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Experimental periodontitis
induced by Porphyromonas
gingivalis does not alter the
onset or severity of diabetes
In mice

Li H, Yang H, Ding Y, Aprecio R, Zhang W, Wang Q, Li Y. Experimental
periodontitis induced by Porphyromonas gingivalis does not alter the onset or
severity of diabetes in mice. J Periodont Res 2013; 48: 582-590. © 2013 John
Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Background and Objective: Diabetes mellitus is believed to increase the risk and
severity of periodontitis. However, less evidence is available on the converse
effects of periodontitis on diabetes. The objective of the study was to investigate
to what degree experimental periodontitis induced by Porphyromonas gingivalis
might influence the onset and severity of diabetes in different mouse models.

Material and Methods: Twenty-eight male Tallyho/JngJ mice (type 2 diabetes),
20 male streptozotocin-induced diabetes C57BL/6J mice (type 1 diabetes) and 20
male C57BL/6J mice at 4 wks of age were evenly divided into two groups: peri-
odontal infection and sham infection. Periodontitis was induced by Porphyro-
monas gingivalis W50 (P. gingivalis) oral inoculation before the development of
diabetes. Sham-infected mice received vehicle as control. P. gingivalis in the oral
cavity were identified by quantitative polymerase chain reaction. Fasting glu-
cose, body weight and food intake levels were monitored and glucose tolerance
tests were performed to assess glucose homeostasis for the onset and progression
of diabetes. The level of alveolar bone loss and tumor necrosis factor-alpha were
determined in week 20 when mice were killed.

Results: Mice in the infection groups developed more alveolar bone loss than
those in sham-infection groups (Tallyho p = 0.021; C57-STZ p = 0.014; C57

p = 0.035). Hyperglycemic mice exhibited significantly more bone loss compared
to those normal glucose mice (Tallyho vs. C57 p = 0.029; C57-STZ vs. C57

p = 0.024). The level of tumor necrosis factor-alpha was consistent with that of
periodontal bone loss and hyperglycemia. There was no significant effect of
mouse species on the amount of bone loss at the same level of blood glucose.
No statistically significant difference or trend in glucose metabolism was found
between the infection and sham-infection group.

Conclusion: Diabetes enhanced the risk for periodontal disease induced by
P. gingivalis. However, no converse impact was found between this periodontal
infection and onset and severity of diabetes in both type 1 and 2 diabetes mice.
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Published by John Wiley & Sons Ltd
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Tooth loss because of periodontitis is
a major dental health concern (1). It
has been believed that this inflamma-
tion of periodontal tissue is strongly
related with diabetes mellitus, one of
the largest public health problems in
the world (2). Clinical studies on the
complications of diabetes have
implied that diabetes may be a sub-
stantial risk factor for developing
periodontitis (3,4), and periodontal
inflammation may negatively affect
glycemic control (5). The reasons
behind this link have yet to be fully
understood. A hyperactive innate
immune response may be the anteced-
ent of both diseases. Proinflammatory
cytokines such as tumor necrosis fac-
tor (TNF)-o and interleukin-6 have
been found to increase in serums of
diabetics with periodontitis (6). How-
ever, there is still controversy on the
two-way interaction between peri-
odontal clinical parameters and the
onset and severity of diabetes (7). A
better understanding of the relation-
ship between these two diseases is
necessary before therapeutic interven-
tions can be developed.

Rodents provide unique characteris-
tics to evaluate microbial and host
responses to complement primate and
human studies (8). Studies using
rodents have stimulated gingival epi-
thelial disruption and periodontal bone
loss via oral infection with selected
human pathogens (9). For diabetes,
chemical injection and transgenic
methods are commonly used to mimic
insulin secretion destruction of type 1
diabetes (10) and insulin resistance of
type 2 diabetes (11). Chemical-induced
diabetic mice were the first murine
model to study the effects of hypergly-
cemia on periodontal tissue (12); how-
ever, there is no comprehensive
investigation on the animal models
with both types of diabetes and peri-
odontal disease. In this study, we
attempt to demonstrate in different
mouse models for diabetes to what
degree periodontal infection may influ-
ence both the onset and severity of dia-
betes, which will substantially improve
our knowledge on the mechanism how
chronic inflammation relates to the
clinical features of diabetes.

Diabetes and periodontitis relationship in mice

Material and methods

Animals

Twenty-eight male Tallyho/Jng] (TH)
mice (Jackson Laboratories, Bar Har-
bor, ME, USA) and 40 male C57BL/6]J
(C57) mice (Dossy Experimental Ani-
mals Co., Chengdu, China) were pur-
chased at 4 wk of age. Mice were fed a
finely milled autoclaved normal low fat
diet (12.3 kcal% fat; Research Diets,
New Brunswick, NJ, USA) and housed
at a constant temperature (22°C) with
humidity at 45-55% in a 12 h light/
dark cycle for the whole experimental
process. The study was conducted in
accordance with the Loma Linda Ani-
mal Care guidelines and Sichuan Uni-
versity Animal Care Regulations.

