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Abstract

Obijectives: Periodontal disease is understood to be a result of dysbiotic interactions
between the host and the biofilm, causing a unique reaction for each individual,
which in turn characterizes their susceptibility. The objective of this study was to
chronologically evaluate periodontal tissue destruction induced by systemic bacterial
challenge in known susceptible (BALB/c) and resistant (C57BL/6) mouse lineages.
Material and Methods: Animals, 6-8 weeks old, were allocated into three
experimental groups: Negative control (C), Gavage with sterile carboxymethyl
cellulose 2%—without bacteria (Sham), and Gavage with carboxymethyl cellulose
2% + Porphyromonas gingivalis (Pg-W83). Before infection, all animals received
antibiotic treatment (sulfamethoxazole/trimethoprim, 400/80 mg/5 mL) for 7 days,
followed by 3 days of rest. Microbial challenge was performed 3 times per week for
1, 2, or 3 weeks. After that, the animals were kept until the completion of 42 days of
experiments, when they were euthanized. The alveolar bone microarchitecture was
assessed by computed microtomography.

Results: Both C57BL/6 and BALB/c mice exhibited significant bone volume loss and
lower trabecular thickness as well as greater bone porosity compared to the (C) and
(Sham) groups after 1 week of microbial challenge (p <.001). When comparing only
the gavage groups regarding disease implantation, time and lineage, it was possible
to observe that within 1 week of induction the disease was more established in
BALB/c than in C57BL/6 (p < .05).

Conclusions: Our results reflected that after 1 week of microbial challenge, there
was evidence of alveolar bone loss for both lineages, with the loss observed in

BALB/c mice being more pronounced.
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1 | INTRODUCTION

Over time, the understanding of periodontitis has transitioned from a
simple infectious disease paradigm to a more complex dysbiotic
condition, marked by the disruption of microbial communities
(Hajishengallis & Lamont, 2021). This dysbiosis disrupts the delicate
balance of tissue homeostasis, leading to an aberrant immuno-
inflammatory response and subsequent tissue damage (Hajishengallis
& Moutsopoulos, 2015). The activation of receptors such as Toll-like
receptors (TLRs) triggers the production of inflammatory cytokines
and chemokines, culminating in pathological bone loss and eventual
destruction of the dental supporting structures (Li & Amar, 2007;
Polak et al., 2009; Shimabukuro et al., 2021; Wu et al., 2020).
Osteoclasts play a pivotal role in this intricate process, as increased
osteoclast formation and activity contribute to the host's secretion of
proinflammatory cytokines (Lin et al., 2021; Palioto et al., 2019; Wu
et al., 2020). The variability in this orchestrated process is intimately
linked to the host's susceptibility or hyperresponsive profile, which, in
turn, influences the transition from a commensal biofilm state to a
pathogenic one and the development of chronic resorptive disease.

One noteworthy protagonist in the realm of periodontal disease
is Porphyromonas gingivalis, a key microorganism recognized for its
significant role in disease development (Ding et al, 2018). P.
gingivalis, in conjunction with other microorganisms, substantially
contributes to the onset of severe periodontitis and its associated
systemic consequences (Graves et al., 2012). This microorganism
incites an uncontrolled and destructive immune response within the
context of disrupted homeostasis (Gully et al., 2014; Nagashima
et al.,, 2017). Host-related factors, including genetic and epigenetic
components, alterations in signaling pathways, rare immune deficien-
cies, and environmental influences, are pivotal in determining the
susceptibility to immune subversion by P. gingivalis and the induction
of dysbiosis (Hajishengallis & Lamont, 2021). Interestingly, certain
individuals may possess intrinsic mechanisms that resist P. gingivalis's
capacity to transform a eubiotic microbiota into a dysbiotic one,
providing insights into the complexity of host-pathogen interactions
(Hajishengallis & Moutsopoulos, 2015). The investigation into the
chronology of bone loss in a periodontitis model induced in two
distinct mouse strains, characterized by differing susceptibilities,
unveils the intricate interplay of these multifaceted factors in the
pathogenesis of periodontal disease.

The first animal model used to induce alveolar bone loss was
generated at the Forsyth Institute in the United States (Sharawy
et al., 1966). In the oral gavage model of periodontitis, P. gingivalis
(Graves et al., 2012) does not cause alveolar bone loss in germ-free
mice, although it can colonize them in biofilm conditions
(Baker, Dixon, & Roopenian, 2000). In conventional mice, however,
this oral bacterium remodels the periodontal commensal microbiota
into a dysbiotic community that causes bone loss, provided that the
mice have intact complement and TLR signaling pathways
(Baker, 2005; Graves et al., 2012; Hajishengallis & Lamont, 2021;
Marchesan et al., 2018; Wilensky et al., 2009). The generated
inflammatory impact on the periodontium differs in the levels of

gingival epithelial growth (Li & Amar, 2007) in the bone loss profile (Li
& Amar, 2007; Polak et al., 2009) and the levels of inflammatory
markers (Okada et al., 2010).

Alveolar bone resorption in mice is generally assessed around the
upper molars, as the induction of bone loss in the lower molars is slower
due to thicker cortical alveolar bone and wider buccolingual dimensions
(Wilensky et al., 2009). Bone loss can be measured histologically by
macroscopic analysis or microcomputed tomography. The latter,
however, is able to observe the bone microstructure, trabeculae, and
porosity and offers a better way of observing this complex structure's
tridimensionality (Li & Amar, 2007; Wu et al., 2020).

Much research has been designed to study methods for initiating
experimental periodontal lesions with P. gingivalis. However, all these
methods lead to variations in the time for periodontal lesions to
develop, ranging from 10 days (Li & Amar, 2007) to 6 weeks after
final inoculation (Baker, 2005), and recent studies have shown that
bone loss can be detected 2 weeks after gavage (Palioto et al., 2019)
or 3 weeks after the onset of infection (Marchesan et al., 2018).

Therefore, we used this model of experimental periodontitis
induced by systemic microbial challenge (gavage) to assess the
dynamic microstructural changes in alveolar bone. It is, therefore,
essential to better characterize this model to allow reproducibility in
experimental investigations, making it relevant to human pathology.
To the best of our knowledge, no study has chronologically evaluated
periodontal tissue degradation after experimental periodontitis
induced by P. gingivalis in two lineages of C57BI/6 and BALB/c mice,
allowing comparison by week of induction and susceptibly different

mouse lineages.

2 | MATERIALS AND METHODS
2.1 | Ethical considerations

The experimental protocols in this study were approved by the Ethics
Committee on Animal Use (CEUA) of the Ribeirdo Preto School of
Dentistry (FORP) of the University of Sdo Paulo (USP) with protocol
number CEUA 2018.1.644.58.6. Every effort was made to minimize
the suffering of the animals, as well as the number of animals used, in
accordance with the guidelines of the Brazilian Society for Laboratory
Animal Science (SBCAL/COBEA), respecting the ethical principles of
animal experimentation, the standards for the didactic-scientific
practice of vivisection of animals (Law 11.794/2008), the Universal
Declaration of Animal Rights of UNESCO (United Nations Educa-
tional, Scientific and Cultural Organization) and international stan-
dards (Guide for the Care and Use of Laboratory Animals, National
Academy of Science, USA, 1996).

2.2 | Calculation of sample size

The sample size calculation was performed using GraphPad State-
mate 2.0 software (GraphPad Software). The optimal sample size to
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ensure 80% power in the statistical analysis of the data obtained in
this study was calculated by considering the differences in means and
standard deviations between the DP and C groups of the study by
Oliveira et al. (2017), recognizing the significant difference of 5% (6)
between the groups, 95% confidence interval (a=.05), standard
deviation (o) of 23%, and the changes in the bone volume (VO) mean
as the primary variable [Za (1.96) + Zf3 (0.84)]2 = 7.84. The calculation
of the sample per group was based on the formula: n 2 {2[(0)2/(5)
2]} x (Za + Z3)2. The minimum number required was eight animals per
experimental group. Considering possible losses related to the
sensitivity of the animals to the experimental periodontitis induction
protocols, 10 mice were included per subgroup for each experimental
group (BALB/c & C57BL/6).

