syndrome
Metabolism and Endocrinology, Facility patients. In C57BL/6J mice fed a high-fat diet, recipients of oral Pg (HFPg) had
of Medicine, Saga University, 5-1-1 ) . . . . i

Nabeshima, Saga 8498501, Japan. impaired glucose tolerance, insulin resistance, and higher IMAC compared to re-
Email: takahas2 @cc.saga-u.ac.jp cipients of saline (HFco). The soleus muscle in HFPg mice exhibited fat infil-

L . tration and lower glucose uptake with higher 7nfa expression and lower insulin
Funding information

MEXT | Japan Society for the Promotion signaling than in HFco mice. Gene set enrichment analysis showed that TNFa
of Science (JSPS), Grant/Award Number: signaling via NFkB gene set was enriched in the soleus muscle of HFPg mice.
JP17K11982, JP18K 15754, JP19K24062,
JP19K18989, JP19K 10221, JP18K11016,
JP20J13034 and JP20H03863

Moreover, TNF-a also decreased glucose uptake in C2C12 myoblast cells in vitro.

Abbreviations: 2DG, 2-deoxyglucose; 2DG6P, 2DG-6-phosphate; ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANCOM, analysis of
composition of microbiomes; ANOSIM, analysis of similarities; AST, aspartate aminotransferase; BMI, body mass index; CFU, colony forming units; FDR,
false discovery rate; GSEA, gene set enrichment analysis; HOMA-IR, homeostasis model of assessment of insulin resistance; IMAC, intramuscular adipose
tissue content; LC, liquid chromatography; MS, metabolic syndrome; Pg, Porphyromonas gingivalis; QIIME 2, quantitative insights into microbial ecology
2; SAI, skeletal muscle area index; y-GTP, y-glutamyl transpeptidase.

© 2020 Federation of American Societies for Experimental Biology

The FASEB Journal. 2020;00:1-16. wileyonlinelibrary.com/journal/fsb2 1


www.wileyonlinelibrary.com/journal/fsb2
https://orcid.org/0000-0003-1860-4358
mailto:﻿
https://orcid.org/0000-0002-5765-2742
mailto:﻿
mailto:﻿
https://orcid.org/0000-0001-5514-6419
https://orcid.org/0000-0002-4961-3129
https://orcid.org/0000-0002-5461-7298
mailto:katagiri.peri@tmd.ac.jp
mailto:takahas2@cc.saga-u.ac.jp

WATANABE ET AL.

u_?ASE‘BJOURNAL

Based on 16S rRNA sequencing, Pg administration al-
tered the gut microbiome, particularly by decreasing the
abundance of genus Turicibacter. Microbial network of
the gut microbiome was dramatically changed by Pg ad-
ministration. Our findings suggest that infection with Pg
is a risk factor for metabolic syndrome and skeletal mus-

cle metabolic dysfunction via gut microbiome alteration.
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1 | INTRODUCTION

Skeletal muscles, the most representative tissues in the
body, are essential for voluntary movement and postural
position.' In addition, skeletal muscles play important roles
in nutritional balance, thermal regulation, endocrine sys-
tem regulation, energy metabolism, and glucose uptake.z’3
Approximately one-quarter of all ingested glucose is stored
as glycogen in skeletal muscles for use as an energy source.*

The clinical consequences of insulin resistance and com-
pensatory hyperinsulinemia have become a major public
health problem.5 Insulin resistance plays a crucial role in the
pathogenesis of insulin resistance syndrome, alternatively
named “metabolic syndrome” (MS).6 MS manifests with
various clinical features, including obesity, atherogenic dys-
lipidemia, elevated blood pressure, elevated plasma glucose,
and a pro-inflammatory state. Furthermore, MS drastically
increases the risk of type 2 diabetes mellitus.”

Periodontal disease is characterized by the destruction of
the alveolar bone and connective tissues caused by patho-
genic oral microorganisms.® Periodontal bacteria present
in dental plaques express virulence factors, including lipo-
polysaccharide, fimbriae, and enzymes, which can induce
inflammation.*® A relationship between MS and periodontal
disease has been established.'” Periodontal disease increases
the risks of obesity,” diabetes mellitus,12 and MS."* We
previously reported that infection with periodontal bacteria
increased body weight and insulin resistance in mice by al-
tering their gut microbiome."*

However, the relationship between periodontal bacte-
rial infection and metabolic impairment in skeletal muscles
is unclear. Therefore, the present study aimed to clarify the
relationship between periodontal disease and MS. We mea-
sured the titers of IgG antibodies against periodontopathic
bacteria in MS patients. We then investigated the influence
of Porphyromonas gingivalis (Pg) infection on glucose me-
tabolism, the gut microbiota, steatosis, and glucose uptake in
murine skeletal muscle.

