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The combination of obesity and its associated risk factors, such as insulin resistance and inflammation, results in the
development of atherosclerosis. However, the effects of periodontitis on atherosclerosis in an obese body remain unclear.
The aim of the study was to investigate the effects of ligature-induced periodontitis in Zucker fatty rats on initiation of
atherosclerosis by evaluating aortic insulin resistance. Zucker fatty rats (n¼ 24) were divided into two groups. In the
periodontitis group, periodontitis was ligature-induced for 4 weeks, whereas the control group was left unligated. After
the 4-week experimental period, descending aorta was used for measuring the levels of lipid deposits, immuno-
histochemical analysis, and evaluation of gene expression. Levels of serum C-reactive protein (CRP), tumor necrosis factor-
a (TNF-a), and insulin were also measured. Rats in the periodontitis group had significantly enhanced lipid deposits in the
aorta, but not in the control group. Expression of suppressor of cytokine signaling 3, vascular cell adhesion molecule 1,
reactive oxygen species, nitrotyrosine, and endothelin-1 in the periodontitis group was more intense than that in the
control group. Significantly decreased levels of phosphatidylinositol 3-kinase (Pi3k) catalytic b-polypeptide (Pi3kcb),
Pi3kp85, and insulin receptor substrate 1 and 2 were observed in the periodontitis group. Levels of serum CRP and TNF-a
were significantly increased in the periodontitis group. Under insulin-stimulated conditions, aorta in the periodontitis
group altered the Akt phosphorylation. Periodontitis in obesity induced the initial stage of atherosclerosis and disturbed
aortic insulin signaling.
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Obesity has rapidly become a worldwide disease. The
pathophysiological consequences of obesity include insulin
resistance, hypertension, and dyslipidemia, which are referred
to as the metabolic syndrome.1 Aside from these primary
conditions associated with obesity, risk factors such as in-
creased markers of inflammation, thrombosis, oxidative
stress, and elevated plasma leptin levels are all associated
with the pathological conditions related to obesity.2 The
combination of obesity and its associated risk factors results
in the development of cardiovascular diseases such as
atherosclerosis.3

Insulin resistance at a systemic level is an independent risk
factor for the development of atherosclerosis.4–7 One of the
possible mechanisms linking insulin resistance to athero-
sclerosis is endothelial dysfunction,8 which is supported by a

number of studies.9–12 Endothelial dysfunction refers to an
imbalance in the release of vasodilating factors such as nitric
oxide (NO) and vasoconstricting factors such as endothelin-1
(Et-1).9 Insulin has both a vasodilatory effect through
upregulation of NO production via stimulation of phos-
phatidylinositol 3-kinase (Pi3k)/Akt pathway and a
vasoconstrictory effect through Et-1 production via MAP
kinase pathway.9

Periodontitis is one of the most widespread inflammatory
diseases, characterized by gingival bleeding, periodontal
pocket formation, destruction of connective tissue attach-
ment, and alveolar bone resorption.13,14 Many studies have
demonstrated that atherosclerosis and periodontitis are
associated and possibly causally linked.15–19 Therefore, it is
possible that periodontitis augments the effects of obesity on
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atherosclerosis. However, the mechanistic relationship
between atherosclerosis and periodontitis in obesity remains
unclear.

We hypothesized that periodontitis may have additive
effects on the pathogenesis of atherosclerosis in obesity by
disturbing aortic insulin resistance. The Zucker fatty rat was
chosen as it is a well-established model of prediabetes and
characterized by hyperphagia, hyperlipidemia, obesity,
insulin resistance, hyperinsulinemia, and impaired glucose
tolerance that result from a mutation in the leptin receptor
gene.20 Hence, the aim of the study was to investigate the
effects of ligature-induced periodontitis in Zucker fatty rats
on initiation of atherosclerosis by evaluating aortic insulin
resistance. The differences in aortic gene expression pattern
related to metabolic syndrome between obesity rats with and
without periodontitis were evaluated using microarray
technology. Furthermore, the vasodilating factors such as
levels of Pi3k and Akt, the vasoconstricting factors such as
Et-1, and the adhesion-related factors such as vascular
endothelial growth factor (Vegf) and vascular cell adhesion
molecule 1 (Vcam1) were investigated for the endothelial
dysfunction.21

