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The effect of

Porphyromonas gingivalis
infection on cytokine levels
In type 2 diabetic mice
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Background and Objective: Several studies have shown that diabetes mellitus
increases the severity of periodontitis. Conversely, periodontitis has been shown to

have an impact on diabetes, although the underlying mechanisms of this are
unclear. The aim of this study was to compare the inflammatory response to
Porphyromonas gingivalis infection in normal and diabetic mice.

Material and Methods.: Porphyromonas gingivalis were inoculated adjacent to the
periosteum, at a point on the midline of the skull located between the ears, in
C57BL/6 (normal) and KKAy (diabetic) mice. After induction, the levels of
tumor necrosis factor-a, interleukin-6 and adiponectin in the mice were measured
using real-time polymerase chain reaction and enzyme-linked immunosorbent

assay.

Results: The KKAy mice showed significant increases in blood glucose, serum
tumor necrosis factor-o and interleukin-6 levels after inoculation with Porphyro-
monas gingivalis, and a significant decrease in adiponectin to 35.7%. Similar
results were observed at the mRNA level in liver and visceral adipose tissue.

Conclusion: These observations suggest that tumor necrosis factor-a, interleukin-6

and adiponectin are an integral part of the link between diabetes mellitus and

Porphyromonas gingivalis infection.

© 2009 The Authors.
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Periodontitis is the most common oral
infection in humans and is the main
cause of tooth loss in adults (1,2).
Diabetes mellitus is thought to be an
important risk factor for periodontitis,
and major periodontal tissue destruc-
tion has been reported in patients with
diabetes mellitus (3,4). Moreover, im-
paired neutrophil function is thought
to be related to severe periodontitis in
patients with diabetes mellitus, and

high concentrations of serum glucose
can also lead to indirect damage
through the formation of advanced-
glycation end-products (5,6). Degener-
ative microvascular alterations are
known complications of diabetes that
occur in various tissues, including the
periodontium (7.,8). Thickening of the
capillary basement membrane results
in impaired oxygen exchange and al-
tered transfer of metabolic products

between the intracellular and extracel-
lular compartments, ultimately affect-
ing the host response and tissue repair.

Recent studies have suggested that a
bidirectional inter-relationship exists
between diabetes and periodontitis
(9,10). Furthermore, current therapies
for periodontal infection contribute to
positive glycemic control and reduce the
potential for complications related to
diabetes mellitus (11,12). Periodontitis
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is characterized by a progressive
gingival inflammatory response to
periodontopathic bacteria such as
Porphyromonas gingivalis (P. gingiva-
lis), and increasing evidence suggests
that local inflammation might trigger a
systemic host response, predisposing
subjects with periodontitis to diabetes
mellitus (13,14). Little evidence, how-
ever, is available regarding the under-
lying mechanisms. The aim of this
study was to compare the inflamma-
tory response to P. gingivalis infection
with metabolic markers in normal and
diabetic mice.

Material and methods

Mice

Male KKAy and C57BL/6 mice (6 wk
of age) were obtained from CLEA Ja-
pan Inc. (Tokyo, Japan). KKAy mice,
which are generated from C57BL/6J
mice, are obese and develop diabetes
spontaneously. Type 2 diabetes mell-
itus is characterized by an impaired
insulin sensitivity and resultant dysre-
gulation of glucose and lipid metabo-
lism. KKAy mice exhibit morbid
obesity and metabolic abnormalities,
such as hyperglycemia, glucose intol-
erance and hyperinsulinemia, and are
known to serve as an excellent model
of type 2 diabetes mellitus (15). Fifty
mice of each strain were used. The mice
were housed individually at a constant
temperature (23 + 2°C)and 55 + 5%
relative humidity under a 12-h light/
dark cycle (lights on at 07:00) and had
free access to food and water. We ob-
served the general condition of the
mice and measured their body weight
daily. Peripheral venous blood was ta-
ken from the tail of each mouse, and
the fasting plasma glucose level was
measured using a glucose measuring
device (Bayer Medical Inc., Tuttlingen,
Germany). All procedures were ap-
proved by the Animal Experimentation
Committee at Nihon University School
of Dentistry, Tokyo, Japan.

