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Periodontal pathogens and/or inflammatory products from periodontitis participate in the development or pro-
gression of systemic diseases. In this context, periodontitis acts as amodifying factor to systemic health, including
diabetes and cardiovascular diseases. Osteoporosis is an increasingly prevalent condition in our aging population
and considered a risk factor for periodontal disease, but the effect of periodontitis on systemic bone homeostasis
is unknown. We thus evaluated the effects of experimental periodontitis (EP) on systemic bone loss and the in-
fluence of estrogen deficiency in this context, using a mouse model of combined periodontitis and osteoporosis.
Experimental periodontitis (EP) was induced by a ligature insertion around the mandibular first molars and
Porphyromonas gingivalis infection. Three-dimensional microcomputed tomographic analyses performed
48 days following infection revealed that EP and ovariectomy (OVX) induced a significantly higher femoral
andmandibular bone loss compared to EP or OVX alone. EP alone did not induce systemic bone loss. In addition,
the EP + OVX and EP groups showed significantly higher levels of tumor necrosis factor (TNF)-α than OVX and
control groups at end point. These results suggest that periodontitis could be a risk factor for systemic bone loss,
especially in post-menopausal women, andwarrant further clinical investigations to confirm this association and
propose adapted prophylactic and curative therapies.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Theworld population is aging and the proportion of individuals over
65 is increasing [1]. Considering that menopause occurs around the age
of 50, millions of women will live many years at risk for osteoporosis
and fractures [2].

Osteoporosis is a systemic skeletal disease characterized by low
bone density and microarchitectural deterioration of bone tissues,
which leads to increased bone fragility and risk of fracture [3]. The influ-
ence of osteoporotic fractures in public health includes effects on mor-
tality, functional impairment, quality of life and has a costly financial
impact [4].

Periodontitis can be defined as an inflammation of the support tissue
around the teeth, leading to local bone tissue loss and destruction of the
periodontal ligament, or as an extension of gingivitis to adjacent bone
and ligament tissues [5]. From 2009 to 2012, 46% of adults in the US,
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representing 64.7 million people, had periodontitis, with 8.9% having
severe periodontitis [6].

Osteoporosis and periodontitis are inflammatory diseases character-
ized by bone resorption. Both are silent diseases, being asymptomatic
until late stages, and share several risk factors, such as tobacco use
and advanced age [7]. Initiation and progression of periodontal disease
can be modified by local factors and systemic conditions. Systemic risk
factors include gender, smoking and alcohol, as well as medical condi-
tions such as poorly controlled diabetes, obesity, stress and inadequate
dietary consumption of calcium and vitamin D [8]. Although osteoporo-
sis has also been considered a risk factor for the progression of peri-
odontal disease [7,9,10], this relationship is controversial [10,11].

Periodontal pathogens and/or inflammatory products from peri-
odontitis participate in the development or progression of systemic dis-
eases [12]. In this context, periodontitis acts as a modifying factor to
systemic health, including vascular disorders associated with athero-
sclerosis, diabetes mellitus, respiratory disorders, as well as several de-
bated associations such as preterm delivery, rheumatoid arthritis,
pancreatic cancer and metabolic syndrome [12]. Although a growing
body of literature has accumulated to investigate osteoporosis as risk
factor for periodontitis [7,9–11], the inverse interaction, i.e., the effect
of periodontitis on systemic bone remodeling, is unclear [11,12]. Inter-
estingly, older individuals with both osteoporosis and periodontitis
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are at greater risk for future fractures than those with either osteoporo-
sis or periodontitis alone [13]. This observation led us to hypothesize
that periodontitis is a risk factor for systemic bone loss and to evaluate
the effects of experimental periodontitis (EP) on ovariectomy-induced
systemic bone loss in mice.