2 | MATERIALS AND METHODS

2.1 | Patients

We enrolled 35 Japanese patients admitted to the Eguchi
Hospital and Saga Medical School for the treatment of MS.
MS was identified according to the Japanese diagnostic
criteria.’> MS was diagnosed based on waist circumfer-
ence (as a measure of central obesity) >85 cm for men and
>90 cm for women and/or a visceral fat area >100 cm?.
In addition, the patients had to fulfill two or more of the
following criteria: (1) triglyceride levels >150 mg/dL and
HDL-cholesterol <40 mg/dL; (2) blood pressure: sys-
tolic > 130 mm Hg and diastolic >85 mm Hg; and (3) fast-
ing blood glucose level >110 mg/dL. Patient body mass
index was calculated as the body weight in kilograms di-
vided by the square of the height in meters (kg/m?). Venous
blood samples were acquired from all subjects at approxi-
mately 9:00 am, following a 12-h overnight fast to measure
plasma glucose (mg/dL). Serum from the patients' venous
blood was collected using vacuum blood collection tubes
containing EDTA and stored at —80°C before analyzing
IgG antibody titers.

We performed abdominal computed tomography (CT)
with unenhanced spiral acquisition to calculate intramuscu-
lar adipose tissue content (IMAC) in the lumbar muscles, as
described previously.16 The study was performed in accor-
dance with the Ethical Guidelines for Clinical Studies. All
patients provided informed consent, and the study protocol
was approved by the ethics committees of Saga University
(2018-12-13) and Tokyo Medical and Dental University
(D2019-001).

2.2 | Serum IgG titer measurement

Specific serum IgG titers were measured by enzyme-linked
immunosorbent assay, as described previously,M’17 using
sonicated whole-cell extracts of the individual periodon-
tal bacteria. Briefly, 96-well microplates were coated with
sonicated Pg ATCC 33277, Aggregatibacter actinomycetem-
comitans (Aa) ATCC 43718, or Fusobacterium nucleatum
(Fn) (10 pg/mL in carbonate buffer). Serially diluted positive
control reference serum (2°-2'° dilution, 200 uL per well) and
singly diluted patient serum (2" dilution, 200 pL per well)
were added to each well. Subsequently, alkaline phosphatase-
conjugated goat antihuman IgG (200 pL per well; Sigma-
Aldrich) was added. Following incubation, the plates were
washed and developed with a phosphatase substrate (Sigma-
Aldrich). We read the optical density at 450 nm using a mi-
croplate reader (SoftMax, Molecular Devices, Sunnyvale,
CA, USA).
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2.3 | Cultivation of Pg

Pg was cultivated as previously described.!”!8 Briefly, the
bacteria were maintained on trypticase soy agar supplemented
with 10% of defibrinated horse blood, hemin, and menadione
at 37°C under anaerobic conditions. After 48 hours of incu-
bation, Pg was inoculated into trypticase soy broth under an-
aerobic conditions.

24 | Animals

C57BL/6J mice (8 weeks old; Sankyo Laboratory, Tokyo,
Japan) were used in this study. Mice were randomly assigned
into four groups: NCco, NCPg, HFco, and HFPg. HFco and
HFPg mice were fed high-fat diet 32 (CLEA Japan, Tokyo,
Japan). We orally administered 10® CFU sonicated Pg in
100 pL of saline to mice in the NCPg and HFPg groups and
saline only to mice in the NCco and HFco. The suspension
was given twice per week for 6 weeks. Glucose tolerance
test and insulin tolerance test were performed as previously
described.'*" Briefly, after fasting for 6 hours, mice were
fed glucose by oral gavage (1 g/kg) or were given an intra-
peritoneal injection of insulin (1 U/kg) (Humulin R; Eli Lilly
and Company, Indianapolis, IN, USA). Glucose concentra-
tion was determined with a glucose meter (ACCU-CHEK ST
Meter; Roche, Basel, Switzerland). The area under the curve
(AUC) (0-120 minutes) was calculated for each mice group.
Soleus and tibialis anterior muscles were collected after
6 hours of fasting to evaluate gene expression and steatosis.
To evaluate insulin signaling in the muscles, mice were fasted
for 6 hours, then, injected with insulin (1 U/kg body weight).
Muscles were collected 10 minutes after insulin injection
and stored at —80°C. To evaluate glucose uptake in the mus-
cles, we injected the mice with insulin (1 U/kg body weight),
then, injected 2-deoxyglucose (2DG; Sigma-Aldrich, St.
Louis, MO, USA) (200 mg/kg body weight) 15 minutes later.
Muscles were collected 15 minutes after 2DG injection and
stored at —80°C until 2DG-6-phosphate (2DG6P) measure-
ment. All protocols concerning animal use and euthanasia
were reviewed and approved by the Animal Care Committee
of the Experimental Animal Center at Tokyo Medical and
Dental University (A2019-084C2).

2.5 |
in mice

CT analysis of the lumbar muscle

Micro-CT imaging was performed on mice anesthetized
with isoflurane with a micro-CT unit (RmCT2; Rigaku
Corporation, Tokyo, Japan). We calculated the IMAC as
described in the Patients section.'® The skeletal muscle area
index (SAI) was calculated as the abdominal lumbar muscle
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area divided by the square of the length from the base of tail
to the head in meters (cm*/m?) to adjust for size differences. 16

2.6 | Triglyceride and glycogen
measurement

Triglycerides and glycogen were measured, as previously
described.'® Muscle triglycerides were estimated by meas-
uring glycerol with optical density measurement at 540 nm.
Glycogen content was expressed as glucose units in the skel-
etal muscle.”” Muscles were hydrolyzed, and glycogen con-
centrations were determined by the hexokinase enzymatic
method; the optical density value was measured at 340 nm.