Inoculation with P. gingivalis

P. gingivalis FDI 381 was used in all
experiments. Bacteria were maintained
on Brucella HK agar (Kyokuto Phar-

maceutical, Tokyo, Japan) supple-
mented with 10% horse blood under
anaerobic conditions (80% N,, 10%
H,, 10% CO,) at 37°C. Growth in
liquid media was monitored at an
optical density of 550 nm. P. gingivalis
cells were collected during logarithmic
growth, washed three times with sterile
phosphate-buffered saline and sus-
pended in sterile phosphate-buffered

saline. The mice were then immunized
and subsequently challenged with
P. gingivalis, as described previously
(16). For immunization, the bacteria
were fixed with 1% paraformaldehyde
for 4 h prior to injection. An inoculum
of 2.5 x 10® cells in sterile phosphate-
buffered saline was injected subcuta-
neously into the dorsal dermis of the
animals once weekly for three consec-
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Fig. 1. Effect of inoculation with P. gingivalis on the body of C57BL and KKAy mice. (A)
Four weeks after the first immunization, P. gingivalis was inoculated adjacent to the perio-
steum at a point on the midline of the skull between the ears. Calvaria with intact soft tissue

were prepared for histologic sectioning. Five-micrometer-thick sections were stained with

hematoxylin and eosin. (B) The sizes of the lesions were measured, and their areas were

determined using a computerized image-analysis system. The bars represent the mean abscess
size in mm?. *p < 0.05 vs. P.g-C57BL. (C) Peripheral blood was taken from the tail vein and
the fasting blood glucose level was measured at each time-point. p < 0.05 vs. P.g-KKAy
0 d. cont-C57BL, control C57BL mice; cont-KKAy, control KKAy mice; P.g-C57BL,
C57BL mice inoculated with P. gingivalis; P.g-KKAy, KKAy mice inoculated with

P. gingivalis.



utive weeks. Four weeks after the first
inoculation, live P. gingivalis (2.5 x 108
cells) were inoculated adjacent to the
periosteum at a point on the midline of
the skull located between the ears
(16,17).

mRNA expression

For RNA isolation, liver and visceral
adipose tissue was immediately fixed in
an RNA-stabilization reagent (RNA-
later™; Qiagen, Valencia, CA, USA).
The samples were then homogenized,
and total RNA was extracted using an
RNeasy Mini Kit (Qiagen), according
to the manufacturer’s instructions. The
mRNA expression of several cytokines
was assessed by real-time polymerase
chain reaction (PCR) using primers
and probe sets purchased from Applied
Biosystems (Foster City, CA, USA).
Briefly, first-strand c¢DNA synthesis
was achieved using 3 pg of total RNA
from each sample and a first-strand
synthesis kit (Amersham Biosciences,
Sunnyvale, CA, USA). Real-time PCR
was performed on an ABI PRISM
7700 Sequence Detector (Applied Bio-
systems) with the following cycling
parameters: 50°C for 2 min and 95°C
for 10 min, followed by 40 cycles of
denaturation at 95°C for 15 s and pri-
mer extension at 60°C for 1 min. The
results were normalized with glyceral-
dehyde-3-phosphate  dehydrogenase
(GAPDH). Each experiment was per-
formed in duplicate.

Enzyme-linked immunosorbent
assay

The serum levels of tumor necrosis
factor-o, interleukin-6 and adiponectin
in the mice were measured using
enzyme-linked immunosorbent assay
kits (tumor necrosis factor-o and
interleukin-6: BioSource International,
Inc., Camarillo CA, USA; adiponectin:
Otsuka Pharmaceutical Co. Ltd.,
Tokyo, Japan), according to the manu-
facturers’ instructions.

Histological evaluation

Calvaria with intact soft tissue were
prepared for histologic sectioning by
fixation overnight in 4% paraformal-
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dehyde at 4°C. After fixation, the
specimens  were  decalcified and
embedded in paraffin. Five-microme-
ter-thick sections were then cut and
stained with hematoxylin and eosin.
All abscess lesions were subsequently
measured, and their areas (expressed as
mm?) were determined using a com-
puterized image-analysis system (NIH
IMAGE; NIH, Bethesda, MD, USA).