2.3 | Study design

We used 140 mice (Mus musculus), 70 BALB/c and 70 C57BL/6. To
avoid the possible effects of estrogen, we used only 6-week-old male
mice weighing approximately 20 g from the PUSP-RP Central Animal
facility. The mice were housed in collective autoclavable poly-
propylene cages under a temperature ranging from 22°C to 24°C
with 12/12-h light-dark cycles. The animals underwent a period

Clinical and Experimental Dental Research

_WILEY—**

OpenAccess

of 7 days of acclimatization to the environment and the project's
execution team. During the study, the animals were fed a selected
solid ration and water ad libitum.

The animals were identified by a numerical code and allocated
into three different subgroups: Control (C), Sham Gavage with 2%
sterile carboxymethyl cellulose (Sham), and Pg W83 (Gav). Mice
received the antibiotic trimethoprim-sulfamethoxazole systemically
at a concentration of 80 mg trimethoprim and 400 mg sulfameth-
oxazole in 5 mL deionized water ad libitum for 10 days to reduce the
native flora, followed by a 3-day period without antibiotics

(Figure 1a).

24 |
culture

Preparation of the P. gingivalis bacterial

The original Pg W83 culture was kept frozen in defibrinated sheep
blood at -80°C, and an aliquot of the bacteria was maintained by
weekly transfer on supplemented blood agar (trypticase soy agar with
0.1% yeast extract, 5.0 pug of hemin per mL, 0.5 ug of menadione per
mL and 5% defibrinated sheep blood). For the experiments, the
bacteria were grown in anaerobiosis under an atmosphere of 5%
CO,, 10% H,, and 85% N, on supplemented blood agar at 37°C for

(a) Antibiotic preparation (c) Gavage bacteria Healthy controls: Normal mices C57B/6
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+ = N . ~ =
W ® OD =0,7 means _E =
¢ 10°Pg - Sham group mices C57BL/6 & Balb-C 2 week
- L 2 E
1.6 mL sulfatrim (Sulfamethoxazole 400mg/ 21.4 mL sulfatrim (Sulfamethoxazole t Sham group mices C57BL/6 & Balb-C 3 week
trimethoprim 80 mg) pediatric suspension 400mg/ trimethoprim 80 mg) [5)
+ pediatric suspension N
75 ml water b * Final vol = 6.0ml =
1000 mL water cach mice 100 ul ol
T R = s 5 T E\\
| Gavage group mices CS7BL/6 & Balb-C 2 week
| 4
(b) Bacteria preparation 4
P
T ovemitt &L Time b h
' ’ & Ovemd e (Weeks-days) v & & &
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supplemented blood trigger ts growth is vortexed I
agar 0t ]
Day3 | week
| J
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= - /
- — 3
\l- - -— u. * week
— | &> —— ~
— Adjust concentration 0D 0,7 dgf's -
Ressuspended Pg pellet e
in PBS + 2% of After adjustment, the sample is centrifuged and the MicroCT

o
carboximethylcellulose supematant discarded by preserving the pellet formed

in the falcom tube

FIGURE 1 Experimental design. (a) Antibiotic preparation. (b) Bacteria preparation. (c) Gavage bacteria.
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4-7 days. The bacteria were suspended in phosphate-buffered saline
(PBS), and the number of colony-forming units (CFU) was standard-
ized using the optical density at 700 nm (Baker & Roopenian, 2002;
Baker et al., 1999; Hart et al., 2004) (Figure 1b).

2.5 | Systemic microbial challenge
The experimental group was inoculated by gavage with a total of 10°
live P. gingivalis CFU in 200 pL of PBS and 2% sterile carboxymethyl
cellulose through a feeding needle. The total volume was placed in
the stomach, leaving extravasation in the oral cavity (Kato et al., 2018).
This suspension was administered three times at intervals of 2 days
per week until completion of 3 weeks, and the experiment was
divided into four repetitions per subgroup and strain to minimize and
control possible errors (Palioto et al., 2019) (Figure 1c).

The animals were euthanized 62 days after the beginning of the
experiments. Euthanasia was performed by intraperitoneal adminis-

tration of a lethal dose of pentobarbital (150 mg/kg).

2.6 | Analysis with X-ray transmission computed
microtomography (micro-CT)

Nondemineralized specimens were scanned using a cone beam
micro-CT system (Skyscan 1174; Bruker). The X-ray generator was
operated at an acceleration potential of 60 kV with a beam current of
165 pA and an exposure time of 490 ms per projection. Images were
produced with a voxel size of 6x6x6um. Using appropriate
software (Data Viewer, version 1.5.0; Bruker), the generated three-
dimensional models were rotated to a standard analysis position
(Figure 2a).

Volumetric analysis of the upper second molar mesial and distal
interproximal regions was performed (Shimabukuro et al., 2021).
After identification of the cementoenamel junction, 15 sections were
counted apically. Section 16—the region of interest—was delimited

until reaching another 15 sections for analysis. Briefly, for the mesial

1° Molar
2° Molar

3° Molar
2° Molar

[ N ‘\.’\J\
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interproximal measurement, a rectangle was created from the palatal
pulp chamber of the maxillary second molar, extending to the buccal-
distal pulp chamber of the maxillary first molar, thus delimiting the
width (Figure 2b). After defining the width, the rectangle was reduced
in length to the interproximal region without changing its width to
standardize and cover only the alveolar bone (Figure 2c). For the
analysis of the distal interproximal region, a rectangle was created
from the distal pulp chamber of the maxillary second molar and the
mesial pulp chamber of the maxillary third molar (Figure 2d)
standardized and covered only the distal interproximal alveolar bone
(Figure 2e). All micro-CT analyses were performed by a calibrated
operator who was unaware of the experimental groups and
treatments performed.

Linear measurements of the alveolar bone level were taken at
two different sites, mesial and distal (interproximal), as previously
described (Messora et al., 2016) on the maxillary second molar. The
two linear measurements obtained from each animal were added
together to express the value of the alveolar bone level.

2.7 | Statistical analysis

Two-way analysis of variance followed by Tukey's test was used to
compare the bone parameters obtained from the control and
treatment groups. The comparison between each treatment as a
function of time was performed. A p < .05 was used as the minimum
statistical significance value. GraphPad Prism 9.0 software was used
to prepare graphs and perform analyses.

3 | RESULTS

Representative images of the three-dimensional rendered recon-
structions of the microtomographic sections of the hemimandibles of
the animals in the three groups can be observed in Figure 3.

The means and standard deviation of (Bv/Tv), (PO) tot, (Tbh.Th)

and (Th.Pf) are shown in Figure 4. The values showed significantly

2, Molar

3° Molar

FIGURE 2 Micro-CT analysis. (a) Measurement in the CT Analyzer software in the interproximal region for volumetric analysis by means of a
sagittal image of the maxillary second molar. (b) Delimitation of the mesial region of interest (ROI) mesial interproximal region. (c) Measurement
of mesial region 4. Delimitation of the ROI distal interproximal region. (d) Measurement of the distal region.
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lower bone volume in the first-, second- and third-week Gav groups
than in the C and Sham groups (p<.0001) (Figure 4a). When
comparing the bone volume in the Gav group between the two
lineages, it is possible to observe that alveolar bone loss is more
evident in the BALB/c first-week (33.29% + 3.40) (p < .01) and second-
week (35.59% * 3.40) groups when compared to the C57BL/6 first-
week (48.89% +2.31) and second-week (42.78% +2.47) groups
(Figure 5a).

Figure 4b shows the means and standard deviation of the
percentage of total porosity. The results showed significantly
increased porosity for the Gav group in both lineages and at all
times of induction, followed by the Sham and C groups (p <.0001).
The BALB/c lineage - Gav group presented the highest percentage of
porosity in the first week (66.71% + 3.40) (p <.01) (Figure 5b).

The bone trabecular thickness in mm? is shown in Figure 4c. The
first-, second- and third-week Gav groups had the lowest values for
both lineages, which were statistically significant in relation to the
other evaluated groups, C and Sham (p <.0001). When evaluating
only the Gav group for the two lineages, it was possible to observe
that the BALB/c first-week group had a significantly lower value
(0.06345 +£0.002728) than the C57BL/6 first-week group
(0.04 £0.002) (p < .01) (Figure 5c).