There are several well-established models to induce EP in rats and
mice, such as the insertion of a ligature aroundmolars [14,15], bacterial
infection by oral gavage [15–17], lipopolysaccharide injection [15], or
association between ligature and bacterial infection [18–20]. The mo-
dalities and the duration of periodontitis induction are very important,
since they influence periodontal tissue destruction and serum levels of
proinflammatory cytokines as well, and different protocols can lead to
diverse results [19]. The ligature model has several disadvantages relat-
ed to the trauma caused during the ligature insertion and to the de-
crease in disease severity with time [18]. The oral gavage model on
the other hand, first reported by Baker et al. [16], does not induce an
acute alveolar bone loss, as opposed to the ligature insertion [15,18].
Ligature associated to Porphyromonas gingivalis infection generated
more active periodontitis [19], with increased periodontal bone resorp-
tion [21], more intense systemic response than ligature or oral P.
gingivalis infection alone [19] and also led to themaintenance of the dis-
ease intensity with time [18]. Therefore, ligature associated to P.
gingivalis infection was used to experimentally address our hypothesis
in mice.

2. Material and methods

Animal care and study protocols were approved by the Institute of
Science and Technology of São José dos Campos (UNESP) Ethics Com-
mittee (06/2012-PA/CEP). Forty-five 8-week-old specific pathogen
free female mice (Mus musculus, BALB/c), approximately 25 g, were
housed in a light- and temperature-controlled environment (12-hlight:
12-h-dark cycle; 22 ± 2 °C). After a 2-week adaptation, they were ran-
domly divided into four groups, as follows: 1) OVX group: ovariectomy
(OVX)without EP induction (n= 13); 2) Control group: OVX-sham sur-
gery without EP induction (n = 10); 3) OVX + EP group: EP and ovari-
ectomy (n= 10); 4) EP group: induced EP and OVX-sham surgery (n=
12).

Standard pellet diet was offered ad libitum to mice submitted to
sham surgery, and ovariectomized animals were pair fed,
i.e., restricted to the average amount of food eaten by the sham ones.
We measured the daily food intake of sham mice by weighing the
amount of food remaining in each cage every 24 h, for two weeks. All
animals received water ad libitum. Body weight was measured at the
day of OVX/Sham surgery and at euthanasia and these values were con-
verted to percentage of body weight gain.

2.1. Ovariectomy and sham surgery

All animals were anesthetized using injection of ketamine base
(100–150 mg/kg)/xylazine hydrochloride (10–15 mg/kg), and submit-
ted to ovariectomy or sham surgery on day 0.

Bilateral ovariectomywas performed following a bilateral longitudi-
nal skin incision in the lateral abdominal region. Sham surgerywas per-
formed by exposing the ovaries without excision. Ovariectomy was
performed by exposing the ovaries and excision with an electrocautery
instrument. The peritoneal muscle was sutured with an absorbable su-
ture thread (catgut 4–0, Ethicon, Johnson & Johnson, São José dos Cam-
pos, SP, Brazil) and skin with a silk line (3–0, Ethicon, Johnson &
Johnson, São José dos Campos, SP, Brazil). Efficacy of ovariectomy was
confirmed by bilateral uterus atrophy at euthanasia.

2.2. Bacterial strains and culture

P. gingivalis (ATCC 33277)was cultured at 37 °C on Fastidious Anaer-
obe Agar (Acumedia, Lansing, MI, USA) plates with sheep blood,
supplemented with 0.1% menadione and hemin (Sigma-Aldrich, Saint
Louis, MO, USA) in an oxygen-free atmosphere (80% nitrogen, 10% car-
bon dioxide and 10% hydrogen), as described previously [22]. After
7 days of growth on blood agar, P. gingivalis colonies were selected,
and a solution of 109 CFU/ml in 100 μl of 2% carboxymethylcellulose
[16](Sigma-Aldrich, Saint Louis, MO, USA)was prepared. This inoculum
was prepared immediately before use.

2.3. Periodontal disease induction

Periodontal disease was induced by the insertion of a ligature
around the lower first molar associated to P. gingivalis infection.