Statistical analysis

Each data point represents at least six
mice. All data were presented as
means + standard deviation. The data
for the KKAy and C57BL/6 mice were
compared using a Mann—Whitney
U-test, with a p-value of < 0.05 con-
sidered to be statistically significant.
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Comparisons between day 0 and each
subsequent data point were made using
Wilcoxon’s signed rank sum test, with
a p-value of < 0.05 considered to be
statistically significant.

Results

A more pronounced inflammatory
infiltrate was present in the KKAy
mice compared with the C57BL/6 mice
day 5 after inoculation with P. gingi-
valis (Fig. 1A). The maximum lesion
sizes in each group are shown in
Fig. 1B. When bacterial cells were
injected into CS57BL/6 mice, abscess
lesions were observed on day 1, which
gradually receded. By contrast, the
abscesses reached their maximum size
on days 5 and 7 in the KKAy mice,
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Fig. 2. Effect of inoculation with P. gingivalis on C57BL and KK Ay mice. Peripheral blood
was taken from the tail vein and the serum levels of (A) tumor necrosis factor-o. (TNF-a) and
(B) interleukin-6 (IL-6) were measured by enzyme-linked immunosorbent assay. fp < 0.05
vs. P.g-KKAy 0 d; §p < 0.05 vs. P.g-C57BL 0 d. cont-C57BL, control C57BL mice; cont-
KKAy, control KKAy mice; P.g-C57BL, C57BL mice inoculated with P. gingivalis;
P.g-KKAy, KKAy mice inoculated with P. gingivalis.
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after which they gradually receded.
Significantly larger abscesses were
observed in the KKAy mice compared
with the C57BL/6 mice on days 3, 5, 7
and 14.

The KKAy mice presented with a
higher fasting blood glucose level than
C57BL/6 mice. In the C57BL/6 mice,
inoculation with P. gingivalis did not
change the fasting blood glucose level.
By contrast, the glucose level of the
KKAy mice significantly increased
after inoculation with P. gingivalis; the
maximum level was attained on day 3,
after which it steadily decreased
(Fig. 1C). No significant change in
body weight was observed throughout
the experimental period for any of the
mice (data not shown).

To explain the apparent increase in
glucose concentration in the KKAy
mice, we examined their serum cytokine
levels using enzyme-linked immuno-
sorbent assays. As shown in Fig. 2, both
groups of mice showed a significant
increase in the amounts of tumor
necrosis factor-a and interleukin-6 in

their serum after inoculation with
P. gingivalis; however, significantly
greater induction was observed in the
KKAy mice throughout the experi-
mental period. The maximum levels of
tumor necrosis factor-o and interleukin-
6in KK Ay mice were attained on day 5,
after which they steadily declined.

Real-time PCR was carried out to
measure the level of cytokine mRNA
expression. A similar pattern of induc-
tion was observed at the mRNA level in
liver of KKAy and C57BL/6 mice
(Fig. 3A, B). Enhanced transcription of
tumor necrosis factor-o.and interleukin-
6 was detected in the visceral adipose
tissue of the KK Ay mice (Fig. 3C, D).

The serum level of adiponectin in the
KKAy and C57BL/6 mice significantly
decreased to 35.7 and 58.7%, respec-
tively, after inoculation with P. gingi-
valis (Fig. 4A). A significant reduction
of adiponectin mRNA expression in
visceral adipose tissue was observed
throughout the experimental period,
after inoculation with P. gingivalis
(Fig. 4B).

Discussion

Periodontitis is an inflammatory con-
dition induced by the chronic presence
of periodontopathic bacteria in perio-
dontal pockets (13,14), and cytokines
are central to the initiation and main-
tenance of the immune response to
periodontopathic bacteria. Local cyto-
kine production in response to perio-
dontal infection may affect the
systemic environment (14,18). More-
over, these mediators can potentially
increase low-grade inflammation and
worsen insulin resistance (19). In our
study, the expression of tumor necrosis
factor-o. and interleukin-6 was signifi-
cantly induced by the inoculation of
KKAy mice with P. gingivalis. Serum
tumor necrosis factor-o is elevated in
patients with diabetes mellitus, and
tumor necrosis factor-o inhibits the
activity of insulin (20,21). Tumor
necrosis factor-o. also inhibits insulin
secretion via its effect on the B cells of
the pancreas. Neutralization of tumor
necrosis factor-o. by soluble tumor
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Fig. 3. Effect of P. gingivalis inoculation on C57BL and KKAy mice. (A) tumor necrosis factor-o. (TNF-o) and (B) interleukin-6 (IL-6)
mRNA expression in liver, and (C) tumor necrosis factor-o and (D) interleukin-6 mRNA expression in visceral adipose tissue were
measured using real-time polymerase chain reaction. The results were normalized by reference to the level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). tp < 0.05 vs. P.g-KKAy 0d; § < 0.05 vs. P.g-C57BL 0 d; *p < 0.05 vs. P.g-KKAy. cont-C57BL, control
C57BL mice; cont-KKAy, control KKAy mice; P.g-C57BL, C57BL mice inoculated with P. gingivalis; P.g-KKAy, KKAy mice inoculated

with P. gingivalis.
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Fig. 4. Changes in the adiponectin level after inoculation with P. gingivalis. (A) The level of

adiponectin in serum was measured using an enzyme-linked immunosorbent assay. (B) RNA

was extracted from visceral adipose tissue, and the expression of adiponectin was measured

by real-time polymerase chain reaction. The results were normalized by reference to the level
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). fp < 0.05 vs. P.g-KKAy 0 d;
§p < 0.05 vs. P.g-C57BL 0 d. cont-C57BL, control C57BL mice; cont-KKAy, control
KKAy mice; P.g-C57BL, C57BL mice inoculated with P. gingivalis; P.g-KKAy, KKAy mice

inoculated with P. gingivalis.

necrosis factor-o receptor was found to
reduce insulin resistance in an animal
model (22). An increased level of
interleukin-6 in the circulation is also
associated with insulin resistance in
humans (23). Longitudinal prospective
studies suggest that the serum level of
interleukin-6 can be used to predict the
occurrence of diabetes mellitus (24).
Our study indicated that one major
source of the increased levels of tumor
necrosis factor-o and interleukin-6 in
KKAy mice may be adipose tissue, and
the prolonged local inflammatory res-
ponse of KKAy mice to P. gingivalis
might play a crucial role in the induc-
tion of tumor necrosis factor-o. and
interleukin-6 in adipose tissue. These

observations indicate that tumor
necrosis factor-o and interleukin-6 may
be important factors in the bidirec-
tional inter-relationship between dia-
betes mellitus and periodontitis.
Adipose tissue has been increasingly
recognized as an important endocrine
organ that secretes several mediators
(22,25). Of these, adiponectin has
attracted much recent attention
because of its antidiabetic and anti-
atherogenic effects, and it is expected
to be useful as a therapeutic agent for
diabetes (26). Several studies have
examined the plasma adiponectin level
in humans and found decreased levels
in diabetic subjects with significant
inverse associations with some measure
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of insulin resistance (27,28). Adipo-
nectin suppresses tumor necrosis fac-
tor-o production in adipose tissue and
hence improves insulin sensitivity (29).
Adiponectin also reduces the produc-
tion and activity of tumor necrosis
factor-o. in monocytes and macro-
phages. The anti-inflammatory activi-
ties of adiponectin extended to the
inhibition of interleukin-6 production
accompanied by the induction of anti-
inflammatory cytokines, such as inter-
leukin-10 (30,31). In our study, the
inoculation of P. gingivalis into KKAy
and C57BL/6 mice significantly
reduced the expression of adiponectin,
which may lead to a synergistic action
on inflammatory activities. Tumor
necrosis factor-o. and interleukin-6
were shown to down-regulate adipo-
nectin synthesis in adipocytes (32).
Therefore, the induction of tumor
necrosis factor-o and interleukin-6 by
inoculation with P. gingivalis may at
least partly suppress adiponectin
expression in serum and visceral adi-
pose tissue. Moreover, reduced adipo-
nectin levels also directly play a casual
role in the development of atheroscle-
rosis (33). Indeed, a decrease in the
serum level of adiponectin by genetic
and environmental factors has been
shown to contribute to the develop-
ment of cardiovascular disease.
Adiponectin reduces induction of the
endothelial adhesion molecules inter-
cellular adhesion molecule-1 and vas-
cular cell adhesion molecule (33,34).
Inhibition of adhesion molecules by
adiponectin might explain the devel-