2.7 | Histological analysis of skeletal muscle
Samples were fixed in 4% of paraformaldehyde in PBS at 4°C
for 24 hours, then, placed to sucrose buffer at 4°C. Tissues
were embedded in an OCT compound and stained with Oil
Red O. The adipocyte cross-sectional area was measured
using Adobe Photoshop CC Software (Adobe Systems, San
Jose, CA, USA).

2.8 | Measurement of 2DG6P

Muscle tissues were homogenized in ultrapure water, then,
centrifuged, and supernatants were collected. To measure
2DG6P levels, we used an LC-MS-8050 triple quadrupole
liquid chromatograph mass spectrometer (Shimadzu, Kyoto,
Japan) coupled to an LC-30AD high-performance liquid
chromatograph (Shimadzu) and an SIL-30AC (Shimadzu).
An amide-80 column (Tosoh Bioscience, King of Prussia,
PA, USA) was used with a column oven temperature of 25°C.
The isocratic elution consisted of 10 mM ammonium acetate
with 0.05% of acetic acid and methanol (3:1, v/v), and the
flow rate was 0.4 mL/min. The quantification was performed
using a mass spectrometer equipped with an electrospray ion-
ization source in multiple reaction monitoring mode. 2DG6P
was monitored in positive ionization mode using transitions
of m/z 243.15 — m/z 96.75. To confirm the compounds, we
also monitored at the transition of m/z 243.15 — m/z 78.90.
LC solution software (Shimadzu) was used for instrument
control and data acquisition.

2.9 | Skeletal muscle lysate preparation and
western blotting

Lysates from frozen muscles were extracted with sodium do-
decyl sulfate sample buffer, then, cleared and used for western
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blotting. Antibodies against Erk, pErk, Akt, and pAkt were
purchased from Cell Signaling Technology (Danvers, MA,
USA), and goat anti-rabbit IgG was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

2.10 | RNA preparation and quantitative
polymerase chain reaction

Extraction of total RNA from the muscles and quantitative
polymerase chain reaction (QPCR) were performed as previ-
ously described.'* Gene expression levels were normalized
to those of the reference gene, /8S ribosomal RNA. qPCR
amplification was carried out using a Thermal Cycler Dice®
Real-Time System II (TaKaRa Bio) and SYBR Ex Tag DNA
Polymerase II (Takara Bio). Each sample was measured in
duplicate. The amplification conditions comprised 40 cycles
of denaturation at 95°C for 10 seconds and annealing/exten-
sion at 56°C for 30 seconds followed by melting curve analy-
sis. The PCR primers used in the study are listed in Table 1.

2.11 | Microarray and data analysis

cRNA was generated from 200 ng total RNA, then, hy-
bridized onto an Agilent SurePrint G3 Unrestricted Gene
Expression 8 X 60K Microarray (Agilent Technologies, Santa
Clara, CA, USA), as described previously (18). Fluorescence
signals from the hybridized microarrays were detected using
the Agilent Microarray Scanner System (Agilent). The raw
microarray data were extracted using Feature Extraction
Software (ver. 11.0.1.1; Agilent).

212 | Cell culture

C2C12 myoblast cells were cultured in Dulbecco's modified
Eagle's medium (DMEM, Gibco, Waltham, MA, USA) sup-
plemented with 10% of heat-inactivated fetal bovine serum
(Gibco) at 37°C with 5% of CO, in a humidified incuba-
tor. C2C12 cells were seeded at a density of 1 X 10* cells/
mL/well in 24-well plates and cultured for 24 hours, then,
serum-starved for 3 hours by replacing the medium with
glucose-free DMEM (Gibco). Then, cells were preincubated
with TNF-a, and 2DG (1 mM) was added for 30 minutes.
Collected cells were sonicated and centrifuged. The superna-
tants were stored at —80°C until 2DG6P measurement.

2.13 | 16S rRNA gene sequencing and
illumina sequence data processing

DNA extraction from mouse feces, purification, and generation
of the multiplexed amplicon library (16S rDNA V3-V4 region)
were performed, and the sequences were obtained as previously
described.'*!® The sequence data are available in the DNA Data
Bank of Japan (accession number: DRA009700 for mice fed a
high-fat diet and DRA010865 for mice fed a normal diet). The
sequence data were processed and analyzed using the QIIME
2%! (version 2019.7) custom pipeline. Taxonomic classification
of amplicon sequence variants was performed using QIIME
feature-classifier classify-sklearn based on Greengenes 13.8
at 99% sequence similarity. Differential abundance between
groups at each taxonomic level was tested using analysis of
composition of microbiomes (ANCOM).22 Co-occurrence co-
efficients of the genus level were calculated using the SparCC