Study design

All mice were placed on Sulfatrim
(Goldline Laboratories, Ft. Lauder-
dale, FL, USA) 5/500 mL of drinking
water for 5 d. After 5 d, the Sulfatrim
drinking water was replaced with
autoclaved tap water for the remain-
der of the experiment. At 6 wk of
age, 20 C57 mice were intraperitone-
ally given streptozotocin  (STZ,
55 mg/kg body  weight; Sigma-
Aldrich, St. Louis, MO, USA) for 5 d
successively to induced diabetes (C57-
STZ group). All mice (TH, C57-STZ
and C57) were evenly divided into
infection and sham-infection group.
Periodontal disecase was induced by
oral inoculation as described in the
literature (13) with some improve-
ment. Briefly, Porphyromonas gingiva-
lis W50 (P. gingivalis, ATCC 53978,
Manassas, VA, USA) were grown in
brain heart infusion (Oxoid, Hamp-
shire, UK) in an anaerobic chamber
with 85% N,, 5% H, and 10% CO..
On the day of gavage, live P. gingivalis
were suspended in phosphate-buffered
saline (PBS) plus 2% w/v carboxy
methyl cellulose (Sigma-Aldrich) to a
concentration of 10° CFU/mL. Each
mouse in the infection groups was
orally inoculated with 100 uL bacteria
three times at 2 d intervals. Sham-
infected mice received 100 ul. PBS
with 2% carboxy methyl cellulose.
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During the 16 wk observation time,
the mice received three batches of the
oral infection procedure at weeks 6, 10
and 14 respectively. Animals were
killed 6 wk after the last P. gingivalis
inoculation.

Recovery of P. gingivalis from the
murine oral cavity

At termination of the experiments, a
sterile calcium alginate swab (Fisher-
brand; Fisher Scientific, Pittsburgh,
PA, USA) was held against the gum-
line of the upper and lower molars
for 20 s. The swab was then placed in
PBS and mixed for 30 s. Gingival tis-
sues were collected from both sides of
the molar area of mandibles. Total
DNA was isolated from the homoge-
nized bacterial suspensions and gingi-
val tissue samples using the DNeasy
Mini kit (Qiagen, Hilden Hamburg,
Germany) and quantitated by Nano-
vue Plus Spectrophotometer (GE Life
Science, Piscataway, NJ, USA).
P. gingivalis was identified by poly-
merase chain reaction (PCR) using
special primers (Integrated DNA
Technologies, Coralville, 1A, USA)
for 16s ribosome of P. gingivalis: for-
ward 5-TGTAGATGACTGATGGT-
GAAAACC-3, reverse 5'-ACGTCAT-
CCACACCTTCCTC3'. Quantitative
PCR was performed using the Light
Cycler 2.0 PCR Detection System
(Roche, Indianapolis, IN, USA). Pure
P. gingivalis was used as control.
Data were collected and expressed as
a function of crossing point (Cp). The
sample mRNA abundance was calcu-
lated by the formula 2-44<?. Results
were expressed as fold changes from
control.

Determination of fasting glucose
and glucose metabolism

Fasting blood glucose levels following
an 8 h fast were determined in blood
collected from tails every 2 wk using
a glucometer (OneTouch; LifeScan,
Milpitas, CA, USA) under general
anesthesia with isoflurane. During the
observation period, body weight and
food intake was monitored every
other week.
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Intraperitoneal glucose tolerance
test

Intraperitoneal glucose tolerance test
(ipGTT) was performed on samples
collected from randomly selected mice
(six per group) at weeks 5, 12 and 20.
Briefly, following an 8 h fast, dextrose
(1 g/kg body weight, Sigma-Aldrich)
was administered intraperitoneally,
and the plasma glucose levels in tail
blood were determined after 0 (base-
line), 15, 30, 60 and 120 min using a
glucometer (OneTouch).

Alveolar bone loss

Level of alveolar bone loss area was
measured by a scanning electronic

microscope (Zeiss EVO, CRAIC
Technologies Inc., Kirchdorf, Ger-
many) and images were analyzed

(NIH Imagel, National Institutes of
Health, Bethesda, MD, USA) as
described by Tatakis and Guglielmoni
(14) at the conclusion of the study.
Briefly, bone loss was calculated as
the average area (mm?) bordered by
the cemento-enamel junction, the crest
of alveolar bone, and the mesial and
distal line angles of the first and sec-
ond molars from both the lingual
sides of the mandibles. All bone mea-
surements were done three times in a
random and blinded protocol by two
evaluators.

Serum tumor necrosis factor-alpha
levels

Concentrations of serum TNF-o col-
lected from all groups at the time
mice were killed (week 20) were deter-
mined using ELISA kits (CUSABIO;
Sino-American Biotechnology,
Wuhan, China) according to the man-
ufacturer’s instructions.