The trabeculae pattern was considerably less organized for the
GAV group, within one (30.16 + 2.324) and 2 weeks (35.69 + 1.374)
of induction when compared to the C and Sham groups in the
C57BL/6 lineage (p < .001) (Figure 4d). For the BALB/c lineage, a less

C57bl/6

Balb/c

Control
C57BL/6
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organized pattern of trabeculae was observed at all times (p <.0001)
(Figure 4d). When comparing only the gavage groups (Figure 5d), the
BALB/c lineage showed the least organized trabecular pattern when
compared to the C57BL/6 lineage (p <.01).

The gavage groups of both strains showed greater linear bone
loss when compared to the Sham and Control groups (p <.05)
(Figure 6a,b). When comparing only the gavage groups of the two
strains, bone loss was evident after 2 weeks of induction in the
BALB/c group (Figure éc).

4 | DISCUSSION

Knowledge of periodontitis etiopathogenesis has been revised in
recent years, and systemic immune-inflammatory host modulation of
the onset and progression of alveolar bone loss is becoming evident.
Indeed, the susceptibility of the host to periodontitis and to other
chronic diseases might involve a common hyperresponsive inflam-
matory background that can be expressed or not. Models of
experimental periodontitis are often used to understand the process
of the disease. In our interpretation, the method of periodontitis
induction that would more closely assemble chronic inflammatory
periodontitis is, to date, the systemic microbial challenge imposed by
a gavage of P. gingivalis or the association of other periodontal
diseases; the use of a key pathogen appears to be an interesting

approach for preclinical studies of periodontitis induction (Abe &

Gavage 3W
C57BL/6

(CEVET-LR )
Balb/C

FIGURE 3 Three-dimensional rendered reconstructions of the microtomographic sections buccal view of Groups C (a and h), Sham 1 week
(b and i), 2 weeks (c and j) and 3 weeks (d and k), Gav 1 week (e and |), 2 weeks (f and m), and 3 weeks (g and n) and representation of the
chronicity of the disease in Groups C (o and r) and Gav 2 weeks (p and f) and 3 weeks (q and t); the red drawings represent the size of the area

without bone.
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), total porosity POtot (b), thickness Tb.Th (c), and trabecular pattern

Th.Pf (d) and comparisons between groups. Asterisks indicate significant differences between groups (analysis of variance, Tukey, p <.05).

Hajishengallis, 2013; Hajishengallis & Diaz, 2020). In this study, we
sought to observe the events in bone microarchitecture in two
lineages of mice—one known as “susceptible” to the development of
periodontitis by means of systemic microbial induction, BALB/c, and
another considered “resistant” to it, C57BL/6 (Graves et al., 2012).
Additionally, the time of challenge was stratified into the first,

second-, and third weeks of induction. In this way, it was possible to
observe the chronology of the process itself.

The gavage model, as demonstrated in previous research
(Hajishengallis & Lamont, 2012), has proven invaluable for studying
periodontal disease pathogenesis. Faithfully replicating key human

disease aspects, including alveolar bone resorption, inflammatory
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FIGURE 5 Means and standard deviations in the gavage group. Bone volume Bv/Tv (a), total porosity POtot (b), thickness Tb.Th (c), and
trabecular pattern Tb.Pf (d) and comparisons as a function of time, lineage, and implantation of periodontal disease in the gavage group. Asterisks
indicate significant differences between groups (analysis of variance, Tukey, p < .05).

responses, microbial dysbiosis, and systemic effects (Hajishengallis &
Lamont, 2016; Hajishengallis et al., 2011; Lamont & Hajishengallis, 2015;
Olsen et al, 2016), the gavage model provides a controlled and
reproducible means to investigate periodontal disease mechanisms and
explore potential therapeutic interventions. While acknowledging that
no animal model can fully replicate human disease complexity, the
gavage model remains a valuable tool for preclinical studies in
periodontitis research.

As has already been reported in the literature, different lineages
express distinct susceptibilities to periodontitis induction. However,
the results of this study brought about a slightly different concept:
the time of induction seems to be different when comparing BALB/c
and C57BL/6 mice. BALB/c mice exhibited faster bone loss than
C57BL/6 mice. Changes were noted in microarchitecture that
demonstrated a worsening in bone quality, with the beginning of
trabecular bone thickness and less organized trabecular pattern in the
gavage groups from the first week, in addition to high levels of porosity.
It is well documented that the ligature-induced periodontitis model can
be started at a known time with a predictable sequence of events that
culminates in periodontal bone loss in a few days, which allows it to be a
valid and reproducible technique (Baker, Dixon, Evans, et al., 2000;
Graves et al.,, 2012). This standardization is not well established for the
gavage-induced periodontitis model. In many studies, mice are
euthanized at 6 weeks after final inoculation (Takeuchi et al., 2013;
Yu et al., 2007). Others have shown that bone loss can be detected as
early as 2, 3, or even 1 week after initiation of infection (Graves
et al., 2012). There is no scientific consensus that demonstrates when

the onset, acute and chronic phases of the disease occur.

Studies using the mouse oral gavage model of periodontitis have
confirmed that P. gingivalis has the ability to inhibit the expression of
neutrophil-recruiting chemokines (Baker, Dixon, & Roopenian, 2000),
as predicted by the local chemokine paralysis model (Maekawa
et al.,, 2014). These studies may help to elucidate that P. gingivalis
plays an important role in the onset and development of periodontal
damage and, consequently, in bone loss. Although the literature
demonstrates that the action of P. gingivalis can be transient on the
subversion of leukocytes (inhibited expression occurs only during the
first days after oral inoculation of P. gingivalis), this subversive activity
can delay the recruitment of neutrophils and allow initial biofilm
formation in the relative absence of neutrophil defenses. Once a
mature pathogenic biofilm develops that is able to resist neutrophil
defenses, neutrophil recruitment can promote inflammation, thus
contributing to the escalation of dysbiosis (de Molon et al., 2014;
Zenobia & Hajishengallis, 2015).

In fact, not only does the inflammatory environment favor the
development of a subset of inflammatory species derived from the key
pathogen status of P. gingivalis, but compromised host immunity allows
for uncontrolled bacterial growth, interrupting homeostasis and thus
leading to selective inhibition of antimicrobial responses and promo-
tion of destructive inflammation (Zenobia & Hajishengallis, 2015).
These data suggest that, possibly, in an animal model, P. gingivalis has
the capacity to create a favorable microenvironment for biofilm
maturation, which may lead to the understanding that bone loss is a
consequence for the groups where P. gingivalis gavage was executed.
The identification of bone loss in the Sham group, a cohort typically

subjected to procedures lacking the introduction of the experimental
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FIGURE 6 Means and standard deviations of linear
measurements of the alveolar bone level. C57BL/6 group (a),
BALB/c (b), Gavage groups (c). Asterisks indicate significant
differences between groups (analysis of variance, Tukey, p <.05).

agent (P. gingivalis in this instance), may raise concerns. However, bone
loss in the Sham group in periodontal disease studies can be attributed
to various factors, encompassing stress associated with the gavage
procedure (Lambert et al., 2019), disruptions in the oral microbiota
(Abusleme et al., 2013), localized immune responses, potential
contamination (Sanz et al, 2011), and strain-specific variations in
response (Gupta et al., 2019; Graves et al., 2012). The inclusion of
Sham groups by researchers serves to control for these factors,
ensuring that the observed bone loss is genuinely attributed to the
experimental agent (P. gingivalis), rather than procedural effects.
When conducting research using an animal model of periodontal
disease, many factors play a role in the degree and severity of the
disease. Some of these factors include the species of animal, the
method used to promote bone resorption (e.g., bacteria or ligature),