MATERIALS AND METHODS
Experimental Design
All experimental procedures were performed in accordance
with regulations of the Animal Research Control Committee
of Okayama University Dental School. Twenty-four male
Zucker fatty rats (5 weeks old) were divided into two groups
of 12 rats each: the control group and the periodontitis
group. Two groups had free access to powdered food (MF,
Oriental Yeast, Osaka, Japan) and fresh drinking water daily.
Periodontitis was ligature-induced for 4 weeks in the peri-
odontitis group, whereas the control group was left unligated.
A cotton ligature was placed in a subgingival position of the
mandibular first molars.22 For evaluating the phosphoryla-
tion of Akt (p-Akt) at Ser473 occurring at the insulin
signal-transduction pathway, 12 Zucker fatty rats; the control
(n¼ 6 out of 12) and periodontitis (n¼ 6 out of 12) groups,
further received insulin administration.23 In these rats, 0.1ml
of saline (0.9% NaCl) with insulin (50 IU/kg) (Sigma-Al-
drich, St Louis, MO, USA) was injected through the cava vein
at the end of experimental period. Then, the descending
aorta was removed 5min after injection and kept at �801C
until analysis.

Analysis of Periodontal Tissues
The animals were killed after the experimental period under
general anesthesia. Samples of the left mandibular molar
regions were resected from each rat and immediately fixed in
4% paraformaldehyde in 0.1mol/l phosphate buffer (pH 7.4).
Mandibular samples were further decalcified with 10%
tetrasodium-EDTA aqueous solution (pH 7.4) for 8 weeks
at 41C. Formalin-fixed tissue samples were embedded in
paraffin and stained with hematoxylin and eosin. Immuno-

histochemical staining of tumor necrosis factor-a (TNF-a)
was carried out using the streptavidin-biotin-peroxidase
method.22 The goat polyclonal antibody against TNF-a
(R&D Systems, Minneapolis, MN, USA) was diluted 1:200
in phosphate-buffered saline. The color was developed with
3-30-diamino bentizine tetrahydrochloride (DAB), and
sections were counterstained with Mayer’s hematoxylin.

A single examiner, blind to the treatment assignment,
performed the following histometric analyses using a light
microscope. The polymorphonuclear leukocytes of the con-
nective tissue subjacent to the junctional epithelium in
two standard areas (0.05mm (depth)� 0.1mm each) were
counted under a magnification of � 400.24 As an indicator of
alveolar bone resorption, the distance between the cemento–
enamel junction and the alveolar bone crest was measured
with a microgrid at a magnification of � 200.24 The number
of TNF-a-positive fibroblasts and total fibroblasts in five
standard areas (0.1mm� 0.1mm each) adjacent to the ce-
mentum within the periodontal ligament were determined,
and the ratios of TNF-a-positive fibroblasts to total fibro-
blasts were calculated.22

Microarray Expression Analysis
The descending aorta was harvested, immediately frozen, and
kept at �801C until it was processed for immuno-
histochemical, microarray, or real-time RT-PCR analyses.
Total RNA was isolated from the aorta biopsy samples, which
were pooled from four rats in each group, using Trizol
reagent (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. The isolated RNAwas quantified
by measuring the absorbance at 260 nm and the purity was
determined by the 260/280 nm absorbance ratio. Samples
with a ratio of 41.8 were used in the procedure described
below.19