Histological examination of
pancreas tissue

At the time mice were killed, pan-
creas tissue samples were harvested,
rinsed in PBS and fixed in 4% para-
formaldehyde (Sigma-Aldrich) for
24 h. Tissues were then dehydrated,
cleared and infiltrated with a histo-
processor (2035 Leica, Leica Micro-

systems Inc., Wetzlar, Germany) for
16 h. These samples were further
made into a series of 4 pm section
slides by tissue cutting, and stained
with hematoxylin and eosin (Sigma-
Aldrich) for histopathological analy-
sis. The sections were stained with
hematoxylin solution for 5 min fol-
lowed by eosin for 5 min. Images
were captured with an optical micro-
scope (Nikon 80i, Nikon Corp.,
Tokyo, Japan). Pancreatic section
images of all mice were analyzed
using Image] software to determine
islet size. All islets were photo-
graphed at 100 x magnification, and
each islet in the images was outlined
manually. Individual islet areas were
recorded in square pixels. The num-
ber of islets was counted on the slide
at 10 x magnification.

Statistical analysis

Statistical analysis was performed on
alveolar bone loss, body weight, food
intake, fasting blood glucose, ipGTT,
pancreas histopathological analysis
and serum TNF-o level data. Data
are presented as mean + SEM. Two
groups were being compared by a
one- or two-tailed Student ¢ test
depending on the hypothesis in ques-
tion. When comparing three or more
groups, ANova followed by Bonfer-
roni’s method to control for multiple
comparisons was used. A p value of
< 0.05 was considered statistically
significant. These methods were per-
formed wusing spss for Windows
(Graph Pad Software).

Results

Alveolar bone loss due to
periodontitis

Significant amounts of P. gingivalis
were detected in both swabs (Fig. I,
TH p=0.023) and gingival tissue
(Fig. 1, TH p = 0.031) samples com-
pared with the control groups. Mice in
the infection  groups exhibited
significantly more bone loss compared
to those in sham-infection groups (TH
p=0.021; C57-STZ p=0.016; C57
p = 0.035; Fig. 2). The levels of bone
loss were not affected by the mouse

species at the same level of blood glu-
cose (TH wvs. C57-STZ p > 0.05;
Fig. 2). These data confirmed that oral
inoculation of P. gingivalis induced
alveolar bone loss in mice relative to
controls.

Alveolar bone loss due to high
glucose

Generally, hyperglycemic mice exhib-
ited significantly more bone loss com-
pared to those normal glucose mice.
Within the infection groups, higher
average bone loss level was found in
mice with high blood glucose than
those with normal glucose (TH wvs.
C57 p=10.029, C57-STZ vs. C57
p = 0.024, Fig. 2). Similarly, we found
the statistically significant difference
between these groups without P. gin-
givalis  infection (TH vs. C57
p =0.031, C57-STZ  vs. C57
p = 0.021, Fig. 2), which may be due
to hyperglycemia. TH and C57-STZ
mice without bacteria infection
showed the same amount of bone loss
at this time point compared to C57
mice with P. gingivalis infection
(p > 0.05).

Effects of periodontitis on pancreas
morphology

Islet sizes and numbers in the pan-
creas of mice with diabetes decreased
dramatically on hematoxylin and
eosin-stained slides compared with
that of normal glycemia mice; no sig-
nificant differences were observed
between the islets of mice with P. gin-
givalis infection and their controls
(Table S1, S2). The average islet size
in the pancreas was calculated in 10°
square pixels (infected TH vs. sham-
infected C57 p = 0.021; sham-infected
TH vs. sham-infected C57 p = 0.036;
infected C57-STZ vs. sham-infected
C57 p = 0.005; sham-infected C57-STZ
vs. sham-infected C57 p = 0.011; Table
S1). The average number of islets was
counted at 10 x  magnification
(infected TH vs. sham-infected C57
p = 0.028; sham-infected TH vs. sham-
infected C57 p = 0.039; infected C57-
STZ vs. sham-infected C57 p = 0.014;
sham-infected C57-STZ vs. sham-
infected C57 p = 0.017; Table S2).
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Fig. 1. Quantitative PCR results of bacteria recovery from the oral cavity of both infection
and control groups. Graphs were shown based on data from Tallyho mice. p.g., Porphyro-

monas gingivalis.

Effects of periodontitis on glucose
intolerance and onset of diabetes

The average fasting glucose level of
TH mice increased spontaneously to
approximately 400 mg/dL at age
7 wk. Similar hyperglycemia could be
observed in STZ-C57 mice 2 wk after
STZ injection, while the blood glucose
of normal C57 mice was maintained
at the same level for the entire study
process. During the experimental per-
iod, the body weight of TH mice
increased continuously to a final value
significantly higher than STZ-C57 and
C57 mice (Fig. 3, p =0.015). Con-
versely, reduced body weight was
found in STZ-induced diabetic mice.
No significant difference was found in
the body weight, fasting glucose and
food intake levels between infection
and sham-infection groups in the
three types of mice (Fig. 3, Table 1).
To characterize further the effect of
periodontitis on the development of
impaired glucose homeostasis in dif-
ferent mouse species, we performed
ipGTT on six mice from each group
at weeks 5, 12 and 20. Both TH and
C57-STZ mice exhibited impaired

glucose tolerance at 10 and 20 wk as
evidenced by glucose levels higher
than 300 mg/dL at 120 min (Fig. 4).
No statistically significant difference
or trend was found between the bacte-
rial and sham-infection group, which
was consistent with the level of mean
fasting glucose.