specific bacteria used for infection, the study period following
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infection or ligature, and associated methods of disease assessment.
The most commonly used measure to determine alveolar bone loss in
mice is the distance from the CEJ to the ABC by means of
magnification analysis or histomorphometry. The selection of the
maxillary second molar is a pragmatic and scientifically well-founded
choice for probing P. gingivalis gavage-induced bone loss in mice,
offering advantages in terms of accessibility (Baker et al., 1994)
anatomical similarity to the human dentition (Maresz et al., 2013),
consistency between investigations (Hajishengallis et al., 2011),
uniform experimental conditions and ethical considerations
(Baker et al., 1994). These attributes make it an ideal candidate for
investigating periodontal research in murine models. Our focus was
on this specific bone area, assessing volumetric changes and
identifying changes in bone mass during microCT analysis, following
the protocol published by Shimabukuro et al. (2021). The hemimax-
illae were scanned and a standard area in the interproximal region
between the first and second molars, the second molar and the third
molar was selected as the reference point in 15 coronal sections of
the ECJ second molar as shown in our figure in question. Molon et al.
(2014, 2016) also analyzed different models of periodontal disease
(PD) induction, in which they inoculated mice with P. gingivalis at
different intervals ranging from three to five times, and the authors
did not find bone loss. Possibly the method of analysis may have been
impaired to reach statistically significant differences. Although micro-
CT was used, only linear and area measurements were considered.
Previous studies have already shown the need for adaptations to the
model for measuring bone loss in mice inoculated with P. gingivalis.
Wilensky et al. (2005) proposed a linear measurement in micro-CT to
detect changes in bone. The authors used the same model as Baker
et al. (Baker, 2005) and found that the type of P. gingivalis strain could
interfere with the results. However, the authors reported that there
could be alterations in the alveolar bone that morphometric
techniques probably could not capture. The measurement model
used in the present study is capable of detecting volumetric changes
in the alveolar bone crest, which may characterize greater sensitivity
and guide future studies, in addition to adding bone microarchitec-
ture details not reported by Wilensky et al. (2009). The interproximal
bone crest appears to be an important point in detecting the onset of
PD, where previous studies have reported changes in the alveolar
bone crest as a predictor of periodontitis in humans (Rosier
et al., 2018; Rosling et al., 1975; Zaki et al., 2015).

It is noteworthy that in this study, the C57BL/6 lineage disease
profile was established after 2 weeks with a decrease in bone volume,
increasing porosity and less organized trabecular pattern, which could
be considered the peak of the disease. One of the hypotheses raised
for difficulties in finding bone loss in gavage models is the time of
administration of the pathogen. The studies conducted by Baker et al.
in the 2000s used only three applications of P. gingivalis in 1 week
which were evaluated 47 days later. Furthermore, another important
point is that the authors did not administer antibiotics before PD
induction, as demonstrated in Baker's studies. The previous adminis-
tration of antibiotics seems to favor the reduction of the native

microbiota and facilitate the insertion of the pathogen that can

850807 SUOWLWOD dAeaID 8|qedl|dde ays Aq peusenob a1e Sspplife YO ‘@SN JO s8N 10 A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPUOD Pue Swie | 8u 88S [5Z0z/70/70] uo AriqiTauliuo A8 ‘|1Zeid - Ofred 0es Jo Alun Aq 908 'Z810/Z00T 0T/I0p/wod" A3 1M AReiq1jeul|uoy/sdny woJy pepeojumod ‘9 ‘€202 ‘Lyer.S02



HERNANDEZ MARTINEZ ET AL

generate the dysbiotic picture. Furthermore, sensitization of the
microbiota proves to be important when it is already established and
has characteristics of resilience (Baker, Dixon, Evans, et al., 2000;
Chen et al., 2004).

The differences in bone resorption observed between the
1-week and 2-3-week gavage groups with P. gingivalis could
be attributed to the dynamics of periodontal disease progression,
the host immune response, the virulence factors of the P. gingivalis
strain used, and the intricate balance between bone resorption and
formation (Hajishengallis, 2015). The dynamics of the host immune
response can influence the progression of periodontal disease,
leading to a process known as immune tolerance (Loos & Van
Dyke, 2020). Longer study durations, host immune adaptation, and
potential variations in virulence factors may explain why additional
weeks of gavage did not significantly worsen bone resorption
compared to the initial 1-week period (Dudakovic et al., 2016). After
1 week of oral administration of P. gingivalis in mice, the observed
bone loss is attributed to a multifaceted interplay of mechanisms.
Firstly, P. gingivalis, a well-known periodontal pathogen, triggers an
inflammatory response in the oral cavity, involving the release of
proinflammatory cytokines such as interleukin-1 beta and tumor
necrosis factor-alpha. These cytokines activate osteoclasts, leading to
initial bone loss (Graves et al., 2008). P. gingivalis's virulence factors,
including lipopolysaccharides and gingipains, directly stimulate bone
resorption through various pathways, including activation of TLRs and
degradation of host proteins (Hajishengallis et al., 2011; Lamont &
Hajishengallis, 2015). P. gingivalis disrupts periodontal tissues by
invading and colonizing the gingival epithelium and subgingival
crevices, prompting an inflammatory response and bone loss. P.
gingivalis's presence also alters the oral microbiota, promoting the
proliferation of other pathogenic bacteria, further escalating inflam-
mation and bone loss (Hajishengallis & Lamont, 2016; Hajishengallis
et al., 2012). P. gingivalis infection activates the receptor activator of
nuclear factor-kappa B ligand (RANKL) pathway, increasing osteo-
clast activity and exacerbating bone resorption (Hajishengallis, 2014).

Beyond local effects, P. gingivalis-induced periodontitis can have
systemic repercussions, impacting distant organs and tissues,
potentially contributing to bone loss (Olsen et al, 2016). The
interconnected mechanisms highlight the complexity of P. gingivalis-
induced bone loss, emphasizing the significance of studying these
processes in mouse models to understand periodontal disease
pathogenesis and explore therapeutic interventions.

An important aspect of the present study is the use of the
bacterial strain P. gingivalis W83, recognized for its high virulence
profile (Dou et al., 2010; Sheets et al., 2005). Previous studies have
shown that P. gingivalis W83 is capable of cleaving adhesion
molecules such as N—and VE—cadherin and B1 integrin, which
denotes increased tissue fragility and, through gingipain production,
induces endothelial cell detachment and apoptosis (Hugoson &
Laurell, 2000). These factors are associated with an increased
inflammatory profile due to tissue degradation and increased
pathogenicity, which may have impacted the results observed in
bone tissue modifications.
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Considering the chronicity of the induced periodontal lesion, it is
important to understand that, unlike ligation models where there is
rapid progression, the gavage model with P. gingivalis presents a slow
progression, which further resembles the chronicity of a lesion in
humans. Previous longitudinal studies in humans on the progression
of periodontitis have shown that the rate of periodontal tissue
destruction has a slow progression in most cases, and that advanced
forms of the disease occur in some individuals and in a few dental
sites, which denotes disease site specificity (Heitz-Mayfield, 2005).
Understanding risk factors can change outcomes when there are
other conditions associated with PD (Ramseier et al., 2017).

Based on these results, the hypothesis that emerged is that
systemic microbial challenge may alter host symbiosis and elicit the
onset and/or progression of periodontal lesions. By altering the
environment, infection may interfere with epigenetic factors, possibly
causing susceptibility to expression (Palioto et al., 2019). The sum of
these factors can guide future studies and help to elucidate the
mechanism of pathogenesis, as well as new therapeutic approaches
for periodontitis. Furthermore, future studies using real-time assess-
ment (in vivo micro-CT) of disease activity and identification of local
and systemic markers based on biomarkers, genotypes and pheno-
types may improve the accuracy of measuring periodontal disease
progression as well as possible changes in the microbiota for
establishing the dysbiotic community.

To our knowledge, this study represents the first chronological
description of the establishment of periodontal disease through
systemic microbial challenge, specifically by P. gingivalis gavage.
Within the limits of this research, it was deduced that 1 week of
induction was adequate for the establishment of the disease in the
BALB/c lineage, with both lineages showing well-established disease
after 2 weeks. Most parameters reached their peak 2 weeks after the
microbial challenge, later stabilizing in the third week of induction.
The rationale behind not evaluating the presence of P. gingivalis in
gingival tissue is rooted in the study's main focus on investigating the
consequences of gavage P. gingivalis administration on alveolar bone
loss. The research question and study design were tailored to
understand the mechanisms underlying bone loss and its impact on
periodontal tissues, rather than directly addressing bacterial coloni-
zation. Therefore, the objectives of the study did not encompass the
assessment of P. gingivalis colonization in gingival tissue, with an
emphasis on unraveling the intricate facets of bone loss in the
context of periodontal disease.