All mice were treated with sulfamethoxazole-trimethoprim
(Bactrim-Roche Químicos e Farmacêuticos S.A, Rio de Janeiro, RJ,
Brazil) (10 ml/l) in water, ad libitum for 10 days (day-11 to day-1; Fig.
1) to reduce native flora [16]. This was followed by a 3-day antibiotic-
free period [16](Fig. 1). On day 3, animals fromEP+OVX and EP groups
were anesthetized again before the insertion of the ligature. A 4-0 silk
thread (Ethicon, Johnson & Johnson, São José dos Campos, SP, Brazil)
was wrapped around the first inferior molars of the animals, carefully
pushing the ligature into the gingival sulcus and knottingmesially. Peri-
odontal disease was not induced in the animals of the OVX and control
groups, however, they were anesthetized and manipulated in the same
way as the others.

Animals from OVX + EP and EP groups were infected with
P. gingivalis (109 CFU in 100 μl of phosphate-buffered saline with 2% of
carboxymethylcellulose) [16] by gavage (50 μl placed into the esopha-
gus and 50 μl into oral cavity) eight times [17] at 2-day intervals (days
3, 6, 9, 12, 15, 18, 21, and 25; Fig. 1). Control and OVX mice received
the carboxymethylcellulose gavage without P. gingivalis.

On days 18 and 33, the animals were anesthetized, the presence of
the ligature was evaluated (groups EP and OVX + EP), and the animals
in which it was absent were excluded from the study. At this time, we
repositioned the thread in an apical position to maintain the ligature
in intimate contact with the marginal tissues.

2.4. Euthanasia

Euthanasia was performed on day 51 (51 days after the day of OVX
or sham surgery) [23]. Animals were anesthetized, and blood was col-
lected (BD Vacutainer, BD, São Paulo, São Paulo, Brasil) from the heart
ventricle for blood serum analyses. After blood centrifugation (2000 g,
20 min), serum was stored in −20 °C. Urine was also collected and
stored in −20 °C for C-terminal telopeptide of type I collagen (CTX)
levels evaluation. After decapitation, mandible and femurs were re-
moved and fixed in paraformaldehyde 4% (phosphate buffer pH 7, 4;
0,1 M). A single examiner blind to group allocation of samples and
mice performed all following analyses.

2.5. Micro-computed tomography (μCT)

Three-dimensionalmicrocomputed tomography analyses of the dis-
tal femoral metaphysis were performed using a Scanco μCT 40 system
(Scanco Medical, Bassersdorf, Switzerland). Tomographic images were
acquired at 55 kVp and 145 μA with an isotropic voxel size of 12 μm
and at an integration time of 300 ms. To segment bone from non-
mineralized tissue, a Gaussian noise suppression filter (σ = 0.3, sup-
port = 1) was used, and global thresholds were consistent across
scans per anatomical site [24].

Five right hemi-mandibles of each group were selected randomly
and also scanned in a Scanco μCT40 at 70 kV and 114 μA X-ray source,
500 projections/180° rotation and 300 ms integration, and image were
reconstructed with 16 μm isotropic voxels. A three-dimensional (3D)
volume of interest (VOI)was standardized and defined by the following
points: the apex of the mesial root of the first molar (apical limit); the
first molar furcation area (coronary limit); mesial of the mesial root of



Fig. 1. Experimental design.
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the second molar (posterior limit); and mesial of the mesial root of the
first molar (anterior limit) [25]. For consistency between measure-
ments, the cortex and roots were excluded. Within the VOI, a threshold
of 548 HA/ccm, sigma value of 0.3, and support of 1were applied to seg-
ment bone from soft tissue.

Bone volume fraction (BV/TV), trabecular number (Tb.N), thickness
(Tb.Th) and separation (Tb.Sp) were calculated using standard
methods.