TABLE 1 Primers used for quantitative PCR analysis
Primers

Gene Forward (5'-3") Reverse (5'-3")
Tnfa ACGGCATGGATCTCAAAGAC AGATAGCAAATCGGCTGACG
116 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
Ccl2 GACTGCTGCCTGGGTTACC TGGCGGAAGTAGAATCTCACA
Ppargclb TCCTGTAAAAGCCCGGAGTAT GCTCTGGTAGGGGCAGTGA
Glutl GCTTCTCCAACTGGACCTCAAAC ACGAGGAGCACCGTGAAGATGA
Glut4 ACCGGCAGCCTCTGATCATCG AGCCGACTCGAAGATGCTGGTTG
Acc2 CGCTCACCAACAGTAAGGTGG GCTTGGCAGGGAGTTCCTC
Myodl ATGATGACCCGTGTTTCGACT CACCGCAGTAGGGAAGTGT
Myfs AGGAAAAGAAGCCCTGAAGC GCAAAAAGAACAGGCAGAGG
Myog TGTGTCGGTGGACCGGAGGA CCGCTGGTTGGGGTTGAGCA
Foxol CCCAGGCCGGAGTTTAACC GTTGCTCATAAAGTCGGTGCT
14 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

18§ GTAACCCGTTGAACCCCATT

CCATCCAATCGCTAGTAGCG
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TABLE 2 Characteristics of the patients with MS

All patients  Males Females

n=235 n=22 n=13
Age (years) 52+14.1 45 +15.1 60 £8.2
weight (kg) 70+ 124 76 + 114 60 + 6.9
BMI (kg/m?) 27 +3.1 27 +3.4 26 +2.5
AST (IU/L) 27 +10.0 29 +10.0 23+9.0
ALT (IU/L) 34 +20.0 39 +20.0 25+ 16.4
ALP (IU/L) 231 £73.4 208 +70.0 274 £ 62.0
y-GTP (IU/L) 68 + 88.0 88 +103.4 31 +21.5
Fasting blood 105 + 15.7 106 + 17.4 102 + 12.6

glucose (mg/dL)

HOMA-IR 20+1.6 20+ 1.1 20+2.1
Total cholesterol 276 + 1445 289 +112.1 258 +202.4

(mg/dL)

Note: Data are shown as mean =+ standard deviation.

program.23 The parameters for this analysis were as previously
described except for SparCC values.* The networks were visu-
alized using Cytoscape software v.2.8.

2.14 | Statistical analysis

Data distribution was assessed using the Shapiro-Wilk test.
Correlation between anti-periodontal bacteria IgG antibody
titers and clinical/biochemical parameters was evaluated by
Spearman's rank correlation coefficient. In animal experiments,
Student's t test was applied to compare two groups. Multiple
comparisons in vitro were evaluated using Dunnett's multiple
comparison test. Microarray data were quantile-normalized,
log2-transformed, and analyzed as described previously.lg’25
Assessment of significantly different taxa between different
treatment groups was performed using the ANCOM program in
QIIME 2. When the requirement of using ANCOM (less than
25% of features are changing between groups) was not fulfilled,
statistical significance was calculated using the Benjamin and
Hochberg's false discovery rate (FDR) to account for multiple
testing. Analysis of similarities (ANOSIM) was used to evalu-
ate the significance of dissimilarity between two groups by ap-
plying a dissimilarity matrix value of 1-Pearson coefficient.

3 | RESULTS

3.1 | Correlation between anti-periodontal
pathogen IgG antibody titers and the clinical/
biochemical parameters of MS patients

The clinical and biochemical characteristics of the sub-
jects enrolled in this study are summarized in Table 2. We

FASEkBJOURNALJ_S
evaluated the correlation between the titers of IgG antibod-
ies against three major periodontopathic bacteria—Pg, Aa,
and Fn—and the clinical and biochemical parameters of pa-
tients with MS. The anti-Pg IgG antibody titers positively
correlated with IMAC as evaluated by abdominal CT scans
(Figure 1A; P =.0022, p = 0.41), whereas anti-Aa and anti-
Fn IgG antibody titers did not (Figure 1B,C). Anti-Pg and
anti-Aa IgG antibody titers positively correlated with fasting
blood glucose levels (Figure 1D,E; anti-Pg: P = .035 and
p = 0.21; anti-Aa: P = .0050 and p = 0.35) and the homeo-
stasis model of assessment of insulin resistance (HOMA-IR;
Figure 1G,H; anti-Pg: P = .017 and p = 0.27; anti-Aa:
P = .020, p = 0.25). In contrast, no such correlations were
observed between anti-Fn IgG antibody titers and fasting
blood glucose levels (Figure 1F) or HOMA-IR (Figure 11).

3.2 | Pg administration-induced impaired
glucose tolerance, insulin resistance, and fat
infiltration in murine skeletal muscle

Based on the significant correlation between Pg infection and
the IMAC, we investigated if Pg affected glucose metabolism
and steatosis in murine skeletal muscle. After 6 weeks, HFPg
mice had impaired glucose tolerance (Figure 2A) and insulin
resistance (Figure 2B) compared HFco mice. We conducted
a three-dimensional micro-CT analysis to quantify fat infil-
tration in the lumbar muscles of the mice. We found that the
IMAC was significantly higher and the SAI was significantly
lower in the HFPg mice than in the HFco mice (Figure 2C,D).
After 6 weeks on the diets, the HFPg mice had significantly
higher triglyceride levels in the soleus muscle but not the tibi-
alis anterior muscle than the HFco mice after 6 hours of fasting.
The glycogen levels in the soleus and tibialis anterior muscles
did not differ between the HFco and HFPg mice (Figure 2F).
Histological analysis showed marked lipid accumulation in the
soleus muscles of the HFPg mice compared to the HFco mice
(Figure 2G-I). However, we did not observe a statistical differ-
ence in the lipid area of the tibialis anterior muscle between the
HFco and HFPg mice (Figure 2J-L)). NCPg mice showed insu-
lin resistance compared to NCco mice. However, IMAC, SAI,
triglyceride, and glycogen in the muscle did not differ between
NCco and NCPg mice, and no difference in the lipid area of the
soleus and tibialis anterior muscles between NCco and NCPg
mice was observed (Supporting Information S1).