AUTHOR CONTRIBUTIONS

Cristhiam de J. Hernandez Martinez contributed to the conceptuali-
zation, data curation, formal analysis, funding acquisition, investiga-
tion, methodology, and final approval of the version to be submitted.
Pedro Felix Silva contributed to the analysis, software, validation,
visualization, interpretation of data, and final approval of the version
to be submitted. Sergio L. Salvador contributed to the methodology
as well as writing the review and final approval of the version to be
submitted. Michel Messora contributed to the design and analysis of

the data, validation, visualization, roles/writing—original draft, and

850807 SUOWLWOD dAeaID 8|qedl|dde ays Aq peusenob a1e Sspplife YO ‘@SN JO s8N 10 A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPUOD Pue Swie | 8u 88S [5Z0z/70/70] uo AriqiTauliuo A8 ‘|1Zeid - Ofred 0es Jo Alun Aq 908 'Z810/Z00T 0T/I0p/wod" A3 1M AReiq1jeul|uoy/sdny woJy pepeojumod ‘9 ‘€202 ‘Lyer.S02



1018 WI LEy_CIinicaI and Experimental Dental Research

final approval of the version to be submitted. Daniela B-. Palioto
contributed to the conception, design and analysis of the data,
supervision, validation, visualization, roles/writing—original draft,
writing—review and editing, and final approval of the version to be
submitted. All authors gave final approval and agreed to be
accountable for all aspects of the work.

ACKNOWLEDGMENTS

The authors acknowledge the financial support provided by the Sao
Paulo Research Foundation (FAPESP). We are also grateful to the
University of Sdo Paulo (USP) for all the support. This paper
was supported by the Sdo Paulo Research Foundation (FAPESP N°
2019/20103-5) (FAPESP N° 2022/00522-6—BEPE).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data supporting the findings presented in this manuscript are
available upon request. Interested researchers may obtain access to
the data by contacting the corresponding author: Daniela B. Palioto
dpalioto@forp.usp.br (corresponding author). Cristhiam de J. Her-
nandez Martinez seguidordexto@yahoo.es (first author). We believe
that open and accessible data are essential for the advancement of
scientific knowledge, and we are dedicated to facilitating the sharing

of our research data with the research community

ETHICS STATEMENT

All experimental protocols were approved by the Ethical Committee
on Animal Use of the Faculty of Dentistry of Ribeirdo Preto-
University of Sdo Paulo under the responsibility of PhD Daniela
Bazan Palioto—which involves the production, maintenance-, and/or
use of animals belonging to the phylum Chordata, vertebrate
subphylum (except man) for purposes of clinical or educational
research—in accordance with the provisions of Law No. 11774 of
October 8, 2008 of Decree No. 6899 of July 15, 2009 and the
standards issued by the National Council for Control of Animal
Experimentation (CONCEA) with protocol number CEUA/FORP
2018.1.644.58.6. All methods in this study were performed in
accordance with relevant guidelines and regulations.

ORCID
Cristhiam de J. Herndndez Martinez
8053-8366

https://orcid.org/0000-0002-

REFERENCES

Abe, T., & Hajishengallis, G. (2013). Optimization of the ligature-induced
periodontitis model in mice. Journal of Immunological Methods,
394(1-2), 49-54. https://doi.org/10.1016/].jim.2013.05.002

Abusleme, L., Dupuy, A. K., Dutzan, N., Silva, N., Burleson, J. A,
Strausbaugh, L. D., Gamonal, J., & Diaz, P. I. (2013). The subgingival
microbiome in health and periodontitis and its relationship with
community biomass and inflammation. The ISME Journal, 7(5),
1016-1025. https://doi.org/10.1038/ismej.2012.174

HERNANDEZ MARTINEZ ET AL.

OpenAccess

Baker, P. J. (2005). Genetic control of the immune response in
pathogenesis. Journal of Periodontology, 76(11-s), 2042-2046.
https://doi.org/10.1902/jop.2005.76.11-5.2042

Baker, P. J., Dixon, M., Evans, R. T., Dufour, L., Johnson, E., &
Roopenian, D. C. (1999). CD4+ T cells and the proinflammatory
cytokines gamma interferon and interleukin-6 contribute to alveolar
bone loss in mice. Infection and Immunity, 67(6), 2804-2809. https://
doi.org/10.1128/iai.67.6.2804-2809.1999

Baker, P. J., Dixon, M., Evans, R. T., & Roopenian, D. C. (2000).
Heterogeneity of Porphyromonas gingivalis strains in the induction
of alveolar bone loss in mice. Oral Microbiology and Immunology,
15(1), 27-32. https://doi.org/10.1034/j.1399-302X.2000.150105.x

Baker, P. J., Dixon, M., & Roopenian, D. C. (2000). Genetic control of
susceptibility to Porphyromonas gingivalis-induced alveolar bone loss
in mice. Infection and Immunity, 68(10), 5864-5868. https://doi.org/
10.1128/1A1.68.10.5864-5868.2000

Baker, P. J.,, Evans, R. T., & Roopenian, D. C. (1994). Oral infection with
Porphyromonas gingivalis and induced alveolar bone loss in immuno-
competent and severe combined immunodeficient mice. Archives of
Oral Biology, 39(12), 1035-1040. https://doi.org/10.1016/0003-
9969(94)90055-8

Baker, P. J., & Roopenian, D. C. (2002). Genetic susceptibility to chronic
periodontal disease. In Microbes and Infection, 4(lssue 11),
1157-1167. https://doi.org/10.1016/51286-4579(02)01642-8

Chen, T., Hosogi, Y., Nishikawa, K., Abbey, K., Fleischmann, R. D.,
Walling, J., & Duncan, M. J. (2004). Comparative whole-genome
analysis of virulent and avirulent strains of Porphyromonas gingivalis.
Journal of Bacteriology, 186(16), 5473-5479. https://doi.org/10.
1128/JB.186.16.5473-5479.2004

Ding, Y., Ren, J.,, Yu, H., Yu, W., & Zhou, Y. (2018). Porphyromonas
gingivalis, a periodontitis causing bacterium, induces memory
impairment and age-dependent neuroinflammation in mice.
Immunity & Ageing, 15(1), 6. https://doi.org/10.1186/s12979-017-
0110-7

Dou, Y., Osbourne, D. McKenzie, R., & Fletcher, H. M. (2010).
Involvement of extracytoplasmic function sigma factors in virulence
regulation in Porphyromonas gingivalis W83. FEMS Microbiology
Letters, 312(Issue 1), 24-32. https://doi.org/10.1111/j.1574-6968.
2010.02093.x

Dudakovic, A., Camilleri, E. T., Riester, S. M., Paradise, C. R., Gluscevic, M.,
O'Toole, T. M., Thaler, R., Evans, J. M., Yan, H., Subramaniam, M.,
Hawse, J. R, Stein, G. S., Montecino, M. A., McGee-Lawrence, M. E.,
Westendorf, J. J., & van Wijnen, A. J. (2016). Enhancer of zeste
homolog 2 inhibition stimulates bone formation and mitigates bone
loss caused by ovariectomy in skeletally mature mice. Journal of
Biological Chemistry, 291(47), 24594-24606. https://doi.org/10.
1074/jbc.M116.740571

Graves, D. T., Fine, D., Teng, Y. T. A,, Van Dyke, T. E., & Hajishengallis, G.
(2008). The use of rodent models to investigate host-bacteria
interactions related to periodontal diseases. Journal of Clinical
Periodontology, 35(2), 89-105. https://doi.org/10.1111/j.1600-
051X.2007.01172.x

Graves, D. T., Kang, J., Andriankaja, O., Wada, K., & Rossa, Jr., C. (2012).
Animal models to study host- bacteria interactions involved in
periodontitis. Frontiers of Oral Biology, 15, 117-132. https://doi.org/
10.1159/000329675

Gully, N., Bright, R., Marino, V., Marchant, C., Cantley, M., Haynes, D.,
Butler, C., Dashper, S., Reynolds, E., & Bartold, M. (2014).
Porphyromonas gingivalis peptidylarginine deiminase, a key contribu-
tor in the pathogenesis of experimental periodontal disease and
experimental arthritis. PLoS One, 9(6), e100838. https://doi.org/10.
1371/journal.pone.0100838