2.6. Morphometric alveolar bone loss analysis

The left hemi-mandibles were washed in tap water to remove
formalin residues, immersed in boiling water during 30 min [2] and
then treated with 8% sodium hypochlorite for 4 h. A new washing was
done and the hemimandibles were defleshed mechanically.

For delimitation of the cementoenamel junction (CEJ), the specimens
were stained in 1% methylene blue [2] (Labsynth, Diadema, SP, Brazil)
and had their lingual surfaces examined under stereomicroscopy. The
Fig. 2. Graphics of levels (pg/ml) of carboxy terminal telopeptide of type I collagen (CTX, A), os
(TNF-α, F). Same lower case letters over the bars indicate the absence of statistical significance a
(B and C), and non-parametric data are represented in box plot graphs (A, D, E, F). The results o
man–Student–Keuls, NSK) are indicated between brackets below each graph title.
specimens were fixed in wax in order to obtain parallelism between lin-
gual and buccal cusps. The image at X20magnification was digitized and
the distance between CEJ and the top of lingual alveolar bone crest along
the axis of each root (mesial and distal) of first molar wasmeasured [26].
The total alveolar bone loss was considered as the mean between the
mesial and distal root measurements. In this analysis, we used 9–10
samples per group.
2.7. Enzyme-linked immunosorbent assay (ELISA)

Blood and urine samples were thawed a room temperature. Then,
serum tumor necrosis factor (TNF)-α, interleukin (IL)-4, IL-6, IL-17
(R&D Systems, Minneapolis, MN, USA) and osteocalcin (OC; US Biolog-
ical Life Sciences, Swampscott, Massachusetts, USA); and urine CTX
(US Biological Life Sciences, Swampscott, Massachusetts, USA) concen-
trations were determined using commercial ELISA kits, according
to manufacturer's instructions. Samples from 8 animals per group
were used, since in several animals we could not collect enough blood
to perform all analyzes.
2.8. Statistical analysis

Data were analyzed using the analysis of variance (ANOVA, F) or
non-parametric Kruskal–Wallis (H) test (α=0.05). In case of statistical
differences, the t-test or Newman–Student–Keuls (NSK)were used. The
tests were performed using the Bioestat 2.0 (Sociedade Civil Mamirauá,
Belém, PA, Brazil). Parametric data are represented in mean and stan-
dard deviation graphs, and non-parametric data are represented in
box plot graphs. Medians are showed when statistical non-parametric
tests were performed [27].
teocalcin (OC, B), interleukin (IL)-4 (C), IL-6 (D), IL-17 (E) and tumor necrosis factor alpha
fter post hoc test. Parametric data are represented inmean and standard deviation graphs
f statistical test (ANOVA, F or Kruskal–Wallis, H), p value and post hoc test (t-test or New-
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3. Results

3.1. Body weight

Hyperphagia associated to ovariectomy leads to increased masti-
catory function and consequent increase in the mechanical load
applied to the alveolar bone, which could modify the direct effects
of estrogen deficiency in the jaws [28]. For these reasons, in this
study, we restricted the feeding of ovariectomized animals to the
same amount consumed by sham animals. The percentage of weight
gain over 51 days following surgery was not significantly different
between the groups (Supplementary Fig. 1), confirming the success of
pair-feeding.

3.2. Detection of serum and urine cytokines

Fifty-onedays afterOVX or sham-surgery, cytokine levelsweremea-
sured by enzyme-linked immunosorbent assays. CTX levels were found
higher in the OVX group compared to control, confirming the success of
ovariectomy, but EP alone did not significantly increase urine CTX levels
compared to the sham control group (Fig. 2).