Effects of periodontitis and diabetes
on serum tumor necrosis factor-
alpha levels

As shown in Fig 5, TNF-a serum lev-
els in samples collected at the time
mice were killed were higher in P. gin-
givalis-infected mice compared to the

sham-infection  groups (C57-STZ
p=20.034;, C57 p=0.017;, TH
p =0.025). Within the infection

groups, the TNF-o in the serum of
normoglycemic control mice was less
than that of diabetic mice (C57-STZ
vs. C57 p=0.011; TH vs. C57
p =0.012). Similar results were
observed among the sham-infected
groups (C57-STZ vs. C57 p =0.002;
TH vs. C57 p =0.009). The average
TNF-a level was lower in P. gingiva-
lis-infected mice with normal blood
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glucose compared to diabetic mice
without infection, but the difference
between these groups was not statisti-
cally significant (P. gingivalis-infected
C57 vs. C57-STZ, P. gingivalis-
infected C57 vs. TH p > 0.05). These
results indicated that both periodonti-
tis and diabetes contributed signifi-
cantly to increased serum TNF-o
levels and that periodontitis was a
promoter to elevated serum TNF-a in
diabetic mice.

Discussion

The two major forms of diabetes are
types 1 and 2. Both forms of the dis-
ease are believed to be related with a
range of complications (15), including
periodontitis, which is the major
causes of tooth loss in adults (16).
Clinical investigations have shown
that types 1 and 2 diabetes increase
the severity of periodontitis (17), and
reversely, periodontal inflammation
may negatively affect glycemic control
and insulin resistance of people with
diabetes in the general population
(18). However, the reverse relation-
ship between periodontitis and inci-
dence of diabetes is not completely
understood.

Clinical trials of the relationship
between diabetes and periodontitis
have limitations such as metabolic
control, genetic background, onset
and duration of the disecases, as well
as ethical problems and logistics rea-
sons (19). Therefore, appropriate use
of animal models can help us answer
these wunsolved questions. Mouse
models of experimental diabetic peri-
odontitis have the advantage of short
generation time, easy handling and
relatively lower cost than other spe-
cies (8,20). In this study, we investi-
gated the impact of periodontal
infection on the onset and severity of
diabetes in mouse models representing
both types 1 and type 2.

There are two main types of dia-
betic mice, chemical induced and
transgenic mice. The advantage of
chemically induced diabetes models is
the low cost because the disease can
be induced in regular, easily accessible
laboratory mice strains. STZ is the
most commonly used chemical to
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Fig. 2. Scanning electronic microscope images of defleshed right mandible from mice in all
groups: (A) TH mice; (B) STZ-C57 mice; (C) C57 mice. Area within the line was calculated
as bone loss on the lingual sides of mandibular first and second molars. (D) Comparison
of alveolar bone loss level in different diabetic mouse models. C57, C57BL/6J; STZ-C57,
streptozotocin-induced diabetes C57BL/6J; TH, Tallyho/JngJ.

induce the mouse model of type 1 dia-
betes (21). The present study con-
firmed that male C57 mice develop
hyperglycemia 2 wk after STZ admin-
istration (22). Histological images of
the pancreas demonstrated lack of
Langerhans islands leading to reduced
insulin secretion level. Genetic diabe-
tes models possess the advantage of a
disease course that is more predict-
able. Male TH mice mimic many
characteristics of human type 2 diabe-
tes mellitus such as hyperglycemia,
hyperlipidemia, obesity and loss of
pancreatic B cells (23,24). Although
the TH mouse harbors a complex
inheritance pattern, its homogeneous
genetic background is a powerful
adjunct to human studies. When com-
pared to patients with type 2 diabetes,
it exhibits similar genetic factors that
contribute to type 2 diabetes-related
characteristics in genomic analysis
(25,26). TH mice have provided

samples required for the study of dif-
ferent complications of diabetes,
including vascular dysfunction and
bone loss (27,28). These previous
reports suggested that patients with
type 2 diabetes and TH mice shared
significant similarities in pathogenesis
and physiological states of diabetes
and complications. Additionally, we
learned from this study that the onset
of diabetes of TH mice was between 7
and 8 wk of age. Other type 2 diabe-
tes species such as db/db and ob/ob
would develop hyperglycemia as early
as 4-5 wk old (29,30). The relatively
late onset of hyperglycemia of TH
mice gives us enough time to induce
periodontal disease and observe the
two-way relationship.