Gupta, S., Basu, S., Bal, V., Rath, S., & George, A. (2019). Gut IgA
abundance in adult life is a major determinant of resistance to
dextran sodium sulfate-colitis and can compensate for the effects of

850807 SUOWLWOD dAeaID 8|qedl|dde ays Aq peusenob a1e Sspplife YO ‘@SN JO s8N 10 A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPUOD Pue Swie | 8u 88S [5Z0z/70/70] uo AriqiTauliuo A8 ‘|1Zeid - Ofred 0es Jo Alun Aq 908 'Z810/Z00T 0T/I0p/wod" A3 1M AReiq1jeul|uoy/sdny woJy pepeojumod ‘9 ‘€202 ‘Lyer.S02


mailto:dpalioto@forp.usp.br
mailto:seguidordexto@yahoo.es
https://orcid.org/0000-0002-8053-8366
https://orcid.org/0000-0002-8053-8366
https://doi.org/10.1016/j.jim.2013.05.002
https://doi.org/10.1038/ismej.2012.174
https://doi.org/10.1902/jop.2005.76.11-s.2042
https://doi.org/10.1128/iai.67.6.2804-2809.1999
https://doi.org/10.1128/iai.67.6.2804-2809.1999
https://doi.org/10.1034/j.1399-302X.2000.150105.x
https://doi.org/10.1128/IAI.68.10.5864-5868.2000
https://doi.org/10.1128/IAI.68.10.5864-5868.2000
https://doi.org/10.1016/0003-9969(94)90055-8
https://doi.org/10.1016/0003-9969(94)90055-8
https://doi.org/10.1016/S1286-4579(02)01642-8
https://doi.org/10.1128/JB.186.16.5473-5479.2004
https://doi.org/10.1128/JB.186.16.5473-5479.2004
https://doi.org/10.1186/s12979-017-0110-7
https://doi.org/10.1186/s12979-017-0110-7
https://doi.org/10.1111/j.1574-6968.2010.02093.x
https://doi.org/10.1111/j.1574-6968.2010.02093.x
https://doi.org/10.1074/jbc.M116.740571
https://doi.org/10.1074/jbc.M116.740571
https://doi.org/10.1111/j.1600-051X.2007.01172.x
https://doi.org/10.1111/j.1600-051X.2007.01172.x
https://doi.org/10.1159/000329675
https://doi.org/10.1159/000329675
https://doi.org/10.1371/journal.pone.0100838
https://doi.org/10.1371/journal.pone.0100838

HERNANDEZ MARTINEZ ET AL

inadequate maternal IgA received by neonates. Immunology, 158(1),
19-34. https://doi.org/10.1111/imm.13091

Hajishengallis, G. (2014). MFG-E8, a novel homeostatic regulator of
osteoclastogenesis. Inflammation and Cell Signaling, 1(5), 285.
https://doi.org/10.14800/ics.285

Hajishengallis, G. (2015). Periodontitis: From microbial immune subversion
to systemic inflammation. Nature Reviews Immunology, 15(1), 30-44.
https://doi.org/10.1038/nri3785

Hajishengallis, G., & Diaz, P. I. (2020). Porphyromonas gingivalis: Immune
subversion activities and role in periodontal dysbiosis. In Current Oral
Health Reports, 7(Issue 1), 12-21. https://doi.org/10.1007/s40496-
020-00249-3

Hajishengallis, G., & Lamont, R. J. (2012). Beyond the red complex and into
more complexity: The polymicrobial synergy and dysbiosis (PSD) model
of periodontal disease etiology. Molecular Oral Microbiology, 27(6),
409-419. https://doi.org/10.1111/j.2041-1014.2012.00663.x

Hajishengallis, G., & Lamont, R. J. (2016). Dancing with the stars: How
choreographed bacterial interactions dictate nososymbiocity and
give rise to keystone pathogens, accessory pathogens, and
pathobionts. Trends in Microbiology, 24(6), 477-489. https://doi.
org/10.1016/j.tim.2016.02.010

Hajishengallis, G., & Lamont, R. J. (2021). Polymicrobial communities in
periodontal disease: Their quasi-organismal nature and dialogue with
the host. In Periodontology 2000, 86é(Issue 1), 210-230. https://doi.
org/10.1111/prd. 12371

Hajishengallis, G., Liang, S., Payne, M. A., Hashim, A., Jotwani, R,
Eskan, M. A., MclIntosh, M. L., Alsam, A., Kirkwood, K. L.,
Lambris, J. D., Darveau, R. P., & Curtis, M. A. (2011). Low-
abundance biofilm species orchestrates inflammatory periodontal
disease through the commensal microbiota and complement. Cell
Host & Microbe, 10(5), 497-506. https://doi.org/10.1016/j.chom.
2011.10.006

Hajishengallis, G., & Moutsopoulos, N. M. (2015). Role of bacteria in
leukocyte adhesion deficiency-associated periodontitis. Microbial
Pathogenesis, 94, 21-26. https://doi.org/10.1016/j.micpath.2015.
09.003

Hart, G. T. Shaffer, D. J., Akilesh, S., Brown, A. C., Moran, L.,
Roopenian, D. C., & Baker, P. J. (2004). Quantitative gene expression
profiling implicates genes for susceptibility and resistance to alveolar
bone loss. Infection and Immunity, 72(8), 4471-4479. https://doi.
org/10.1128/1A1.72.8.4471-4479.2004

Hajishengallis, G., Darveau, R. P., & Curtis, M. A. (2012). The keystone-
pathogen hypothesis. Nature Reviews Microbiology, 10(10), 717-725.
https://doi.org/10.1038/nrmicro2873

Heitz-Mayfield, L. J. (2005). Disease progression: Identification of high-
risk groups and individuals for periodontitis. Journal of Clinical
Periodontology, 32(Suppl. 6), 196-209. https://doi.org/10.1111/j.
1600-051X.2005.00803.x

Hugoson, A., & Laurell, L. (2000). A prospective longitudinal study on
periodontal bone height changes in a Swedish population. Journal of
Clinical Periodontology, 27(9), 665-674. https://doi.org/10.1034/j.
1600-051x.2000.027009665.x

Kato, T., Yamazaki, K., Nakajima, M., Date, Y., Kikuchi, J., Hase, K,
Ohno, H., & Yamazaki, K. (2018). Oral administration of Porphyr-
omonas gingivalis alters the gut microbiome and serum metabolome.
mSphere, 3(5), 18. https://doi.org/10.1128/msphere.00460-18

Lambert, K., Kent, M., & Vavra, D. (2019). Avoiding Beach's Boojum
Effect: Enhancing bench to bedside translation with field to
laboratory considerations in optimal animal models. Neuroscience &
Biobehavioral Reviews, 104, 191-196. https://doi.org/10.1016/j.
neubiorev.2019.06.034

Lamont, R. J., & Hajishengallis, G. (2015). Polymicrobial synergy and
dysbiosis in inflammatory disease. Trends in Molecular Medicine,
21(3), 172-1883. https://doi.org/10.1016/j.molmed.2014.11.004

Clinical and Experimental Dental Research

_WILEY—**

Li, C. H., & Amar, S. (2007). Morphometric, histomorphometric, and
microcomputed tomographic analysis of periodontal inflammatory
lesions in a murine model. Journal of Periodontology, 78(6),
1120-1128. https://doi.org/10.1902/jop.2007.060320

Lin, P., Niimi, H., Ohsugi, Y., Tsuchiya, Y., Shimohira, T., Komatsu, K.,
Liu, A., Shiba, T., Aoki, A., Iwata, T., & Katagiri, S. (2021). Application
of ligature-induced periodontitis in mice to explore the molecular
mechanism of periodontal disease. International Journal of Molecular
Sciences, 22(Issue 16), 89. https://doi.org/10.3390/ijms22168900

Loos, B. G., & Van Dyke, T. E. (2020). The role of inflammation and
genetics in periodontal disease. Periodontology 2000, 83(1), 26-39.
https://doi.org/10.1111/prd. 12297