3.3 | Pg administration inhibited glucose
uptake in the soleus muscle by altering insulin
signaling and gene expression

During intracellular metabolism, 2DG, a glucose molecule
in which the 2-hydroxyl group is replaced with hydrogen, is
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FIGURE 1 Correlations between IgG antibody titers to periodontal pathogen and clinical/biochemical parameters in MS patients (n = 35).

Correlation between intramuscular adipose tissue content (IMAC) and (A) anti-Pg IgG antibody titer, (B) anti-Aa IgG antibody titer, (C) anti-Fn
IgG antibody titer. Correlation between fasting blood glucose and (D) anti-Pg IgG antibody titer, (E) anti-Aa IgG antibody titer, (F) anti-Fn IgG
antibody titer. Correlation between HOMA-IR and (G) anti-Pg IgG antibody titer, (H) anti-Aa IgG antibody titer, (I) anti-Fn IgG antibody titer

converted to 2DG6P. Since 2DG6P accumulates in cells due
to the absence of downstream metabolizing systems,”® glu-
cose uptake can be estimated by measuring 2DG6P levels.
Although we did not observe a statistical difference in 2DG
uptake by the tibialis anterior muscle in the HFco and HFPg
mice (Figure 3C), a significantly lower 2DG uptake by the
soleus muscle of HFPg mice was observed (Figure 3A). The
levels of phosphorylated Akt (pAkt) were significantly lower
in the soleus muscles of HFPg mice than in those of HFco
mice, whereas phosphorylated Erk (pErk) levels were signifi-
cantly higher (Figure 3B). In the tibialis anterior muscle, we
observed significantly lower levels of pAkt but not pErk in

HFPg mice than in HFco mice (Figure 3D). Oral administra-
tion of Pg led to higher mRNA expression levels of tumor
necrosis factor alpha (Tnfa), interleukin-6 (116), C-C motif
chemokine 2 (Ccl2), PPARG coactivator 1 beta (Ppargclb),
and myogenin (Myog), and lower mRNA expression level
of forkhead box O1 (Foxol) in the soleus muscle than the
administration of saline (Figure 3E). On the contrary, the
mRNA expression levels of Tnfa, Ccl2, Ppargclb, glucose
transporter 4 (Glut4), acetyl-CoA carboxylase (Acc2), and
Myog were significantly higher in the tibialis anterior mus-
cles of HFPg mice than in those of HFco mice (Figure 3F).
Although no significant difference in 2DG uptake in the
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FIGURE 2 Comparison of glucose tolerance, insulin resistance, and evaluation of skeletal muscle fat infiltration between HFco and HFPg
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(SOL) and tibialis anterior (TA) muscles in HFco and HFPg mice at 6 weeks after 6 hours fasting (n = 5). Oil red O staining (n = 5) in SOL from
(G) HFco, (H) HFPg mice. I, Lipid area (%) in the soleus muscle. Oil red O staining (n = 5) in TA from (J) HFco and (K) HFPg mice. L, Lipid
area (%) in the tibialis anterior muscle. Row magnification X400, black bar = 50 pm. Data are presented as mean + standard error. *P < .05 and

#*P <01

soleus and tibialis anterior muscles between NCco and NCPg
mice was observed, the levels of phosphorylation of Akt in
the soleus muscle of NCPg mice was significantly lower
than in that of NCco mice. Tnfa expression was significantly
higher in the soleus muscle of NCPg mice than in that of
NCco mice (Supporting Information S2). Melting curves
in qPCR for the above genes are shown in the Supporting
Information S3.

3.4 | Skeletal muscle microarray analysis
with or without Pg administration

All of the microarray data from this study are available in
the Gene Expression Omnibus database (www.ncbi.nlm.
nih.gov/geo) as GSE 146635 (soleus muscle) and GSE
146094 (tibialis anterior muscle). In the soleus muscle, we
identified 114 differentially expressed genes (DEGs), of
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which 61 were upregulated in HFPg samples (Figure 4A,E).
However, only 1 DEG between HFco and HFPg mice was
identified in the tibialis anterior muscle (Figure 4B). The
gene expression patterns of the soleus muscle in the HFco
and HFPg mice differed substantially (Figure 4C), whereas
they were not clearly distinct in the tibialis anterior muscle
(Figure 4D).