Mice have only one incisor and
three molars of each quadrant in the
oral cavity. Because of limited space,
oral inoculation of periodontal patho-
gens has often been used to elicit

periodontal disease in mouse models
(13). Inoculation models may have
the advantage of inducing specific
host responses to certain human
periodontopathogens (31). Live
P. gingivalis is widely used because it
is the main pathogen of adult peri-
odontitis. The selection of strains that
are different in virulence is important
in determining whether alveolar bone
loss could ensue. P. gingivalis W50
was originally isolated from an adult
patient with periodontitis (32). Its
high virulence makes it more invasive
in mouse models for hard tissue
destruction, which accompanies peri-
odontal disease compared to other
strains such as P. gingivalis 381 and
W83 (33,34). In the preliminary exper-
iment, we tried to use the method
proposed by Baker ef al. (13) to
induce the periodontitis model. The
results showed that mice with only
one batch of oral induction did not
exhibit typical alveolar bone loss.
Alternatively, significant bone loss
was efficiently induced after three
batches of the oral infection proce-
dure. Thus, we chose to use this
improved method to achieve peri-
odontal infection in the present study.
This study showed that P. gingivalis
W50 could effectively induce signifi-
cant periodontal bone loss in both
diabetic and normal mice, indicating
that oral infection of W50 is an effec-
tive way to create periodontitis in
mice with both types of diabetes.
Determination of mouse strains is
another important factor to ensure
successful induction of periodontitis.
Male C57BL/6J and female Balb/cByJ
mice have been shown to have high
susceptibility to P. gingivalis so they
are usually the previous selections (9)
of periodontal mouse models. The
TH mouse closely represents the path-
ogenesis and physiological state pre-
ceding type 2 diabetes and its
complications (25-28), and it is suit-
able for mimicking this type of diabe-
tes with periodontitis. Here, we chose
sex-matched male C57 mice as normal
glucose control to both male TH and
STZ-induced hyperglycemia groups.
Our results demonstrated that C57
mice developed moderate periodontal
bone loss after P. gingivalis
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Fig. 3. Comparison of fasting blood glucose and body weight levels in different mouse groups (TH mice: n = 28, STZ-C57 mice: n = 20,
C57: n = 20). No statistical differences detected for body weight and blood glucose level between the control and infection groups within
the same type of mouse model. Values for each time point are expressed as mean + SEM. STZ-C57, streptozotocin-induced diabetes
C57BL/6J; TH, Tallyho/JngJ.

inoculation; while STZ-C57 mice, rep-  results were consistent with the find-  extent, how periodontal disease
resenting type 1 diabetes, had induced  ing that chemical-induced diabetes induced by P. gingivalis impacts the
periodontitis that was more severe enhanced periodontal bone loss (12).  genetic rodent models for type 2 dia-
than normal glucose controls. The It has been investigated, to a lesser  betes. Most results of the type 2
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Table 1. Food intake of different mice species during observation period

Mice species TH (g) C57-STZ (g) C57 (g)

Infection (5 wk) 3.6 £0.7 3.5+ 0.6 32+0.5
Control (5 wk) 344+ 04 3.8 +£0.9 334+0.38
Infection (20 wk) 6.8 + 1.6 74+ 13 45403
Control (20 wk) 7.8 +0.9 6.9 + 0.8 47 +0.7

Note: No statistical differences detected for food intake levels.
C57, C57BL/6J; STZ-C57, streptozotocin-induced diabetes C57BL/6J; TH, Tallyho/JngJ.
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explored this. In a lean model of type
1 diabetes and in a model of predia-
betes, periodontitis was not associated
with the onset and severity of diabetes
(37). The results from a rat study
found that ligature-induced periodon-
titis seemed to accelerate the onset of
insulin resistance and type 2 diabetes
in animals fed a high-fat but not low-
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300 1

200 M

100

ol — . . . .
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Fig. 4. Glucose concentration levels from the intraperitoneal glucose tolerance test performed at weeks 5, 12 and 20 (n = 6). Values for
each time point are expressed as mean + SEM. C57, C57BL/6J; STZ-C57, streptozotocin-induced diabetes C57BL/6J; TH, Tallyho/Jngl.
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Fig. 5. Serum TNF-a level at time of termination determined by enzyme-linked immuno-
sorbent assays. C57, C57BL/6J; STZ-C57, streptozotocin-induced diabetes C57BL/6J; TH,

Tallyho/JngJ; TNF, tumor necrosis factor.

diabetes models used in studies on
periodontitis are from rat models
(35,36). Research on TH mice might
assist in  choosing  appropriate
methods and explain the contribution
of periodontal bacteria. Similar to
C57-STZ mice, TH mice had
periodontal manifestation that was

more severe than C57 controls. The
results further supported the relation-
ship between the degree of hypergly-
cemia and severity of periodontitis.
Although intriguing interests have
been aroused on whether periodontitis
plays a role in the incidence of diabe-
tes, few animal investigations have

fat diet (38). We next looked further
at the impact of periodontitis on the
incidence of diabetics from the litera-
ture. In a 7 year prospective study of
5848 individuals without diabetes, the
effect of periodontitis on diabetes inci-
dence was assessed (39). Moderate
and severe periodontitis were signifi-
cantly associated with an increased
risk of diabetes incidence, but signifi-
cance was lost after adjusting for sex,
smoking, body mass index, triacyl-
glycerol, hypertension and high-density
lipoprotein cholesterol. Another pro-
spective cohort study revealed that
teeth loss was a risk factor of death
in people with type 2 diabetes, but
periodontal diseases was not associ-
ated with mortality due to severe dia-
betes (40). An explanation for the
uncertain effect of periodontal infec-
tion on diabetes may be relevant to
the etiology of diabetes. Many factors
affect the onset and development of
this metabolic disease. Although envi-
ronmental factors such as periodontal
infection may affect this process, the
genetic propensity of diabetes is con-
sidered an important contributor.