Total RNA samples (10 mg) were analyzed using Gene-
SQUARE, multiple assay DNA microarray metabolic syn-
drome for rat (Kurabo Industries, Osaka, Japan). Alexa Fluor
555-labeled cDNA was prepared from total RNA from rat
tissue through cDNA synthesis, and in vitro transcription was
performed using GeneSQUARE cDNA Direct Labeling Sys-
tem (Kurabo Industries), according to the manufacturer’s
protocol. The microarray slides were first pretreated with a
blocking solution consisting of 4� standard saline citrate
(SSC), 0.5% SDS, and 1% bovine serum albumin at 421C for
45min. The labeled cDNA in hybridization buffer (consisting
of 2� SSC, 4� Denhardt’s solution (Sigma-Aldrich), and
salmon sperm DNA (Invitrogen, Carlsbad, CA, USA)) were
denatured at 951C for 2min and cooled to 251C. Then,
cDNA were applied to each individual array window and
hybridized at 651C for 16 h. After hybridization, the solutions
of labeled cDNA on the microarray slides were flushed away
by a solution containing 2� SSC and 0.1% SDS, and then
the microarray slide was immediately washed in the following
solutions: 2� SSC and 0.1% SDS at 251C for 5min, 0.2�
SSC and 0.1% SDS at 251C for 5min, 0.2� SSC and 0.1%
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SDS at 551C for 5min, 0.2� SSC at 251C for 1min, and
0.05� SSC at 251C for 2min. The images for the hybridized
array were captured by GenePix4000B microarray scanner
(Molecular Devices, Sunnyvale, CA, USA) and quantified
using the Genepix Pro 6.0 software (Molecular Devices). The
adjusted intensity equals the intensity of each gene minus the
background value. The genes with an adjusted intensity of
less than twofold the background value were not detected.
The normalized intensity to Gapdh gene was calculated by
the following formula and compared with other treatment:
normalized intensity¼ (X�Z)/(Y�Z)� 10 000, where X is
the adjusted intensity of target gene, Y is the adjusted in-
tensity of Gapdh gene, and Z is the median of adjusted
intensities of the negative controls.

Real-Time PCR
Total RNA (2 mg) was reverse transcribed by AMV Reverse
Transcriptase (TAKARA) at 421C for 30min.25 The cDNA
prepared as stated above was diluted 10-fold with yeast RNA
(10 mg/ml). Real-time (RT) PCR was performed using
TOYOBO SYBR Green PCR Master Mix (TOYOBO, Osaka,
Japan) in a LightCycler system (Roche, Basel, Switzerland)
for 45 cycles. Reactions were performed in 20 ml containing
2 ml of cDNA, 5 mM of each primer, and 1� SYBR Green
master mix. The primer sets and optimized conditions for
the PCR of each target (Gapdh, suppressor of cytokine sig-
naling 3 (Socs3), Vegf, Pi3k catalytic b-polypeptide (Pi3kcb),
Vcam1, and Et-1) are listed in Table 1.26–30 The absence of
the nonspecific PCR products was checked with a melting
curve and electrophoresis analysis. The relative copy numbers
were computed on the basis of the data obtained with a serial
dilution of a representative sample for each target gene.

Histological Evaluation of Aorta Samples
The remaining descending aorta was stained with oil red O,
hematoxylin and eosin, and the methods are described as
follows.31 Immunohistochemical staining for Socs3, Vcam1,
insulin receptor substrate (Irs) 1, Irs2, Pi3kp85, nitrotyrosine,
or p-Akt was performed using Histofine Simple Stain MAX
PO kits (Nichirei, Tokyo, Japan).31 Briefly, aortic tissues were
immersed in methanol containing 0.3% hydrogen peroxide
for 30min to block endogenous peroxidase activity. The
sections were then treated at 41C with an anti- Socs3 (Santa
Cruz Biotechnology, CA, USA)32 (diluted 1:50), anti-Vcam1
(Santa Cruz Biotechnology)33 (diluted 1:100), anti-Irs1
(Signalway Antibody, Pearland, TX, USA) (diluted 1:100),
anti-Irs2 (Upstate Biotechnology, Lake Placid, NY, USA)34