Gene Set Enrichment Analysis (GSEA) was performed
using hallmark gene sets to evaluate the differences in mRNA
expression levels in the soleus muscles of the HFco and
HFPg mice. The gene sets in Table 3 are those with an FDR

g-value < 0.05. Although we did not observe any downreg-
ulated gene sets with an FDR g-value < 0.05 in the soleus
muscles of HFPg mice, we observed enrichment of several
gene sets, including those related to Interferon-a response,
IL2 STATS signaling, and IL6 JAK STAT signaling, in HFPg
mice. Notably, gene sets related to the TNFa signaling via
NFxkB (Figure 5A; normalized enrichment score = 1.82,
q = 0.004) and inflammatory response (Figure 5B; normal-
ized enrichment score = 1.66, ¢ = 0.018) were enriched in
the HFPg mice. In addition, the incorporation of 2DG into
C2C12 cells was significantly decreased by preincubation for
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60 and 180 minutes with TNF-o (Figure 5C). TNF-a treat-
ment for 180 min (0.2, 2, and 20 ng/mL) also decreased 2DG
uptake in a dose-dependent manner (Figure 5D).

3.5 | Evaluation of gut microbiome
composition based on 16S rRNA
gene sequences

A total of 2,770,127 sequence reads was generated by 16S
rRNA gene sequencing, corresponding to an average of
197,866.2143 (range: 82,174-337,706) reads per sample.
Principal coordinate analysis (PCoA) revealed different mi-
crobiome compositions in the HFco and HFPg groups, as de-
termined by ANOSIM (Figure 6A; correlation of R = .3125,
P =.061). No significant differences in the number of OTUs
(Figure 6B), Shannon (Figure 6C), and Chaol (Figure 6D)
indices were observed between the HFco and HFPg mice.
Relative abundance of the phylum Proteobacteria was sig-
nificantly higher, and that of the phylum Actinobacteria was
significantly lower after Pg administration (Figure 6E and
Supporting Information S4). At the class level, Coriobacteriia
and Erysipelotrichia were represented at a significantly
lower level in the HFPg group than in the HFco group,
whereas Betaproteobacteria was represented at a signifi-
cantly higher level (Figure 6F and Supporting Information
S5). In addition, we observed significantly lower represen-
tation of organisms from order Turicibacterales (Figure 6G
and Supporting Information S6), family Turicibacteraceae
(Figure 6H and Supporting Information S7), and genus
Turicibacter (Figure 61 and Supporting Information S8) in
HFPg mice. Overall, the microbiome compositions in the
guts of HFco and HFPg mice differed based on the ANOSIM

TABLE 3 Gene sets showing FDR ¢ < 0.05

normal FDR

Gene Set size NES P-value g-Value

Interferon-a 55 1.93 <.001 0.002
response

Coagulation 60 1.87 .002 0.002

TNFa signaling via 90 1.82 <.001 0.004
NFxB

IL2 STATS 91 1.66 .002 0.016
signaling

IL6 JAK STAT 34 1.64 .007 0.016
signaling

Inflammatory 75 1.66 .002 0.018
response

Estrogen response 89 1.49 .013 0.047
late

KRAS signaling 103 1.50 .004 0.049

Abbreviation: NES, normalized enrichment score.

analysis—phylum level: R = 2917 and P = .064; class
level: R = .3646 and P = .03; order level: R = .3854 and
P = .035; family level: R = .3125 and P = .03; and genus
level: R = .3646 and P = .037.

On the contrary, relative abundance of the phylum
Deferribacteres was significantly higher in NCPg mice com-
pared to NCco mice (Supporting Information S9 and S10).
Although PCoA analysis showed separated plotting between
NCco and NCPg mice (Supporting Information S9), there
was no significant difference in the relative abundance of
bacteria at class, order, family, and genus levels between
NCco and NCPg mice. The microbiome compositions in the
guts of NCco and NCPg mice slightly differed based on the
ANOSIM analysis—phylum level: R = .5556 and P = .10.

3.6 | Network analysis of the gut microbiota
We analyzed co-occurrence relationships in the 16S rRNA
profiles of each genus by constructing network structures in
which two co-occurring genera were indicated by a node and
edge. The values of the clustering coefficients were 0.596
and 0.649 in HFco and HFPg mice, respectively. Focusing
on the main networks, we identified 28 and 29 nodes in HFco
(Figure 7A) and HFPg (Figure 7B) mice, respectively. Any
genus with seven or more co-occurrences with other species
and one or more significant co-occurrences in the main net-
works were classified as interacting core genus. The interact-
ing core genus was altered as there was a decrease in number
from 18 to 13, after Pg administration. Turicibacter, a genus
underrepresented after Pg administration, was identified as
one of the interacting core genera.

4 | DISCUSSION

In this study, we clearly showed how periodontal bacteria af-
fected metabolic disorders in skeletal muscles. Only the anti-Pg
IgG antibody titer was significantly and positively correlated
with IMAC in MS patients. Pg administration altered gut micro-
biome, especially decreased genus Turicibacter. Furthermore,
administration of Pg-caused adiposity in the soleus muscle,
with decreasing insulin signaling and glucose uptake.