Therefore, the effect of P. gingivalis
infection might have been masked by
the strong propensity of type 2 diabe-
tes development in TH mice in this
study. It may be the reason for the
result that periodontal infection
showed no effect on the onset and
severity of type 2 diabetes in TH
mice. Thus, further investigations are
needed to study the association
between diabetes and periodontal
infection, for example, using different
diabetic rodent models.
Hyperglycemia in diabetes has been
proved to promote a proinflammatory
environment. Previous studies have
showed that high blood glucose level is
associated with enhanced serum TNF-o,
an adverse inflammatory cytokine on
periodontal tissues (41). Expression of
TNF-a was prolonged in diabetes
compared to normal animals during
wound healing (42). In the present
study, we compared serum TNF-a lev-
els of diabetic mice and their healthy
controls, and the results showed that
mice with hyperglycemia have higher
TNF-o levels. Moreover, we found
that diabetic mice (both TH and STZ-
C57) with periodontitis exhibited
higher serum TNF-o and alveolar
bone loss than the infection group in
C57 mice. This indicates that hypergly-
cemia can aggravate TNF-o produc-
tion caused by P. gingivalis oral
infection, and further leads to exacer-
bated periodontal damage. Therefore,
increased TNF-o in diabetes may be
an independent risk factor for the
development of periodontal disease.
Furthermore, our results showed
that during active P. gingivalis infec-
tion, expression of TNF-o in both
types of diabetic mice were stimulated
more than in normal C57 controls.
However, increased TNF-o does not
impact on the severity of diabetes.
The results implied that periodontal
infection alters the production of
TNF-o, but diabetes development
may correlate with other factors
besides TNF-o. The effect of TNF-a
on type 1 diabetes is indeterminate. It
is believed that progressive pancreatic
B cell loss is caused by combinations
of proinflammatory cytokines such as
TNF-a, interleukin-6 and interferon-y
(43). Thus, previous experiments on

Diabetes and periodontitis relationship in mice

blocking TNF-o alone showed varied
effects in rodent diabetes models,
including protective, neutral or delete-
rious (44). In type 2 diabetes, TNF-o
plays a specific role in promoting insu-
lin resistance, which is an important
risk for this metabolic disease (38,45).
However, besides insulin resistance,
defective insulin secretion is a critical
prerequisite for the development of
overt type 2 diabetes (46). The inability
of the pancreatic B cells to maintain
normal insulin secretion has recently
believed to be associated with chronic
exposure to high glucose and saturated
free fatty acids (47), termed glucotoxic-
ity and lipotoxicity (48). However, few
studies in the literature reported this
inability linked to TNF-o expression.
Taken together, the role of TNF-a in
the onset and development of type 2
diabetes is indefinite. Therefore, more
experiments are needed to establish
whether periodontal infection affects
diabetes, and the mechanism by which
the infection interacts with diabetes
remains to be studied.

Conclusions

Animal models have been very useful,
and they hold great promise for future
studies given a variety of possibilities
for testing biologic hypotheses. P. gin-
givalis infection aggravates alveolar
bone loss and induces a stronger
inflammatory response compared with
that without the infection. The results
suggest that oral infection of TH and
STZ-induced mice with P. gingivalis is
a potential model of experimental peri-
odontitis with different diabetes types.
Within the limitation of this study,
it can be concluded that diabetes
increases the risk for periodontal dis-
ease induced by P. gingivalis. How-
ever, conversely, no  significant
difference was found between peri-
odontal infection and the control
group in any mouse species selected
in this work. Although there is evi-
dence that periodontal infection may
accelerate the onset of severe insulin
resistance and impaired glucose
homeostasis in a high-fat food-
induced diabetes rat model (38), the
association between periodontal infec-
tion and the onset and progression of
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diabetes will become clearer as more
clinical research is conducted.

Acknowledgements

We sincerely appreciate Drs. David
Baylink and Chandra Deb of Loma
Linda University School of Medicine
for their assistance and advices. This
study is supported by National Natu-
ral Science Foundation of China
(81200794) and Loma Linda Univer-
sity Grants for Research and School
Participants (6993102).

Supporting Information

Additional Supporting Information
may be found in the online version of
this article:

Table S1 Average islet sizes in the
pancreas of different mice ( 103
square pixels/islet).

Table S2 Average numbers of islets
in the pancreas of different mice.