(diluted 1:100), anti-Pi3kp85 (Santa Cruz Biotechnology)35

(diluted 1:100), anti-nitrotyrosine (Upstate Biotechno-
logy)31 (diluted 1:50) or p-Akt (Cell Signal Technology,
Beverly, MA, USA)36 (diluted 1:50) overnight, followed by
treatment with a secondary antibody (Fab0) with peroxidase
complex for 30min. The color was developed with a solution
of DAB in 50mmol/l Tris-HCl buffer (pH 7.5) containing
0.001% hydrogen peroxide and sections were counterstained
with Mayer’s hematoxylin. Control sections included buffer
alone or nonspecific purified rabbit or goat immunoglobulin
G. The percentage of aortic lumen that was Socs3-, Vcam1-,
Irs1-, Irs2-, Pi3kp85-, nitrotyrosine-, or p-Akt-positive was
calculated using computer-assisted image analysis software
(WinROOF, Mitani, Fukui, Japan).31

Measurement of Reactive Oxygen Species Expression
in Aorta
Reactive oxygen species (ROS) contributes to a reduction
in the bioavailability of NO.21 H2O2 may activate redox

Table 1 Primers and experimental conditions for real-time PCR

Target
gene

Direction
of primer

Sequence (50-30) Length
of PCR

product

Denature
time (s)

Annealing
temperature

(1C)

Annealing
time (s)

Extension
time (s)

Measure
temperature

(1C)

Reference

Gapdh Sense GTATTGGGCGCCTGGTCACC 202 5 58 4 8 72 26

Anti-sense CGCTCCTGGAAGATGGTGATGG

Socs3 Sense CCTCCAGCATCTTTGTCGGAAGAC 99 5 65 5 8 72 26

Anti-sense TACTGGTCCAGGAACTCCCGAATG

Vegf Sense ATCATGCGGATCAAACCTCACC 80 5 65 5 8 72 27

Anti-sense GGTCTGCATTCACATCTGCTATGC

Pi3kcb Sense CAGTGGAGACAGTGCGAACGTA 142 5 65 5 8 72 28

Anti-sense TCGGCAGTCTTGCCGTAGAG

Vcam1 Sense GGCTCGTACACCATCCGC 66 5 65 5 8 72 29

Anti-sense CGGTTTTCGATTCACACTCGT

Et-1 Sense GCTCCTGCTCCTCCTTGATG 500 5 58 5 20 72 30

Anti-sense CTCGCTCTATGTAAGTCATGG
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signaling cascades that induce deleterious changes in en-
dothelial cell phenotype.21 DAB staining for the detection of
H2O2 was performed with a modified method.19 Briefly,
cryostat sections were dried for 5min and incubated with
Tris-HCl (pH 7.6) for 5min at 251C, followed by a 30-min
incubation in DAB solution (0.1M Tris-HCl, pH 7.6, 0.5mg/ml
DAB) at 371C then washed with distilled water, the sections
were counterstained with Mayer’s hematoxylin.

Blood Collection and Measurements of TNF-a,
C-Reactive Protein, and Insulin Levels
At the end of the experimental period, blood samples were
collected directly from the heart of the animals, which had
fasted for 24 h. Blood was allowed to clot at room tempera-
ture, and serum was separated by centrifugation at 1500� g
for 15min. Serum TNF-a concentration was determined with
a rat TNF-a enzyme-linked immunosorbent assay (ELISA)
kit (Biosource International, Camarillo, CA, USA).37 Serum
levels of C-reactive protein (CRP) were quantified by a highly
sensitive ELISA kit (Life Diagnostics, West Chester, UK).37

Serum levels of insulin were quantified by an ultrasensitive
ELISA kit (Mercodia, Uppsala, Sweden).38 The assays were
performed in triplicate.

Statistical Analysis
Mann–Whitney U-test was used for pairwise comparisons
between the control and periodontitis groups. All analyses
were performed using a software program. Po0.05 was
considered to be statistically significant.

Sample Size Calculation
Sample size was calculated by a statistical software (nQuery
Advisor, Statistical Solutions, Sangus, MA, USA), based on
the results of our previous study.31 A sample size of six per
group was required for detection of a significant difference
(80% power, two-sided 5% significance level).

RESULTS
At the end of the experimental period, the mean (s.d.) body
weights of the control and periodontitis groups were 342
(42) g and 329 (9) g, respectively. There was no significant
difference in the body weight between the control and peri-
odontitis groups.

In the periodontal tissue, the periodontitis group showed
destruction of junctional epithelium, alveolar bone loss,
and inflammatory cell infiltration in the connective tissue
(Figure 1). The polymorphonuclear leukocytes were the main
infiltrating cells. There were significant differences in the
number of inflammatory cells, the distance between the
cemento–enamel junction and the alveolar bone crest, and
the ratio of TNF-a-positive fibroblasts to total fibroblasts
between the periodontal group and the control group
(Table 2).

A number of accumulations of macrophage and lipid
deposition in the descending aorta were observed in the
periodontitis group but not in the control group (Figure 2).
The mean (s.d.) percentage of aortic lumen occupied by the
lesion was 3.0 (1.2) in the periodontitis group. ROS (H2O2)

Figure 1 Pathological changes in rat periodontal tissue. The control group (a) with black boxes designating close-ups (b) showed few pathological

changes. The periodontitis group (c) with black boxes designating close-ups (d) showed inflammatory cell infiltration in the connective tissue.

Polymorphonuclear leukocytes were the main infiltrating cells. AB, alveolar bone; CEJ, cemento–enamel junction; d, dentin. Black scale bar¼ 200 mm.

White scale bar¼ 40 mm.
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Table 2 Histomorphometrical analysis of rat periodontal tissue (Mean (s.d.))

Parameters Control (n¼ 6) Periodontitis (n¼ 6)

Linear distances between the cemento–enamel junction and the alveolar bone crest (mm) 591 (232) 869 (128)*

Polymorphonuclear leukocyte density (number/0.05mm� 0.1mm) 3.0 (0.8) 6.8 (1.1)*

Ratios of TNF-a-positive fibroblasts to total fibroblasts 0.12 (0.07) 0.24 (0.09)*

*Po0.05, compared with the control group, according to the Mann–Whitney U-test.

Figure 2 Representative results of initial stage of atherosclerosis, lipid deposition, and expression of reactive oxygen species (H2O2) in the descending aorta.

Macrophage collection (arrow) (b) and lipid deposition (asterisk) (d) was observed in the periodontitis group but not in the control group (a, c).

H2O2 expression (arrowheads) in the periodontitis group (f) increased compared with that in the control group (e). Scale bar¼ 50 mm.
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expression in the periodontitis group increased compared
with that in the control group (Figure 2).

In the aorta samples, four genes of all the 293 genes listed
in the microarray showed more than twofold modification in
response to periodontitis (Table 3). Level of endothelial NO
synthase (eNOS) expression, which is related with insulin
resistance did not change. Socs3 and Vegf mRNA expression
was upregulated and Pi3kcb downregulated in both RT-PCR
and microarray analysis (Table 4).

Weak Socs3 expression was detected in the descending
aorta in the control group (Figure 3a). By contrast, in the
periodontitis group, an increase in Socs3 expression was
clearly evident (Figures 3b and 4) (Po0.05). The expression
of Vcam1 and nitrotyrosine in the aortic lumen markedly
increased in the periodontitis group compared with the
control group (Figures 3c–f and 4) (Po0.05), whereas
those of Irs1, Irs2 and Pi3kp85 significantly decreased in the
periodontitis group compared with the control group
(Figures 3g–l and 4) (Po0.05).

In the control group, insulin administration resulted
in a noticeable increase in the p-Akt-positive area (Figure 5).
Rats in the periodontitis group exhibited a reduced response
because the phosphorylation of Akt after insulin stimulation
was decreased (Po0.05) compared with that in the
control group.

Serum CRP level of the periodontitis group showed a 12%
increase compared with that of the control group (Po0.05)
(Figure 6). Level of serum TNF-a in the periodontitis group
was significantly higher than that in the control group

(Po0.05) (Figure 7). There was no significant difference in
serum insulin level between the periodontitis group (mean:
0.94, s.d.: 0.15 mg/l) and the control group (0.86, 0.15 mg/l).