Nearly 50% of adults in the United States have periodon-
titis, including 10% with severe periodontitis.27 Severe peri-
odontitis increases the risk of MS.?® Periodontal diseases are
caused predominantly by gram-negative bacteria present in
the dental plaque.8 In this study, we measured IgG antibody
titers, which indicate chronic infection, against three major
periodontopathic bacteria in MS patients. In agreement
with our previous report,14 we observed positive correla-
tions between the titers of both anti-Pg/anti-Aa IgG antibody
and HOMA-IR. However, in the present study, we found a



WATANABE ET AL.

THE

Enrichment plot:
HALLMARK_TNFA_SIGNALING_VIA_NFKB
05
g 04
£ o3
o
2 021
g 01
g
E 0.0
LA
]
3
S oo
gw HFPg (positively correlated)
€ 02
= Zero cross a 3220
@ 00,
£
el HFco (negatively correlated)
3 04 - ‘
E 1.000 2,000 .000 4,000 6,000 6.000 7.000
3 Rai Ordered Datasst
[—Enrichment profie —Hits — Ragking metrc scores
HFco
2
8 =3
g_ 601 .
—
=
o=
23
o o
A
o o
e [=2]
g = 30 -
oD
gL
o
©
(O]
Q

Cont ¢ 15 30 60 180

TNF-a pre incubation time (min)

FASEB cun— "

( ) Enrichment plot:
HALLMARK_INFLAMMATORY_RESPONSE
B 04
g
@ 03
o
% 02
8 01
4
S 00
]
w .01
® HFPg (positively correlated)
£ 04
202
2 2o cross 3 3298
3 o0
E
e HFco (negatively correlated)
3 04
£ 100 s aom  som  oxo  7om
o Rank in Ordered Dataset
[=Enricnment profie ~Ngs Ranking metrc scores
2 °
- o cxo -
- )
PRI TTH
&or&oo—':ws;ﬁwmguu'ﬁg

[e2]
o
1

w
o
1

2DG6P incorporated into cells
(ng/ug protein)

I i :
0.2 2 20

TNF-a (ng/mL)

Cont

FIGURE 5 GSEA with hallmark gene sets enriched in HFPg mice compared to HFco mice (n = 4). Gene set about (A) TNFa signaling via
NFkB and (B) inflammatory response. A heatmap provided illustrating gene expression levels for each gene in the core enrichment subset (blue:
low and red: high). C, 2DG6P levels in C2C12 cells after pretreatment with 2 ng/mL TNF-a. (D) 2DG6P level in C2C12 cells after pretreatment
with TNF-a (0.2, 2, and 20 ng/mL) for 180 min. Data are presented as mean + standard error. *P < .05 and **P < .01 compared to control

significant association with the IMAC only for anti-Pg IgG
antibody titers. Pg can impair host defenses by altering the
growth and development of the entire microbial commu-
nity, thereby triggering disruptive changes to their normal
homeostatic relationship with the hostzg; it is considered a
major causative pathogen of severe periodontitis.30 A previ-
ous study demonstrated a positive correlation between serum
anti-Pg IgG antibody levels and the oral subgingival distri-
bution of Pg.*' Furthermore, anti-Pg IgG antibody levels of
periodontitis patients were significantly higher than those of
healthy controls, and the IgG titer against Pg was associated
with the severity of periodontitis.32 We hypothesized that Pg
could induce metabolic dysfunction in skeletal muscles.

Skeletal muscles perform nearly 80% of glycogen storage
in the body.33 In this study, only the soleus muscle had lower
glucose uptake after Pg administration. Skeletal muscles are
composed of distinct muscle fiber subtypes—one type of
slow-twitch fiber (type I) and three types of fast-twitch fiber
(type Ila, type 1Ix/d, and type IIb)**—defined by their myo-
sin heavy chain isoforms and metabolic activity. The soleus
muscle is mainly composed of type I fibers, whereas the tib-
ialis anterior muscle is mainly composed of type II fibers.*
We previously reported that the fibers in the lumbar muscle
shifted from type I to type II after feeding mice with a high-
fat diet.*® It is possible that the fibers in the soleus muscle
change from type I to type II while on the high-fat diet. This
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transition could explain the difference in the magnitude of
the decrease in glucose uptake between the soleus and tibia-
lis anterior muscles. In addition, slow-twitch and fast-twitch
muscles have different inflammatory responses after injulry.37
This may account for the greater change in gene expression in
the soleus vs the tibialis anterior muscles after Pg administra-
tion that we observed by microarray analysis.
Insulin-stimulated Akt phosphorylation leads to glucose
uptake.38 In this study, pAkt was significantly lower in both the
soleus and tibialis anterior muscles after Pg administration.

However, lower glucose uptake was observed only in the so-
leus muscle. In addition, increased Glutl and Glut4 expres-
sion were observed only in the tibialis anterior muscle. The
compensatory increase in Glutl and Glut4 expression in the
tibialis anterior muscle could explain its lack of change in
glucose uptake. The selective insulin resistance hypothesis
posits that elevated levels of glucose and inflammatory cy-
tokines caused by diabetes and insulin resistance selectively
inhibit the antiatherogenic action of insulin via the RS/
PI3K/Akt pathway, but not the Grb/Shc/MAPK pathway.*
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FIGURE 7 Co-occurrence network in (A)
the gut microbiome (n = 4). Co-occurrence
patterns are drawn using a network structure
in which each taxon and co-occurrence of
genus level was indicated by a node and
edge, respectively, for all taxa of genus level
pairs with a positive correlation. Taxon pairs
with SparCC values >0.6 are considered

as having a co-occurrence relationship

with a positive correlation. Interactions

with significant co-occurrence network are
indicated with bold lines (P < .05 and FDR
g < 0.1). Interacting core genus (showed
co-occurrence with other genera >7 and
significant co-occurrence 1 in the main
network) is indicated in red text. A, HFco.
B, HFPg

(8)

However, we observed Erk phosphorylation only in the so-
leus muscle after Pg administration; this may be caused by
compensatory changes in response to lower glucose uptake.