opment of atherosclerosis. These
observations indicate that reduced
adiponectin levels in P. gingivalis

infection may play an important role in
the development of insulin resistance,
diabetes and atherosclerosis in patients
with periodontitis. Moreover, a recent
study showed that adiponectin
increases bone mass by suppressing
osteoclast function and activating
osteoblasts  (35). Reduced adipo-
nectin levels may also play a role in the
initiation and progression of alveolar
bone destruction in patients with
periodontitis.

In conclusion, infection with P. gin-
givalis  significantly  induced the
expression of tumor necrosis factor-o
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and interleukin-6 in KKAy mice. By

contrast,

the level of adiponectin

decreased following inoculation with
P. gingivalis. Our data suggest that

P. gingivalis

infection may be an

important risk factor for diabetes,

although

the role of periodontal

inflammation in diabetes mellitus is
inconclusive.

References

1.

10.

11.

Lée H. Periodontal disease. The sixth
complication of diabetes mellitus. Diabe-
tes Care 1993:;16:329-334.

Pihlstrom BL, Michalowicz BS, Johnson
NW. Periodontal diseases. Lancet 2005;
366:1809-1820.

Emrich LJ, Shlossman M, Genco RIJ.
Periodontal disease
dependent diabetes mellitus. J Periodontol
1991;62:123-131.

Nelson RG, Shlossman M, Budding LM
et al. Periodontal disease and NIDDM in
Pima Indians. Diabetes Care 1990;13:836—
840.

Manouchehr-Pour M, Spagnuolo PJ,
Rodman HM, Bissada NF. Comparison
of neutrophil chemotactic response in
diabetic patients with mild and severe
periodontal disease. J Periodontol 1981;
52:410-415.

Mowat A, Baum J. Chemotaxis of poly-
morphonuclear leukocytes from patients
with diabetes mellitus. N Engl J Med
1971;284:621-627.

Kuller LH, Tracy RP, Shaten J, Meilahn
EN. Relation of C-reactive protein and
coronary heart disease in the MRFIT
nested case-control study. Multiple risk
factor intervention trial. Am J Epidemiol
1996;144:537-547.

Nishimura F, Terranova V, Foo H,
Kurihara M, Kurihara H, Murayama Y.
Glucose-mediated alteration of cellular

in non-insulin -

function in human periodontal ligament
cells. J Dent Res 1996;75:1664-1671.
Mealey BL, Oates TW. Diabetes mellitus
and periodontal diseases. J Periodontol
2006;77:1289-1303.

Pucher J, Stewart J. Periodontal disease
and diabetes mellitus. Curr Diab Rep
2004;4:46-50.

Iwamoto Y, Nishimura F, Nakagawa M
et al. The effect of antimicrobial peri-
odontal treatment on circulating tumor
necrosis factor-alpha and glycated hemo-
globin level in patients with type 2 diabe-
tes. J Periodontol 2001;72:774-778.

20.

21.

22.

23.

. Navarro-Sanchez AB, Faria-Almeida R,

Bascones-Martinez A. Effect of non-
surgical periodontal therapy on clinical
and immunological response and glycae-
mic control in type 2 diabetic patients with
moderate periodontitis. J Clin Periodontol
2007;34:835-843.

. Graves DT. The potential role of chemo-

kines and inflammatory cytokines in
periodontal disease progression. Clin
Infect Dis 1999;28:482-490.

. Socransky SS, Haffajee AD, Cugini MA,

Smith C, Kent RL Jr. Microbial com-
plexes in subgingival plaque. J Clin
Periodontol 1998;25:134-144.

. Iwatsuka H, Shino A, Suzuoki Z. General

survey of diabetic features of yellow KK
mice. Endocrinol Jpn 1970;17:23-35.

. Leone CW, Bokhadhoor H, Kuo D et al.

Immunization enhances inflammation and
tissue destruction in response to Por-
Infect

phyromonas  gingivalis. Immun

2006;74:2286-2292.

. Graves DT, Oskoui M, Volejnikova S et al.