All 3 experimental groups showed increased levels of IL-17
compared to control, and similar results were found regarding IL-6.
Groups with EP (EP and OVX + EP) presented higher levels of TNF-α
Fig. 3.Graphics of values of bone volume fraction (BV/TV, A), trabecular separation (Tb.Sp, B), tr
metric data are represented inmean and standard deviation graph (C), and non-parametric data
the absence of statistical significance after post hoc test. The results of statistical test (ANOVA, F o
indicated between brackets below each graph title. Tridimensional reconstruction of the volume
Deterioration of bone microarchitecture can be seen in the OVX + EP group.
than groups without EP (Control and OVX). No difference was found
among groups regarding serum levels of the anti-inflammatory cyto-
kine IL-4 or OC, a marker of bone formation (Fig. 2).

3.3. Femur micro-computed tomography

Lower BV/TV was found in experimental groups compared to con-
trol, and the OVX group showed a significantly lower BV/TV than con-
trol, confirming the success of ovariectomy. However, the OVX + EP
group showed the lowest BV/TV percentage, which was statistically
different from the other groups. The OVX + EP group also showed the
lowest Tb.N and Tb.Th values among groups,while presenting increased
Tb.Sp (Fig. 3).

3.4.Mandiblemicro-computed tomography andmacroscopicmeasurements

Focusing on the alveolar bone volume around the first mandibular
molar, we observed that the OVX + EP group had the lowest BV/TV.
Groups with EP (EP and OVX + EP) also showed increased Tb.Sp
and lower Tb.Th compared to other groups. There was no difference
among groups regarding Tb.N (Fig. 4).

After evaluating the bone microarchitecture by micro-tomography,
the hemi-mandibles were defleshed and the linear distance between
the alveolar bone crest and the cementum-enamel junction along
abecular number (Tb.N, C) and trabecular thickness (Tb.Th, D) in femoralmetaphysis. Para-
are represented in box plot graphs (A, B, D). Same lower case letters over the bars indicate
r Kruskal–Wallis, H), p value andpost hoc test (t-test orNewman–Student–Keuls, NSK) are
of interest in the femoralmetaphysis of one representative specimen from each group (E).



Fig. 4. Graphics of means and standard deviation of bone volume fraction (BV/TV, A), trabecular separation (Tb.Sp, B), trabecular number (Tb.N, C) and trabecular thickness (Tb.Th, D) in
alveolar bone around the mandibular first molar. Same lower case letters over the bars indicate the absence of statistical significance after post hoc test. The results of statistical test
(ANOVA, F), post hoc test (t-test) and p value are indicated between brackets below each graph title. Delimitation of the region of interest in axial slice can be seen on E. Tridimensional
reconstruction of the volume of interest of one representative specimen from each group can be seen on F. Note the deterioration of bonemicroarchitecture in the OVX+ EP group (E and
F). Tridimensional reconstruction of one representative hemi-mandible of each group to illustrate the alveolar bone loss in groups with experimental periodontitis (G).
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the two first mandibular roots was measured. Groups with EP (EP,
OVX + EP) presented statistically significant higher alveolar bone
loss when compared to those without EP (control, OVX) (Fig. 5). There
was no difference between the EP and EP + OVX groups.
Fig. 5. Box plot graph of linear distance between alveolar bone crest and cementum-enamel jun
bars indicate the absence of statistical significance (H=25.579, p b 0.001, Newman–Student–K
alveolar bone loss in groups with experimental periodontitis (B).
4. Discussion

Although osteoporosis was classified as a risk factor for periodontal
disease [8–11], the relationship between periodontitis and systemic
ction (CEJ-ABC) along the two first mandibular roots (A). Same lower case letters over the
euls post hoc test). Image of a representative hemi-mandible of each group to illustrate the
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bone loss is still controversial. Some studies have associated periodonti-
tis and increased systemic bone loss [8–12], but a causal relationship
between the two conditions is difficult to establish in prospective and
retrospective clinical studies. We therefore addressed, using an experi-
mental mouse model of combined osteoporosis and periodontal dis-
ease, whether periodontal disease influences bone homeostasis, in the
context of a normal or estrogen-deficient status. Our results indicate
that although experimental periodontitis alone does not significantly
induce femoral bone loss, it exacerbates the bone loss associated with
estrogen deficiency.