References

1. Brown LJ, Loe H. Prevalence, extent,
severity and progression of periodontal
disease. Periodontol 2000 1993;2:57-71.

2. Demmer RT, Jacobs DR Jr, Desvarieux
M. Periodontal disease and incident type
2 diabetes. Diabetes 2008;31:
1373-1379.

3. Khader YS, Dauod AS, El-Qaderi SS,
Alkafajei A, Batayha WQ. Periodontal
status of diabetics compared with nondi-
abetics: a meta-analysis. J Diabetes Com-
plications 2006;20:59-68.

4. Salvi GE, Carollo-Bittel B, Lang NP.
Effects of diabetes mellitus on periodon-

Care

tal and peri-implant conditions: update
on associations and risks. J Clin Period-
ontol 2008;35:398—409.

5. Takeda M, Ojima M, Yoshioka H et al.
Relationship of serum advanced glyca-
tion end products with deterioration of
periodontitis in type 2 diabetes patients.
J Periodontol 2006;77:15-20.

6. Sun WL, Chen LL, Zhang SZ, Ren YZ,
Qin GM. Changes of adiponectin and
inflammatory cytokines after periodontal
intervention in type 2 diabetes patients
with  periodontitis.  Arch  Oral  Biol
2010;55:970-974.

7. Preshaw P, Alba A, Herrera D er al.
Periodontitis and diabetes: a two-way
relationship. Diabtologia 2012;55:21-31.

8. Andersen CCP, Flyvbjerg A, Buschard
K, Holmstrup P. Relationship between
periodontitis and diabetes: lessons from



590 Lietal

20.

21.

22.

. Loe H. Periodontal disease:

rodent studies. J Periodontol

2007;78:1264-1275.

. Genco CA, Van Dyke T, Amar S. Ani-

mal models for Porphyromonas gingiva-
lis-mediated periodontal disease. Trends
Microbiol 1998;6:444-449.

. Lalla E, Lamster IB, Feit M er al. Block-

ade of RAGE suppresses periodontitis-
associated bone loss in diabetic mice. J
Clin Invest 2000;105:1117-1124.

. Kaplan JR, Wagner JD. Type 2 diabetes

—an introduction to the development and
use of animal models. ILAR J 2006;47:3.

. Lalla E, Lamster IB, Feit M, Huang L,

Schmidt AM. A murine model of acceler-
ated periodontal disease in diabetes. J
Periodontal Res 1998;33:387-399.

. Baker PJ, Evans RT, Roopenian DC.

Oral infection with Porphyromonas gin-
givalis and induced alveolar bone loss in
immunocompetent and severe combined
immunodeficient mice. Arch Oral Biol
1994;39:1035-1040.

. Tatakis DN, Guglielmoni P. HLA-B27

transgenic rats are susceptible to acceler-
ated alveolar bone loss. J Periodontol
2000;71:1395-1400.

. Kuo LC, Polson AM, Kang T. Associa-

tions between periodontal diseases and
systemic diseases: a review of the inter-
relationships and interactions with diabe-
tes, respiratory diseases, cardiovascular
diseases and osteoporosis. Public Health
2008;122:417-433.

the sixth
complication of diabetes mellitus. Diabe-
tes Care 1993;16:329-334.

. Lalla E, Cheng B, Lal S eral. Peri-

odontal changes in children and adoles-
cents with diabetes. Diabetes
2006;29:295-299.

Care

. Javed F, Romanos GE. Impact of diabe-

tes mellitus and glycemic control on the
osseointegration of dental implants: a
systematic literature review. J Periodontol
2009:;80:1719-1730.

. Tukey JW. Some thoughts on clinical tri-

als, especially problems of multiplicity.
Science 1977;198:679-684.

Kobayashi M, Kweon MN, Kuwata H
et al. Toll-like receptor-dependent pro-
duction of TIL-12p40 causes chronic
enterocolitis in  myeloid cell-specific
Stat3-deficient mice. J Clin
2003;111:1297-1308.

Bolzdn AD, Bianchi MS. Genotoxicity of
streptozotocin.  Mutat  Res 2002;512:
121-134.

Thomas JM, Contreras JL, Smyth CA
et al. Successful reversal of streptozoto-
cin-induced diabetes with stable alloge-
neic islet function in a preclinical model
of type 1 diabetes. Diabetes 2001;50:
1227-1236.

Invest

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

Kim JH, Stewart TP, Soltani-Bejnood M
et al. Phenotypic characterization of poly-
genic type 2 diabetes in TALLYHO/JngJ
mice. J Endocrinol 2006;191:437-446.

Kim JH, Sen S, Avery CS et al. Genetic
analysis of a new mouse model for non-
insulin-dependent  diabetes.
2001;74:273-286.

Stewart TP, Kim HY, Saxton AM, Kim
JH. Genetic and genomic analysisi of
hyperlipidemia, obesity and diabetes
using (C57BL/6] xTALLYHO/Jngl) F2
mice. BMC Genomics 2010;11:713.
Cauchi S, Meyre D, Durand E et al. Post
genome-wide association studies of novel
genes associated with type 2 diabetes
show gene-gene interaction and high pre-
dictive value. PLoS ONE 2008;3:¢2031.
Didion SP, Lynch CM, Faraci FM.
Cerebral vascular dysfunction in TallyHo
mice: a new model of Type II diabetes.
Am J  Physiol Heart Circ Physiol
2007;292:H1579-H1583.

Won HY, Lee JA, Park ZS et al. Promi-
nent bone loss mediated by RANKL and
IL-17 produced by CD4 + T cells in
TallyHo/JngJ mice. PLoS ONE 2011;6:
e18168.

Chen H, Charlat O, Tartaglia LA et al.
Evidence that the diabetes gene encodes
the leptin receptor: identification of a
mutation in the leptin receptor gene in
db/db mice. Cell 1996;84:491-495.

Weigle DS, Bukowski T, Foster D er al.
Recombinant ob protein reduces feeding
and body weight in the ob/ob mouse. J
Clin Invest 1995;96:2065.

Baker P, Carter S, Dixon M, Evans R,
Roopenian D. Serum antibody response
to oral infection precedes but does not
prevent Porphyromonas gingivalis-induced
alveolar bone loss in mice. Oral Micro-
biol Immunol 1999;14:194-196.

Neiders M, Chen P, Suido H et al. Het-
erogeneity of virulence among strains of
Bacteroides gingivalis. J Periodontal Res
1989;24:192-198.

Fletcher HM, Schenkein HA, Morgan
RM, Bailey KA, Berry CR, Macrina FL.
Virulence of a Porphyromonas gingivalis
W83 mutant defective in the prtH gene.
Infect Immun 1995;63:1521-1528.

Baker PJ, Dixon M, Evans RT, Roope-
nian DC. Heterogeneity of Porphyromon-
as gingivalis strains in the induction of
alveolar bone loss in mice. Oral Micro-
biol Immunol 2000;15:27-32.

Genomics

. Andersen CCP, Flyvbjerg A, Buschard

K, Holmstrup P. Periodontitis is associ-
ated with aggravation of prediabetes in
Zucker fatty rats. J  Periodontol
2007;78:559-565.

Nishikawa T, Naruse K, Kobayashi Y
et al. Involvement of nitrosative stress in

37.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

experimental periodontitis in diabetic
rats. J Clin Periodontol 2012;39:342-349.
Mahamed DA, Marleau A, Alnaeeli M
et al. G(-) anaerobes-reactive CD4 +
T-cells trigger RANKL-mediated
enhanced alveolar bone loss in diabetic
NOD mice. Diabetes 2005;54:1477—1486.
Watanabe K, Petro BJ, Shlimon AE,
Unterman TG. Effect of periodontitis on
insulin resistance and the onset of type 2
diabetes mellitus in Zucker diabetic fatty
rats. J Periodontol 2008;79:1208-1216.
Ide R, Hoshuyama T, Wilson D, Takah-
ashi K, Higashi T. Periodontal disease
and incident diabetes a seven-year study.
J Dent Res 2011;90:41-46.

Li Q, Chalmers J, Czernichow S et al.
Oral disease and subsequent cardiovascu-
lar disease in people with type 2 diabetes:
a prospective cohort study based on the
Action in Diabetes and Vascular Disease:
Preterax and Diamicron Modified-Release
Controlled Evaluation (ADVANCE) trial.
Diabtologia 2010;53:2320-2327.

Sima C, Rhourida K, Van Dyke T,
Gyurko R. Type 1 diabetes predisposes to
enhanced gingival leukocyte margination
and macromolecule extravasation in vivo.
J Periodontal Res 2010;45:748-756.
Wetzler C, Kampfer H, Stallmeyer B,
Pfeilschifter J, Frank S. Large and sus-
tained induction of chemokines during
impaired wound healing in the geneti-
cally diabetic mouse: prolonged persis-
tence of neutrophils and macrophages
during the late phase of repair. J Invest
Dermatol 2000;115:245-253.

Koulmanda M, Bhasin M, Awdeh Z
et al. The role of TNF-a in mice with
type 1- and 2- diabetes. PLoS ONE
2012;7:¢33254.

Gurzov EN, Eizirik DL. Bcl-2 proteins
in diabetes: mitochondrial pathways of
B-cell death and dysfunction. Trends Cell
Biol 2011;21:424-431.

Demmer RT, Squillaro A, Papapanou
PN et al. Periodontal Infection, Systemic
Inflammation, and Insulin Resistance
Results from the Continuous National
Health and Nutrition Examination Sur-
vey (NHANES) 1999-2004. Diabetes
Care 2012;35:2235-2242.

Scheen AJ. From obesity to diabetes:
why, when and who? Acta Clin Belg
2000;55:9-15.

Rhodes CJ. Type 2 diabetes—a matter of
B-cell life and death? Sci STKE
2005;307:380.

Kahn S, Zraika S, Utzschneider K, Hull
R. The beta cell lesion in type 2 diabetes:
there has to be a primary functional abnor-
mality. Diabtologia 2009;52:1003-1012.



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.