Maekawa, T. Krauss, J. L, Abe, T. Jotwani, R, Triantafilou, M.,
Triantafilou, K., Hashim, A., Hoch, S., Curtis, M. A., Nussbaum, G.,
Lambris, J. D., & Hajishengallis, G. (2014). Porphyromonas gingivalis
manipulates complement and TLR signaling to uncouple bacterial
clearance from inflammation and promote dysbiosis. Cell Host &
Microbe, 15(6), 768-778. https://doi.org/10.1016/j.chom.2014.05.012

Marchesan, J., Girnary, M. S., Jing, L., Miao, M. Z., Zhang, S., Sun, L.,
Morelli, T., Schoenfisch, M. H., Inohara, N., Offenbacher, S., & Jiao, Y.
(2018). An experimental murine model to study periodontitis. Nature
Protocols, 13(10), 2247-2267. https://doi.org/10.1038/s41596-
018-0035-4

Maresz, K. J,, Hellvard, A., Sroka, A., Adamowicz, K., Bielecka, E., Koziel, J.,
Gawron, K., Mizgalska, D., Marcinska, K. A., Benedyk, M., Pyrc, K.,
Quirke, A. M., Jonsson, R., Alzabin, S., Venables, P. J., Nguyen, K. A,,
Mydel, P., & Potempa, J. (2013). Porphyromonas gingivalis facilitates
the development and progression of destructive arthritis through its
unique bacterial peptidylarginine deiminase (PAD). PLoS Pathogens,
9(9), €1003627. https://doi.org/10.1371/journal.ppat.1003627

Messora, M. R., Pereira, L. J., Foureaux, R., Oliveira, L. F. F., Sordi, C. G,,
Alves, A. J. N., Napimoga, M. H., Nagata, M. J. H., Ervolino, E., &
Furlaneto, F. A. C. (2016). Favourable effects of bacillus subtilis and
bacillus licheniformis on experimental periodontitis in rats. Archives
of Oral Biology, 66, 108-119. https://doi.org/10.1016/j.archoralbio.
2016.02.014

de Molon, R. S, de Avila, E. D, Boas Nogueira, A. V. Chaves
de Souza, J. A., Avila-Campos, M. J.,, de Andrade, C. R, & Cirelli, J. A.
(2014). Evaluation of the host response in various models of induced
periodontal disease in mice. Journal of Periodontology, 85(3), 465-477.
https://doi.org/10.1902/jop.2013.130225

de Molon, R. S., Mascarenhas, V. I, de Avila, E. D., Finoti, L. S,
Toffoli, G. B., Spolidorio, D. M. P., Scarel-Caminaga, R. M.,
Tetradis, S., & Cirelli, J. A. (2016). Long-term evaluation of oral
gavage with periodontopathogens or ligature induction of experi-
mental periodontal disease in mice. Clinical Oral Investigations, 20(6),
1203-1216. https://doi.org/10.1007/s00784-015-1607-0

Nagashima, H., Shinoda, M., Honda, K., Kamio, N., Watanabe, M,
Suzuki, T., Sugano, N., Sato, S., & Iwata, K. (2017). CXCR4 signaling
in macrophages contributes to periodontal mechanical hyper-
sensitivity in Porphyromonas gingivalis -induced periodontitis in mice.
Molecular Pain, 13, 174480691668926. https://doi.org/10.1177/
1744806916689269

Okada, Y., Hamada, N., Kim, Y., Takahashi, Y., Sasaguri, K., Ozono, S., &
Sato, S. (2010). Blockade of sympathetic B-receptors inhibits
Porphyromonas gingivalis-induced alveolar bone loss in an experi-
mental rat periodontitis model. Archives of Oral Biology, 55(7),
502-508. https://doi.org/10.1016/j.archoralbio.2010.04.002

Oliveira, L. F. F., Salvador, S. L., Silva, P. H. F., Furlaneto, F. A. C,,
Figueiredo, L., Casarin, R., Ervolino, E., Palioto, D. B., Souza, S. L. S.,
Taba, Jr., M., Novaes, Jr., A. B., & Messora, M. R. (2017). Benefits of
bifidobacterium animalis subsp. lactis probiotic in experimental
periodontitis. Journal of Periodontology, 88(2), 197-208. https://
doi.org/10.1902/jop.2016.160217

OpenAccess

850807 SUOWLWOD dAeaID 8|qedl|dde ays Aq peusenob a1e Sspplife YO ‘@SN JO s8N 10 A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPUOD Pue Swie | 8u 88S [5Z0z/70/70] uo AriqiTauliuo A8 ‘|1Zeid - Ofred 0es Jo Alun Aq 908 'Z810/Z00T 0T/I0p/wod" A3 1M AReiq1jeul|uoy/sdny woJy pepeojumod ‘9 ‘€202 ‘Lyer.S02


https://doi.org/10.1111/imm.13091
https://doi.org/10.14800/ics.285
https://doi.org/10.1038/nri3785
https://doi.org/10.1007/s40496-020-00249-3
https://doi.org/10.1007/s40496-020-00249-3
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1016/j.tim.2016.02.010
https://doi.org/10.1016/j.tim.2016.02.010
https://doi.org/10.1111/prd.12371
https://doi.org/10.1111/prd.12371
https://doi.org/10.1016/j.chom.2011.10.006
https://doi.org/10.1016/j.chom.2011.10.006
https://doi.org/10.1016/j.micpath.2015.09.003
https://doi.org/10.1016/j.micpath.2015.09.003
https://doi.org/10.1128/IAI.72.8.4471-4479.2004
https://doi.org/10.1128/IAI.72.8.4471-4479.2004
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1111/j.1600-051X.2005.00803.x
https://doi.org/10.1111/j.1600-051X.2005.00803.x
https://doi.org/10.1034/j.1600-051x.2000.027009665.x
https://doi.org/10.1034/j.1600-051x.2000.027009665.x
https://doi.org/10.1128/msphere.00460-18
https://doi.org/10.1016/j.neubiorev.2019.06.034
https://doi.org/10.1016/j.neubiorev.2019.06.034
https://doi.org/10.1016/j.molmed.2014.11.004
https://doi.org/10.1902/jop.2007.060320
https://doi.org/10.3390/ijms22168900
https://doi.org/10.1111/prd.12297
https://doi.org/10.1016/j.chom.2014.05.012
https://doi.org/10.1038/s41596-018-0035-4
https://doi.org/10.1038/s41596-018-0035-4
https://doi.org/10.1371/journal.ppat.1003627
https://doi.org/10.1016/j.archoralbio.2016.02.014
https://doi.org/10.1016/j.archoralbio.2016.02.014
https://doi.org/10.1902/jop.2013.130225
https://doi.org/10.1007/s00784-015-1607-0
https://doi.org/10.1177/1744806916689269
https://doi.org/10.1177/1744806916689269
https://doi.org/10.1016/j.archoralbio.2010.04.002
https://doi.org/10.1902/jop.2016.160217
https://doi.org/10.1902/jop.2016.160217

1020 WI LEy_CIinicaI and Experimental Dental Research

Olsen, I, Taubman, M. A, & Singhrao, S. K. (2016). Porphyromonas
gingivalis suppresses adaptive immunity in periodontitis, athero-
sclerosis, and Alzheimer's disease. Journal of Oral Microbiology, 8,
33029. https://doi.org/10.3402/jom.v8.33029

Palioto, D. B., Finoti, L. S., Kinane, D. F., & Benakanakere, M. (2019).
Epigenetic and inflammatory events in experimental periodontitis
following systemic microbial challenge. Journal of Clinical
Periodontology, 46(8), 819-829. https://doi.org/10.1111/jcpe.
13151

Polak, D., Wilensky, A., Shapira, L., Halabi, A., Goldstein, D., Weiss, E. I., &
Houri-Haddad, Y. (2009). Mouse model of experimental periodonti-
tis induced by Porphyromonas gingivalis fusobacterium nucleatum
infection: Bone loss and host response. Journal of Clinical
Periodontology, 36(5), 406-410. https://doi.org/10.1111/j.1600-
051X.2009.01393.x