DISCUSSION
In our preliminary tests, we investigated the level of serum
insulin and histological findings of periodontal tissues in
Zucker fatty rats’ lean littermates. The levels of serum insulin
and inflammatory cell infiltration in Zucker fatty rats were
significantly higher than those of lean rats (data not shown),
which were similar to other studies.39,40 We have already
reported that periodontitis induces the initial stage of
atherosclerosis in normal rats.19 Therefore, we focused on the
combined effects of periodontitis and obesity on aorta in this
study.

As a result, the aorta samples in the periodontitis group of
Zucker fatty rats showed accumulation of lipids, macrophage
collection, increased Socs3 and Vcam1 protein expression,
decreased Irs1, Irs2, and Pi3kp85 protein expression, and
changes of Socs3, Vcam1, Vegf, Pi3kcb, and Et-1 gene
expression. These molecules are involved in aortic insulin
resistance and endothelial dysfunction.

Expression of Socs3 has been reported to increase in ge-
netic rodent models of obesity and diabetes, in lesions of
atherosclerosis, and in white adipose tissue of mice made
obese by a high-fat diet.32,41,42 Socs3 has been also proposed
as a potential mediator of the insulin resistance induced by
some hormones.43,44 SOCS proteins disrupt insulin signaling
by binding to the insulin receptor and/or by targeting Irs1

Table 3 Whole expression of genes is increased or decreased in aortic lesions of obese rats by periodontitis

Gene symbol GenBank no. Description Fold up- or downregulation

Socs3 NM_053565 Suppressor of cytokine signaling-3 3.6

Hbegf NM_012945 Heparin-binding EGF-like growth factor 2.8

Ppargc1b NM_176075 Peroxisome proliferative activated receptor, g, coactivator-1b 0.5

Fabp3 NM_024162 Fatty acid-binding protein-3 0.3

Table 4 Fold changes in mRNA levels of aortic lesions in obese rats by periodontitis

Gene symbol GenBank no. Description Fold increase or decrease

Microarray Real time RT-PCR

Socs3 NM_053565 Suppressor of cytokine signaling-3 3.6 2.1

Vegf NM_031836 Vascular endothelial growth factor 1.3 2.7

Pi3kcb NM_053481 Phosphatidylinositol 3-kinase, catalytic, b-polypeptide 0.8 0.2

Vcam1 NM_012889 Vascular cell adhesion molecule-1 NDa 3.6

Et-1 NM_012548 Endothelin-1 NDa 2.2

a
Vascular cell adhesion molecule-1 and Endothelin-1 were not listed in the microarray.
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Figure 3 Cross-sections of descending aorta in the control and periodontitis groups. Positive areas of Socs3, Vcam1, and nitrotyrosine expression (black

arrowheads) in the periodontitis group (b, d, f) were more intense than in the control group (a, c, e). Irs1, Irs2, and Pi3kp85 expression areas in the control

group (g, i, k) (black arrowheads) were more intense than in the periodontitis group (h, j, l). Scale bar¼ 50 mm.
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and Irs2 for proteasomal degradation. In adipocytes, Socs3
reduced Irs1 phosphorylation and its subsequent association
with Pi3kcb.45

Vegf, which are known to contribute to the proliferation
of vascular smooth muscle cells, is enhanced in a model of
metabolic insulin resistance with compensatory hyper-
insulinemia.46 In addition, upregulation of endothelial cell
adhesion molecules, Vcam1 and E-selectin, and increased
rolling interactions of monocytes with endothelial cells are
observed.46 Thus, compensatory hyperinsulinemia in the
presence of metabolic insulin resistance with pathway-spe-
cific impairment of Pi3k in endothelium and vascular
smooth muscle cells leads to enhanced mitogenic actions
of insulin, which might contribute to the pathogenesis of
atherosclerosis.47 These data support our hypothesis that
periodontitis in obesity may affect the initiation of athero-
sclerosis by disturbing aortic insulin resistance.

Nitric oxide production and eNOS expression is associated
with insulin resistance. Upregulation of eNOS was not
observed in the periodontitis model. This result was
supported by another model study, in which endothelium-
specific mutant insulin receptor overexpressing mice demon-
strates similar levels of eNOS mRNA and protein expression
to wild type.12 Insulin stimulates endothelial cell production
of NO.10 Therefore, insulin resistance at the level of the en-
dothelium might be associated with reduced insulin-stimu-
lated NO. A mouse with endothelium-targeted deficiency of
the insulin receptor is used to study the effect of insulin
resistance specific to the endothelium on metabolic home-
ostasis.11 Recently, a study shows that selective endothelial
insulin resistance is sufficient to induce a reduction in NO

bioavailability and endothelial dysfunction that is secondary
to increased generation of ROS.12 Peroxynitrite produced by
the reaction between NO and ROS may itself exert toxic
effects through protein nitration and contribute to a reduc-
tion in the bioavailability of NO.21 Increased level
of ROS and nitrotyrosine were observed in the aorta of the
periodontitis group compared with those of the control
group. These results may be related with aortic insulin
resistance.12

Rats with periodontitis showed increased nitrotyrosine and
Et-1 expression. Endothelial dysfunction refers to an im-
balance in the release of vasodilating factors such as NO and
vasoconstricting factors such as Et-1.9 Under the condition of
insulin resistance, downregulation of NO production, which
is related to the increased level of nitrotyrosine, and upre-
gulation of Et-1 production are detected. An imbalance
between these factors may be responsible for initiation of
arteriosclerosis in this study.

In the aorta of the periodontitis group, the phosphoryla-
tion of Akt after insulin stimulation was decreased compared
with that in the control group. After insulin administration,
Zucker fatty rats show a decreased phosphorylation of Akt in
liver compared with the lean rats, which reflects local insulin
resistance.48 These suggest that periodontal inflammation in
the obese rats leads to aortic insulin resistance.

Our study used a ligature-induced periodontitis model,
because such a periodontal lesion mimics several features of
human periodontitis, including the inflammatory cellular
infiltrate and alveolar bone resorption.19,22,49 We confirmed
these findings in the periodontitis group. The number of
polymorphonuclear leukocytes in our study (6.8 (1.1)
numbers/0.05mm� 0.1mm) was similar to that (7.4 (1.7)
numbers/0.05mm� 0.1mm) of the previous studies.21

However, the distance between the cemento–enamel junction
and the alveolar bone crest in this study (869 (128) mm) was
greater than that (579 (63) mm) in the previous data.50 Be-
cause we used obese model rats and the previous studies
normal rats, the difference of data of alveolar bone loss may
depend on the rat model used in each study.

Tumor necrosis factor-a expression in the periodontal
tissue of the periodontitis group was higher than that of the
control group. The previous study shows increased TNF-a
expression in the periodontal tissue using the same ligature
model with increased level of serum TNF-a.51 TNF-a is in-
duced in inflammatory tissues and CRP is produced in the
liver stimulated by cytokines secreted in the inflammatory
tissues. Enhanced TNF-a expression in the periodontal tissue
may contribute to increased levels of serum TNF-a and CRP.

Serum levels of CRP and TNF-a in the periodontitis group
significantly increased compared with the control group in
this study. High-sensitivity CRP has received much attention
and several studies support a strong link between baseline
elevations of high-sensitivity CRP and future risk of coronary
events.52,53 Several reports have demonstrated a statistically
significant increase in serum CRP levels in periodontitis

Figure 4 Percentage of Socs3-, Vcam1-, nitrotyrosine-, Irs1-, Irs2-, and

Pi3kp85-positive areas of aortic lumen in rats. Means±s.d. of six rats.

*Po0.05, compared with the control group, using the Mann–Whitney

U-test.

Periodontitis and aortic insulin signaling

D Ekuni et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 90 March 2010 355

http://www.laboratoryinvestigation.org


Figure 5 Percentage of p-Akt-positive areas of aortic lumen in rats. There was no markedly difference in p-Akt expression (black arrowheads) between the

control group (insulin �) (a) and periodontitis group (insulin �) (b). After insulin administration, the positive areas of p-Akt expression in the control group

(c) were more intense than in the periodontitis group (d). Panel e shows the percentage of p-Akt-positive areas of aortic lumen in rats (means±s.d. of six

rats). Scale bar¼ 50 mm. *Po0.05, compared with the control group (insulin þ ), using the Mann–Whitney U-test.
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patients compared with non-diseased control subjects.54,55

CRP is also correlated to the presence of both insulin
resistance and endothelial dysfunction.56 Other proin-
flammatory cytokines, such as TNF-a, are also important in the

inflammatory process. Elevated levels of TNF-a may be asso-
ciated with increased risk for future development of athero-
sclerosis in periodontitis patients with type 2 diabetes
mellitus.57,58 TNF-a is closely associated with not only insulin
resistance but also with vascular atherogenic changes.59,60

SOSC genes are positively induced by cytokines.61,62

Several reports have shown that Socs3 by inflammatory
cytokines desensitizes insulin signaling by targeting Irs1/Irs2
for degradation, leading to the development of obesity,
hepatic steatosis, or metabolic syndrome.45,63,64 Increased
levels of CRP and TNF-a in the periodontitis group in the
obesity model may contribute to aortic insulin resistance and
initial stage of atherosclerosis, through upregulation of Socs3
and downregulation of Irs1 and Irs2.

There was no difference in the serum level of insulin
between the periodontitis group and the control group in
normal-diet fed Zucker fatty rats. The result was consistent
with another study using the same model.65 In the previous
study,65 periodontitis accelerates the onset of severe systemic
insulin resistance and impaired glucose homeostasis in high-
fat fed Zucker fatty rats, but not in low-fat fed Zucker rats.
Systemic insulin resistance might not be observed in our
study with normal-fat fed rats. However, we did not evaluate
the systemic insulin resistance such as homeostasis model
assessment and glucose tolerance test. In future studies,
systemic insulin resistance and glucose tolerance test should
be included using high-fat fed Zucker fatty rats, as the
response of local and systemic insulin resistance differs.66

Aorta samples of the control Zucker fatty rats showed no
initial lesion of atherosclerosis in this study. Zucker fatty rats
do not develop atherosclerosis spontaneously.67,68 However,
Zucker fatty rats fed on a human-type atherogenic diet shows
atherosclerotic lesions. Atherogenesis starts with lipid in-
sudation into the vessel wall, where it is trapped in the in-
tima. The endothelium of the site where the lipid is trapped
becomes dysfunctional, resulting in monocytes rolling and
then adhering to the endothelium, before migrating into the
intima, resulting in macrophage collection.69 The lipid
deposition and macrophage collection corresponding to
an initial stage of atherosclerosis were observed in the
periodontitis Zucker fatty rats. Therefore, Zucker fatty rats
are suitable for various kinds of experimental studies on
atherosclerosis.70

Our study has some limitations. First, we used a ligature-
induced periodontitis model because such a periodontal
lesion mimics several features of human periodontitis.
However, ligature-induced periodontal inflammation is an
acute model of periodontitis and is not equivalent to the
chronic disease in humans. In fact, polymorphonuclear leu-
kocytes were the main infiltrating cells and a few plasma cells
were observed in periodontal lesions in the periodontitis
group in this study. Second, sham control groups that
received saline without insulin were not used.

In conclusion, periodontitis in obesity induced the initial
stage of atherosclerosis and disturbed aortic insulin signaling

Figure 6 Serum CRP level in rats. Means±s.d. of six rats. *Po0.05,

compared with the control group, using the Mann–Whitney U-test.

Figure 7 Serum TNF-a level in rats. Means±s.d. of six rats. *Po0.05,

compared with the control group, using the Mann–Whitney U-test.
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through increased levels of Socs3, Et-1, ROS and nitrotyr-
osine, and decreased levels of Pi3kcb, Pi3kp85, Irs1, Irs2.
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