Tumor necrosis factor modulates fibroblast
apoptosis, PMN recruitment, and osteo-
clast formation in response to P. gingivalis
infection. J Dent Res 2001;80:1875—
1879.

. Tanner A, Kent R, Maiden MF, Taub-

man MA. Clinical, microbiological and
immunological profile of healthy, gingivi-
tis and putative active periodontal sub-
jects. J Periodont Res 1996;31:195-204.

. Duncan BB, Schmidt MI, Pankow JS

et al. Low-grade systemic inflammation
and the development of type 2 diabetes:
the atherosclerosis risk in communities
study. Diabetes 2003;52:1799-1805.
Desfaits AC, Serri O, Renier G. Nosr-
malization of plasma lipid peroxides,
monocyte adhesion, and tumor necrosis
factor-o. production in NIDDM patients
after gliclazide treatment. Diabetes Care
1998;21:487-493.

Mishima Y, Kuyama A, Tada A, Takah-
ashi K, Ishioka T, Kibata M. Relationship
between serum tumor necrosis factor-o
and insulin resistance in obese men with
type 2 diabetes mellitus. Diabetes Res Clin
Pract 2001;52:119-123.

Hotamisligil GS, Shargill NS, Spiegelman
BM. Adipose expression of tumor necrosis
factor-alpha: direct role in obesity-linked
insulin resistance. Science 1993;259:87-91.
Fernandez-Real JM, Ricart W. Insulin
resistance and chronic cardiovascular
inflammatory syndrome. Endocr Rev
2003;24:278-301.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Senn JJ, Klover PJ, Nowak IA, Mooney
RA. Interleukin-6 induces cellular insulin
resistance  in  hepatocytes.  Diabetes
2002;51:3391-3399.

Rosen BS, Cook KS, Yaglom J et al.
Adipsin and complement factor D activ-
ity: an immune-related defect in obesity.
Science 1989;244:1483-1487.

Kadowaki T, Yamauchi T. Adiponectin
and adiponectin receptors. Endocr Rev
2005;26:439-451.

Maeda K, Okubo K, Shimomura I,
Funahashi T, Matsuzawa Y, Matsubara
K. ¢cDNA cloning and expression of a
novel adipose specific collagen-like factor,
apM1 (AdiPose Most abundant Gene
transcript 1). Biochem Biophys Res Com-
mun 1996;221:286-289.

Halleux CM, Takahashi M, Delporte ML
et al. Secretion of adiponectin and regu-
lation of apM1 gene expression in human
visceral adipose tissue. Biochem Biophys
Res Commun 2001;288:1102-1107.

Maeda N, Shimomura I, Kishida K ez al.
Diet-induced insulin resistance in mice
lacking adiponectin/ACRP30. Nat Med
2002;8:731-737.

Wolf AM, Wolf D, Rumpold H, Enrich B,
Tilg H. Adiponectin induces the anti-
inflammatory  cytokines IL-10 and
IL-IRA in human leukocytes. Biochem
Biophys Res Commun 2004;323:630-635.
Yokota T, Oritani K, Takahashi I er al.
Adiponectin, a new member of the family
of soluble defense collagens, negatively
regulates the growth of myelomonocytic
progenitors and the functions of macro-
phages. Blood 2000;96:1723-1732.
Fasshauer M, Kralisch S, Klier M er al.
Adiponectin gene expression and secretion
is inhibited by interleukin-6 in 3T3-LI
adipocytes. Biochem Biophys Res Commun
2003;301:1045-1050.

Ouchi N, Kihara S, Arita Y et al. Novel
modulator for endothelial adhesion mole-
cules: adipocyte-derived plasma protein
adiponectin. Circulation 1999;100:2473—
2476.

Kawanami K, Maemura K, Takeda N
et al. Direct reciprocal effects of resistin
and adiponectin on vascular endothelial
cells: a new insight into adipocytokine-
endothelial cell interactions. Biochem
Biophys Res Commun 2004;314:415-419.
Oshima K, Nampei A, Matsuda M et al.
Adiponectin increases bone mass by sup-
pressing osteoclast and activating osteo-
blast. Biochem Biophys Res Commun
2005;331:520-526.



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