One probable mechanism involved in this effect is the production of
inflammatory cytokines. EP alone induced a significant increase in IL-6,
IL-17 and TNF-α serum levels compared to controls at end point, but did
not significantly affect systemic bone parameters. OVX on the other
hand led to an increase in serum IL-17 (and to a lesser extend IL-6)
and urinary CTX levels, which was accompanied by a significant reduc-
tion in femoral BV/TV compared to sham controls, but it did not affect
TNF-α serum levels at end point. A chronic elevation of TNF-α serum
levels thus stands as the most likely mediator for the aggravation of
the ovariectomy-induced systemic bone loss in OVX + EP mice.
Among the many factors involved in the pathophysiology of bone loss,
TNF-α has a central role. It stimulates osteoclastogenesis, suppresses
the recruitment of osteoblasts from progenitor cells, induces resistance
to 1,25-dihydroxyvitamin D3 and inhibits the expression of matrix pro-
tein genes [29]. TNF-α is also known to contribute to periodontal dam-
age by amplifying inflammatory reactions [30] and stimulating the
expression and activation of matrix metalloproteinases that degrade
connective tissuematrix [31]. In patientswith periodontitis, TNF-α con-
centrations in serum samples and gingival tissue biopsies are higher
compared to healthy individuals [32]. In addition, blockade of TNF-α ac-
tion leads to significantly anti-inflammatory properties and decreases
alveolar bone loss in rats with EP [33].

Our experimental setting also allowed us to investigate the effect of
estrogen deficiency on the alveolar bone supporting teeth. We show
that 51 days after surgery, OVX mice had lower mandibular Tb.Th
than control, although alveolar BV/TV, trabecular space and number
were not significantly affected, in contrast to results from Macari et al.
[34], who evaluated the interradicular septum of maxillary first molar.
These different results could be explained by the different mechanical
forces that are applied to the mandible and maxilla, that can partially
prevent cancellous bone loss in OVX rats [28,35]. Indeed, the effect of
estrogen deficiency on rat jaws is controversial, and may be dependent
on difference in the duration of estrogen deficiency and the region ana-
lyzed [36]. While some authors observed no jaw alterations resulting
from ovariectomy [36–38], others [39–42] found a negative effect of
estrogen deficiency in several jaw regions.

EP as expected induced alveolar bone loss, and the combination
EP + OVX aggravated the deterioration in alveolar bone micro-
architecture compared tomicewith EP alone, as shown by a significant-
ly lower BV/TV around the first molar, in agreement with other studies
in rats [43] andmice [44]. These results suggest that estrogen deficiency
can exacerbate the severity of alveolar bone deterioration, via mecha-
nisms to be identified. We did not find significant difference in the dis-
tance between cementum enamel junction and alveolar bone crest
between mice without EP (no difference between OVX and control
groups) or with EP (no difference between EP and OVX + EP groups)
at the 51 day end point, in agreement with another study in mice [45].
These results suggest that estrogen deficiencymay not directly affect al-
veolar bone height, although a recent study showed increased alveolar
bone crest loss in OVXmice (without EP) compared to control animals,
15 and 30 days after OVX [34].

5. Conclusion

Our results inmice provide experimental evidence that periodontitis
could be a risk factor for systemic bone loss, especially in women with
estrogen deficiency, and possibly in individuals characterized by pro-
inflammatory conditions, which are prevalent in our aging population.
They support a previously reported association study suggesting that
older individualswith both osteoporosis and periodontitis are at greater
risk for future fractures than thosewith either osteoporosis or periodon-
titis alone [13]. Further clinical investigations are thuswarranted to con-
firm this association and propose adapted prophylactic and curative
therapies. The effect of osteoporosis on the onset and progression of
periodontitis is also to be further explored in aging individuals to devel-
op therapeutic options limiting alveolar bone loss.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2015.11.014.
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