Notably, the gene set “TNFa signaling via NFkB” was en-
riched in the soleus muscle of HFPg mice. NFxB, which plays
an essential role in inflammation, is related to the develop-
ment of obesity-induced insulin resistance and MS.* Glucose
uptake may be decreased accordingly to increase of Tnfa ex-
pression and enrichment of inflammatory response and TNFo
signaling via NFkB gene sets in soleus muscle. Our in vitro
finding that TNF-o impaired glucose uptake in C2C12 cells is
consistent with a previous finding in 3T3-L1 cells.*!

There is a close relationship between diabetes and peri-
odontal disease.'? As the reason why periodontal disease

affects diabetes, some previous reports showed that sys-
temic inflammatory mediators, including TNF-«, were in-
creased in patients with severe periodontal disease*” and
caused insulin resistance.*> In addition, bacteremia orig-
inated from the periodontal pocket is also supposed.44 In
this study, swallowing Pg altered the composition of gut
microbiome, and Pg administrated mice showed insulin re-
sistance and impaired glucose tolerance. Swallowing bac-
teria could also explain the relationship between diabetes
and periodontal disease.

In standard diet mice, the relative abundance of the
phylum Deferribacteres was significantly higher after Pg
administration. The phylum Deferribacteres is involved
in iron metabolism,45 and abnormal iron metabolism was
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associated with a greater risk of type 2 diabetes mel-
% However, no significant difference in phylum
Deferribacteres was observed between HFco and HFPg
mice. This might be due to the high-fat diet strongly af-
fecting the composition of gut microbiota in mice. In ac-
cordance with the alteration of the microbiome that we
observed in HFPg mice, a greater relative abundance of
phylum Proteobacteria and a lower abundance of phylum
Actinobacteria have been observed in obese patients than
in healthy subjects.47 In particular, we observed that the
order Turicibacterales, family Turicibacteraceae, and genus
Turicibacter were underrepresented in mice treated with
oral Pg. The abundance of Turicibacter correlates with the
production of butyric acid,”® and an increase in butyrate
has been associated with improved insulin sensitivity.49 A
previous report showed that the muscle mass/body weight
ratio was increased in young germ-free mice fed a mixture
of the short-chain fatty acids, acetate, propionate, and bu-
tyrate when compared to control-fed germ-free mice.”’ We
previously reported that the abundance of Turicibacter was
decreased upon oral administration of another periodontal
bacterium, A actinomycetemcomitans, in mice.'* These
findings suggest that the administration of periodontal bac-
teria may negatively affect insulin resistance by decreasing
the abundance of Turicibacter in the gut, thereby decreas-
ing insulin sensitivity.

Interestingly, the microbial network of the gut microbi-
ome was dramatically changed by Pg administration. The
number of interacting core genus decreased from 18 to 13
after Pg administration. In addition, Turicibacter was an in-
teracting core genus only in HFPg mice, not in HFco mice.
Although genus Allobaculum was represented as an interact-
ing core genus both in HFco and HFPg mice, it showed sig-
nificant co-occurrence with Turicibacter only in HFPg mice.
The abundance of Allobaculum is increased after treatment
for dyslipidemia in mice,”’ and mice fed a high-fat diet have
a lower abundance of Allobaculum in the gut.’> Although it
did not reach statistical significance, we observed a tendency
for a lower abundance of Allobaculum in HFPg mice than in
HFco mice. This result may also suggest that the effects of Pg
administration on skeletal muscle dysfunction were caused
by areduction in the abundance of Turicibacter and alteration
of co-occurrence interactions between Turicibacter and other
core genera.

Sarcopenia is the progressive loss of muscle mass with
increasing age.s3 Sarcopenic obesity is characterized by ele-
vated body fat mass combined with reduced muscle mass.>
The prevalence of sarcopenic obesity is projected to increase
with an increase in the elderly population.55 Sarcopenia and
sarcopenic obesity cause morbidity,56 disability,56 and in-
creases in health management costs.”” In this study, Pg in-
fection-caused symptoms associated with sarcopenic obesity

litus.

and metabolic dysfunction in the soleus muscle. Our findings
suggest that the prevention and treatment of periodontal dis-
ease could contribute to decreasing the incidence of sarcope-
nic obesity.

In conclusion, infection with the periodontal bacterium
Pg may be a risk factor for MS and metabolic dysfunc-
tion in skeletal muscle. This is the first study to suggest
that periodontal bacteria induce insulin resistance and de-
crease glucose uptake in skeletal muscle by altering the gut
microbiota.
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