Ramseier, C. A., Anerud, A. Dulac, M., Lulic, M. Cullinan, M. P.,
Seymour, G. J., Faddy, M. J,, Birgin, W., Schatzle, M., & Lang, N. P.
(2017). Natural history of periodontitis: Disease progression and tooth
loss over 40 vyears. Journal of Clinical Periodontology, 44(12),
1182-1191. https://doi.org/10.1111/jcpe.12782

Rosier, B. T., Marsh, P. D., & Mira, A. (2018). Resilience of the oral
microbiota in health: Mechanisms that prevent dysbiosis. In Journal
of Dental Research, 97(Issue 4), 371-380. https://doi.org/10.1177/
0022034517742139

Rosling, B., Hollender, L., Nyman, S., & Olsson, G. (1975). A radiographic
method for assessing changes in alveolar bone height following
periodontal therapy. Journal of Clinical Periodontology, 2(4), 211-217.
https://doi.org/10.1111/j.1600-051X.1975.tb01744 x

Sanz, M., & van Winkelhoff, A. J., Working Group 1 of Seventh European
Workshop on Periodontology. (2011). Periodontal infections: Under-
standing the complexity—consensus of the Seventh European
Workshop on Periodontology. Journal of Clinical Periodontology,
38(Suppl. 11), 3-6. https://doi.org/10.1111/j.1600-051X.2010.
01681.x

Sharawy, A. M., Sabharwal, K., Socransky, S. S., & Lobene, R. R. (1966). A
quantitative study of plaque and calculus formation in normal and
periodontally involved mouths. Journal of Periodontology, 37(6),
495-501. https://doi.org/10.1902/jop.1966.37.6.495

Sheets, S. M., Potempa, J., Travis, J., Casiano, C. A., & Fletcher, H. M.
(2005). Gingipains from Porphyromonas gingivalis W83 induce cell
adhesion molecule cleavage and apoptosis in endothelial cells.
Infection and Immunity, 73(3), 1543-1552. https://doi.org/10.1128/
1A1.73.3.1543-1552.2005

Shimabukuro, N., Cataruci, A. C. dS., Ishikawa, K. H., Oliveira, B. E. d,
Kawamoto, D., Ando-Suguimoto, E. S., Albuquerque-Souza, E.,
Nicoli, J. R, Ferreira, C. M. de Lima, J, Bueno, M. R,
da Silva, L. B. R, Silva, P. H. F., Messora, M. R., Camara, N. O. S,,
Simionato, M. R. L., & Mayer, M. P. A. (2021). Bifidobacterium strains
present distinct effects on the control of alveolar bone loss in a

HERNANDEZ MARTINEZ ET AL.

OpenAccess

periodontitis experimental model. Frontiers in Pharmacology, 12,
1-12. https://doi.org/10.3389/fphar.2021.713595

Takeuchi, H., Hirano, T., Whitmore, S. E., Morisaki, I., Amano, A., &
Lamont, R. J. (2013). The serine phosphatase Serb of Porphyromonas
gingivalis suppresses IL-8 production by dephosphorylation of NF-kB
RelA/p65. PLoS Pathogens, 9(4), e1003326. https://doi.org/10.
1371/journal.ppat.1003326

Wilensky, A., Gabet, Y., Yumoto, H., Houri-Haddad, Y., & Shapira, L.
(2005). Three-dimensional quantification of alveolar bone loss in
Porphyromonas gingivalis -infected mice using micro-computed
tomography. Journal of Periodontology, 76(8), 1282-1286. https://
doi.org/10.1902/jop.2005.76.8.1282

Wilensky, A., Polak, D., Awawdi, S., Halabi, A., Shapira, L, &
Houri-Haddad, Y. (2009). Strain-dependent activation of the
mouse immune response is correlated with Porphyromonas
gingivalis-induced experimental periodontitis. Journal of Clinical
Periodontology, 36(11), 915-921. https://doi.org/10.1111/j.1600-
051X.2009.01464.x

Wu, Y. H,, Taya, Y., Kuraji, R,, Ito, H., Soeno, Y., & Numabe, Y. (2020).
Dynamic microstructural changes in alveolar bone in ligature-
induced experimental periodontitis. Odontology/the Society of the
Nippon Dental University, 108(3), 339-349. https://doi.org/10.1007/
$10266-019-00471-1

Yu, J. J,, Ruddy, M. J.,, Wong, G. C,, Sfintescu, C., Baker, P. J., Smith, J. B.,
Evans, R. T., & Gaffen, S. L. (2007). An essential role for IL-17 in
preventing pathogen-initiated bone destruction: Recruitment of
neutrophils to inflamed bone requires IL-17 receptor-dependent
signals. Blood, 109(9), 3794-3802. https://doi.org/10.1182/blood-
2005-09-010116

Zaki, H. A., Hoffmann, K. R., Hausmann, E., & Scannapieco, F. A. (2015). Is
radiologic assessment of alveolar crest height useful to monitor
periodontal disease activity? Dental Clinics of North America, 59(Issue
4), 859-872. https://doi.org/10.1016/j.cden.2015.06.009

Zenobia, C., & Hajishengallis, G. (2015). Porphyromonas gingivalis.
Vrulence Factors Involved in Subversion of Leukocytes and Microbial
Dysbiosis. In Virulence, 6(lssue 3), 236-243. https://doi.org/10.1080/
21505594.2014.999567

How to cite this article: Hernandez Martinez, C. d. J., Felix
Silva, P., Salvador, S. L., Messora, M., & Palioto, D. B. (2023).
Chronological analysis of periodontal bone loss in
experimental periodontitis in mice. Clinical and Experimental
Dental Research, 9, 1009-1020.
https://doi.org/10.1002/cre2.806

850807 SUOWLWOD dAeaID 8|qedl|dde ays Aq peusenob a1e Sspplife YO ‘@SN JO s8N 10 A%eiqi]8UIIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPUOD Pue Swie | 8u 88S [5Z0z/70/70] uo AriqiTauliuo A8 ‘|1Zeid - Ofred 0es Jo Alun Aq 908 'Z810/Z00T 0T/I0p/wod" A3 1M AReiq1jeul|uoy/sdny woJy pepeojumod ‘9 ‘€202 ‘Lyer.S02


https://doi.org/10.3402/jom.v8.33029
https://doi.org/10.1111/jcpe.13151
https://doi.org/10.1111/jcpe.13151
https://doi.org/10.1111/j.1600-051X.2009.01393.x
https://doi.org/10.1111/j.1600-051X.2009.01393.x
https://doi.org/10.1111/jcpe.12782
https://doi.org/10.1177/0022034517742139
https://doi.org/10.1177/0022034517742139
https://doi.org/10.1111/j.1600-051X.1975.tb01744.x
https://doi.org/10.1111/j.1600-051X.2010.01681.x
https://doi.org/10.1111/j.1600-051X.2010.01681.x
https://doi.org/10.1902/jop.1966.37.6.495
https://doi.org/10.1128/IAI.73.3.1543-1552.2005
https://doi.org/10.1128/IAI.73.3.1543-1552.2005
https://doi.org/10.3389/fphar.2021.713595
https://doi.org/10.1371/journal.ppat.1003326
https://doi.org/10.1371/journal.ppat.1003326
https://doi.org/10.1902/jop.2005.76.8.1282
https://doi.org/10.1902/jop.2005.76.8.1282
https://doi.org/10.1111/j.1600-051X.2009.01464.x
https://doi.org/10.1111/j.1600-051X.2009.01464.x
https://doi.org/10.1007/s10266-019-00471-1
https://doi.org/10.1007/s10266-019-00471-1
https://doi.org/10.1182/blood-2005-09-010116
https://doi.org/10.1182/blood-2005-09-010116
https://doi.org/10.1016/j.cden.2015.06.009
https://doi.org/10.1080/21505594.2014.999567
https://doi.org/10.1080/21505594.2014.999567
https://doi.org/10.1002/cre2.806

	Chronological analysis of periodontal bone loss in experimental periodontitis in mice
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Ethical considerations
	2.2 Calculation of sample size
	2.3 Study design
	2.4 Preparation of the P. gingivalis bacterial culture
	2.5 Systemic microbial challenge
	2.6 Analysis with X-ray transmission computed microtomography (micro-CT)
	2.7 Statistical analysis

	3 RESULTS
	4 DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES




