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Abstract

Periodontitis (PD) is an inflammatory disease of the periodontal tissues that compromises tooth 

support and can lead to tooth loss. Although bacterial biofilm is central in disease pathogenesis, 

host response plays an important role in the progression and severity of PD. Indeed, clinical 

genetic studies indicate that PD is 50% heritable. In this study, we hypothesized that LPS 

injections lead to a strain-dependent periodontal bone loss pattern. We utilized five inbred mouse 

strains that derive the recombinant strains of the hybrid mouse diversity panel (HMDP). Mice 

received P. gingivalis-LPS injections for six weeks. Micro-CT analysis demonstrated a 

statistically significant strain-dependent bone loss. The most susceptible strain, C57BL/6J, had a 

5-fold higher LPS-induced bone loss compared to the most resistant strain, A/J. More importantly, 

periodontal bone loss revealed 49% heritability, which closely mimics PD heritability for patients. 

To further evaluate functional differences that underlie periodontal bone loss, osteoclast numbers 

of C57BL/6J and A/J mice were measured in vivo and in vitro. In vitro analysis of 

osteoclastogenic potential showed a higher number of osteoclasts in C57BL/6J compared to A/J 

mice. In vivo LPS-injections statistically significantly increased osteoclasts numbers in both 

groups. Importantly, the number of osteoclasts was higher in C57BL/6J vs. A/J mice. These data 

support a significant role of the genetic framework in LPS-induced periodontal bone loss and the 

feasibility of utilizing the HMDP to determine the genetic factors that affect periodontal bone loss. 

Expanding these studies will contribute in predicting patients genetically predisposed to PD and in 

identifying the biological basis of disease susceptibility.
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Introduction

Periodontitis (PD) is “an inflammatory disease of the supporting tissues of the teeth caused 

by specific microorganisms or groups of specific microorganisms, resulting in progressive 

destruction of the periodontal ligament and alveolar bone with pocket formation, recession, 

or both” (1). According to the WHO, PD is a major cause of tooth loss in adults over the age 

of 40 (2).

Although bacterial biofilm is central in disease pathogenesis, strong evidence supports that 

the patient’s genetic framework significantly modifies the response of periodontal tissues 

(3). Polymorphisms in cytokine-, surface receptor-, metabolism-, antigen recognition- and 

immunity receptor- related genes are associated with PD (3, 4). Moreover, twin studies have 

provided valuable support for the genetic influence in periodontal disease (5–8), estimating 

that PD is 50% heritable (6).

The complexity of PD, the heterogeneous genetic composition of patients, and the difficulty 

to control environmental parameters pose challenges to clinical genetic studies (4, 9), 

making animal models an attractive complement to human studies. Indeed, mouse studies on 

experimental periodontitis induced by Porphyromonas gingivalis (P. gingivalis) 

colonization reveal a strong genetic component in periodontal disease resistance and 

susceptibility and demonstrate that genetic determinants affect bacterial colonization, as well 

as periodontal bone levels (10, 11).

These studies provide valuable insight in the heritable aspects of periodontitis as a whole. 

However, PD is a multifactorial process that involves among others, bacterial colonization, 

biofilm organization and establishment, inflammatory host response, periodontal bone loss, 

and decreased tooth support (1). In order to begin dissecting the genetic influence in these 

pathogenetic disease processes individually, we explored the heritable nature of periodontal 

bone loss in response to a controlled inflammatory impact, by utilizing the five parental 

inbred strains of the Hybrid Mouse Diversity Panel (HMDP) (12, 13) and a well-

characterized animal model that employs localized LPS delivery to the periodontal tissues 

(14–17).

Materials and Methods

Mice

Six-week-old male mice (A/J, DBA/2J, C3H/HeJ, BALBc/J, C57BL/6J) were obtained from 

the Jackson Laboratories (Bar Harbor, ME). In brief, mice were maintained in a temperature 

and light-controlled environment at UCLA. They were fed a standard chow. All mice were 

handled according to protocols approved by the Office for Protection of Research Subjects 

at UCLA and conforms to the ARRIVE guidelines (18).

Inflammatory Bone Loss Model

Mice were anesthetized with 3% isoflurane administered through a nose cone. Under the 

microscope (Leica Microsystems, Buffalo Grove, IL.), mice received 2 μl (20 μg) of P. 

gingivalis-LPS (InvivoGen, San Diego, CA) injections in between the 1st and 2nd maxillary 
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molars on both sides of the maxilla, 2 times a week for 6 weeks (Fig. 1A). We utilized a 10 

μl Hamilton syringe with a 33 gauge needle (Hamilton Company USA, Reno, NV). Control 

animals were injected with 2 μl of vehicle (endotoxin-free water) or did not receive 

injections. This regimen was similar to previously published studies (16). No overt signs of 

tissue inflammation or soft tissue damage were observed during the course of injections 

(data not shown). Animals were sacrificed 6 weeks after the first injection. Maxillae were 

dissected and immersed in 10% buffered formalin for 48 hours.

Micro-CT Analysis

Maxillae were scanned using a μCT scanner (Skyscan 1172, Aartselaar, Belgium) with a 

voxel size of 10 μm (isotropic voxel) and an x-ray energy of 55 KVp and 181 μA. Each scan 

was conducted over a period of 21 minutes, with steps of 0.4°. Ten frames were averaged 

and a 0.5 mm aluminum filter was utilized. Virtual image slices were reconstructed using 

the cone-beam reconstruction software version 1.5 based on the Feldkamp algorithm.

Volumetric data were converted to DICOM format and were imported into Dolphin® 

software (Dolphin Imaging, Chatsworth, CA) for further analysis. To quantify the amount of 

bone loss, the imaged volume was oriented in the coronal (green) and transverse (blue) 

planes such that the sagittal plane (red) was parallel to the maxillary midline, identified by 

the intermaxillary suture and the coronal plane intersected the proximal area between the 

first and second maxillary molars (Fig. 1B). Then, at the sagittal plane crossing the 

interproximal contact point of the 1st and 2nd molar crowns, the distance between the CEJ 

and the alveolar crest were measured for the distal surface of the 1st molar and the mesial 

surface of the 2nd molar just below the contact point and 0.2 mm palatal to the contact point 

(Fig. 1C).

To quantify the amount of bone loss in the 5 parental strains, the bone level was measured as 

described above for the right and left sides. Subsequently, the average distance in the control 

sites was subtracted from the distances on the LPS-injected sites and the remainder 

represented the net bone loss at the LPS-injected site.

Histology

Maxillae were decalcified in 15% EDTA for 4 weeks. Following decalcification, 5μM-thick 

sections were cut in the coronal plane using a microtome (McBain Instruments, Chatsworth, 

CA). Sections were stained with hematoxylin and eosin (H&E) using standard protocols 

(19). Slices were digitally imaged using Aperio ImageScope model V11.1.2.752 (Vista, 

CA.)

For osteoclast analysis, cells that presented with ≥2 nuclei, in contact with the bone surface, 

were classified as osteoclasts (20). Osteoclast numbers were averaged for the right and left 

side for each mouse. Groups were compared using a Student’s t-test.

Bone Marrow Cell Isolation and in vitro Osteoclast Differentiation

Total bone marrow cells were harvested from femurs and tibias of 4-week-old A/J and 

C57BL/6J male mice according to Pirih et al (21). In brief, cells were filtered through nylon 
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mesh screens (70 μm BD Falcon, Franklin Lakes, NJ, USA). At day 8, non-adherent cells 

were enumerated using a hemocytometer with trypan blue, to determine cell viability. Then, 

non-adherent cells were re-plated at 1.8x105 cells/well in a 24-well plate in osteoclastogenic 

medium (a-MEM + 10% FBS, 50 ng/mL M-CSF, 80 ng/mL sRANKL), which was replaced 

at day 3. At day 6, cells were fixed and tartrate resistant acid phosphatase (TRAP) staining 

was performed using a leukocyte acid phosphatase system (Sigma-Aldrich) according to 

manufacturers protocol (21). TRAP+ multinucleated cells (osteoclasts) were counted in 

three different areas of the well, under a light microscope and each well was averaged. Then 

all 3 wells were averaged. Groups were compared using a Student’s t-test.

Heritability

Heritability of the trait was estimated by fitting the data to the mixed model y=\mu + u + e, 

where y is a vector of phenotypes, \mu is the mean of the phenotypes, u is a random vector 

corresponding to the genetic component of the trait and e is a random vector corresponding 

to the environmental factor. The random vector u is assumed to be normally distributed with 

mean 0 and covariance matrix \sigma^2_g K where K is a kinship matrix encoding the 

genetic relationships and the random vector e is assumed to be normally distributed with 

mean 0 and covariance matrix\sigma^2_e I. If K is the realized relationship matrix (22) then 

the ratio \sigma^2_g /(\sigma^2_g + \sigma^2_e) is an estimate for the heritability of the 

trait.

Statistical Analysis

At least 12 animals were utilized per strain (n≥6 animals/group) (n≥24 sites/group). Data 

among groups were compared by One-Way ANOVA and between groups by Student’s t-

test. P values <0.05 were considered significant.

Results

P. gingivalis-LPS Injection Induces Bone Loss in C57BL/6J Mice

To evaluate PD-bone loss in response to LPS injection, we utilized a well-characterized 

model of periodontal bone loss through localized LPS delivery to the interdental papillae of 

maxillary molars in C57BL/6J mice (14–17)(Fig. 1A). Three different treatments were 

performed a) LPS-injections (between the 1st and 2nd molars on both sides of the maxilla), 

b) vehicle injections (between the 1st and 2nd molars on both sides of the maxilla), or c) no 

injections. The micro-CT analysis revealed statistical significant alveolar bone loss at the 

interproximal space between the 1st-2nd maxillary molars at the LPS-injected sites compared 

to non-injected or veh-injected sites. No statistical difference was observed between the 

vehicle injected and non-injected animals (Fig. 2). Since there was no statistical difference 

in the amount of bone loss comparing the non-injected and the vehicle injected sites (Fig. 2), 

subsequent experiments were carried out utilizing non-injected sites as controls.

Bone Loss is Strain-Dependent

We utilized the P.g. LPS-injection induced inflammatory bone loss model described above 

to 5 classical inbred strains (BALB/cJ, C3H/HeJ, DBA/2J, A/J, and C57BL/6J), that derive 

the recombinant inbred strains of the HMDP, to explore genetic contribution of LPS-
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injection induced bone loss (Fig. 3). Each mouse strain was divided in 2 groups: a) LPS-

injected or b) non-injected control. For each strain, bone loss was calculated by subtracting 

the average CEJ to bone crest distance in the non-injected animals from each LPS-injected 

site. C57BL/6J was the most susceptible strain to LPS-induced bone loss and presented a 5-

fold higher bone loss compared to the most resistant, A/J, strain (Fig. 3B).

LPS-Injection-Induced Bone Loss is 49% Heritable

Based on the data presented above, (Fig. 3), heritability was calculated for LPS-induced 

bone loss in these 5 mouse strains. The heritability estimate for periodontal bone loss in the 

5 parental strains of the HMDP was 49%, a value that closely resembles heritability 

measurements of 50% for PD in patients (6, 23).

C57BL/6J Mice Have Increased Osteoclastogenic Potential Compared to A/J in vitro

To assess whether the differences in bone loss between the two strains were in part due to 

inherent differences in osteoclastogenic potential, we evaluated osteoclast differentiation of 

C57BL/6J and A/J derived bone marrow by performing TRAP staining in vitro. A 

statistically significant increase in TRAP+ multinucleated cells was observed in the 

C57BL/6J compared to the A/J cells (Fig. 4).

Osteoclast Numbers Were Higher in C57BL/6J Compared to A/J Mice Following LPS-
Injections in Vivo

To identify cellular differences that accompany periodontal bone loss, we evaluated 

osteoclast numbers of C57BL/6J vs. A/J mice after 5 LPS injections in vivo. LPS injections 

induced a statistically significant increase in osteoclast numbers in both strains. Importantly, 

a significantly higher osteoclast number increase was observed in C57BL/6J compared to 

A/J mice (Fig. 5).

Discussion

PD is a polymicrobial infection-driven inflammatory disease that involves complex 

processes, such as biofilm formation by diverse microbial species, inflammatory response to 

a multifaceted microbial invasion, and activation of multiple signaling pathways that lead to 

bone resorption and attachment loss (24). Even though PD is a multifactorial disease, the 

genetic component is highly significant and estimated to explain 50% of disease burden (8). 

Moreover, PD heritability involves a large number of genes, each accounting for a small 

fraction of the disease (25), making GWAS studies an ideal tool to identify genes involved 

in this trait.

GWAS can be accomplished by human or animal studies, each complementing one another. 

To date, only a few groups have performed GWAS for PD in humans (26, 27). These studies 

have identified genes that are likely to be important in periodontitis. However, the main 

disadvantage of human GWAS is the requirement of large sample size. Therefore, 

frequently the power is insufficient to detect genes with a small contribution. Mice share 

structural, functional and genetic traits with humans. Moreover, powerful molecular and 

genetic tools developed in the past two decades make mice an ideal animal model for the 
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study of complex traits. Mouse GWAS explored diverse conditions such as cardiovascular 

disease, atherosclerosis, diabetes, inflammatory diseases, hearing, and even behavior (28–

33).

Studies performed in inbred mouse strains demonstrated variable bone loss in bacteria-

induced periodontitis. In addition, a large variability in bacterial counts recovered among 

different strains was detected, pointing to a possible role of genetics in bacterial colonization 

(11). To study the genetic component of periodontal bone response in mice we elected to 

utilize an inflammatory model, analyzing the host response to a constant bacterial insult, 

bypassing the genetic influence in microbial colonization. We employed the well-

characterized model of periodontal bone loss through the localized LPS delivery in mice to 

focus on the host response by analyzing bone loss as the outcome measurement (14–17). 

Moreover, we utilized P. gingivalis-derived LPS for multiple reasons. P. gingivalis, a gram-

negative anaerobic rod and member of the “red complex”, is widely recognized as a 

predominant contributor to chronic PD in humans (24, 34). Additionally, diverse cytokine 

and chemokine responses of gingival fibroblasts and macrophages have been reported 

utilizing P. gingivalis vs. E. coli LPS (35). Finally, P. gingivalis infection in mice produces 

inflammation of the periodontal tissues and associated periodontal bone loss (10, 11).

Herein, utilizing a model of P. gingivalis LPS-induced periodontal bone loss and high-

resolution micro-CT, we demonstrated differences in bone loss pattern among 5 classic 

inbred mouse strains. These differences were expected since the utilization of animal models 

for evaluating genetic determinants of PD have been proposed (36–38). More recently, oral 

infection of various inbred mouse strains with human strains of P. gingivalis demonstrates 

that susceptibility to alveolar bone loss is a genetically modified trait. Some mouse strains 

were highly susceptible, while others were resistant to alveolar bone loss. Importantly, F1 

offsprings of susceptible and resistant strains demonstrated various patterns of heritability, 

suggesting the existence of recessive and dominant resistance alleles. The importance of 

exploiting the mouse model to investigate loci associated with susceptibility or resistance to 

inflammation-induced alveolar bone loss was concluded (10, 11).

More importantly, we detected 49% heritability in bone loss similar to the heritability 

observed in humans (6). In addition, our data is in agreement with published data in mouse 

models where alveolar bone loss is a genetically modified trait. (39, 40).

The pathogenesis of periodontitis is complex, involving many different cell types (41–43). 

The LPS-injection model, as mentioned earlier, bypasses the bacterial colonization process 

and allows for a more simplified method of studying the inflammatory mediators of this 

disease. To begin dissecting the mechanisms by which the observed interstrain differences 

of periodontal bone loss occur, we evaluated the osteoclastogenic potential of A/J and 

C57BL/6J in vitro. We observed, under supra-physiologic conditions, that C57BL/6J bone 

marrow cells have a stronger osteoclastogenic potential. To further explore the differences 

that might mediate periodontal bone loss and how it correlates with our micro-CT findings, 

we evaluated the number of multinucleated osteoclasts in vivo. Indeed, in vivo, C57BL/6J 

mice demonstrated a more pronounced inflammatory response with a higher number of 

osteoclasts after LPS injections when compared to A/J mice. Our results corroborate with 
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studies that demonstrate a hyper-responsiveness to LPS in C57BL/6J mice as compared to 

A/J mice. The hyper-responsiveness in C57BL/6J mice includes an increase: in vasculitis, in 

neutrophil numbers, in polymorphonuclear cells and splenocytes followed by LPS treatment 

(4–6). Moreover, there is an increased production of interleukin-1 by C57BL6/J mice after 

LPS-injections as compared to A/J mice (4). Additionally, C57BL/6J mice have a lower 

bone mineral density phenotype compared to A/J (7) further supporting our findings. Clearly 

the observed differences in osteoclast differentiation and numbers are only part of the 

pathophysiologic mechanism underlying periodontal bone loss. Immune cell activation, 

osteoblastic function, cytokine release and extracellular matrix remodeling are all processes 

that would contribute to the observed interstrain differences. We plan future studies to 

address variations among the HMDP strains that will shed light to genetic determinants of 

the periodontal bone loss response.

The HMDP panel consists of 100 commercially available inbred mouse strains selected for 

systematic genetic analyses of complex traits. These strains were selected with the intent to 

increase resolution of genetic mapping, offer a renewable resource of inbred mice, and 

provide for a shared repository for data accumulation that would allow the integration of 

data across multiple scales including transcriptomic, metabolomic, proteomic, and clinical 

phenotypes (12). The 100 strains consist of 29 classic inbred strains used for initial 

association mapping (44, 45) and 71 recombinant inbred (RI) strains (12). The HMDP offers 

a powerful genetic approach for the study of complex genetic traits. Moreover, the HMDP is 

currently used to investigate a variety of clinical traits including diet-induced obesity, 

hearing loss, heart failure, atherosclerosis, bone mineral density and diabetes (12, 46–48). 

Therefore, determining periodonto-pathogenic LPS-induced bone loss in a mouse model will 

allow us to expand our studies to perform genome wide association studies (GWAS) 

utilizing the HMDP. Expanding these studies will contribute in identifying pathways 

important in disease initiation development; moreover, it will assist in predicting patients 

that are genetically predisposed to PD and in identifying the biological basis of disease 

susceptibility. The HMDP offers a powerful genetic approach for the study of complex 

genetic traits. The HMDP is currently used to investigate a variety of clinical traits including 

diet-induced obesity, hearing loss, heart failure, atherosclerosis, bone mineral density and 

diabetes (12, 46–48). We will exploit these powerful mouse genetics approaches to begin 

unraveling murine genetics affecting periodontal bone loss with an eye towards future 

translational studies on genetic and environmental regulators of human PD.

Our data supports a significant role of the genetic framework in LPS-induced periodontal 

bone loss and the feasibility of utilizing the HMDP to explore these genetic factors. 

Moreover, it corroborates with data in the literature. Expanding these studies will contribute 

in identifying the biological basis of disease susceptibility. Such understanding would help 

recognize patients with high-risk or resistance for development of periodontitis and would 

inform targeted treatment interventions for patients with the disease as we move towards a 

personalized diagnostic and interventional approach of periodontitis.
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Figure 1. 
Injections and Micro-CT image/sample orientation. A) Clinical image with the location of 

LPS injection. B) Micro-CT data were imported in DICOM format into Dolphin® software 

and the image volume was oriented in the orthogonal planes such that red line denotes 

(sagittal plane), green line (coronal), blue line (transverse plane): B1) the axial slices are 

parallel to the occlusal plane. The intermaxillary suture is parallel to the sagittal plane. C) 
The distance from the CEJ to the alveolar crest was measured at the sagittal plane 
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intersecting the interproximal molars. Yellow lines depict the measurement that was taken 

for distal of 1st molar and mesial of 2nd molar.
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Figure 2. 
P.g. LPS induces periodontal bone loss. A) Corrected sagittal and 3D reformatted 

representative images of non-injected (C), vehicle (veh)- or LPS-injected (LPS) mice. B) 
Graph of the distance between the CEJ to the alveolar bone level (mm) in non-injected, veh- 

or LPS-injected sites (average+/− SEM) at the distal of the 1st molar and mesial of the 2nd 

molar. Statistical analysis was performed by Student’s t-test (n≥24 sites/group). *p≤0.001 

compared to control and +p<0.0001 compared to vehicle.
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Figure 3. 
P.g. LPS-induces strain dependent bone loss. A) Corrected sagittal and 3D reformatted 

representative images of A/J and C57BL/6J LPS-injected mice. B) Graph of periodontal 

bone loss (mm) of LPS-injected sites subtracted by the respective controls (average+/− 

SEM) at the distal of the 1st molar and mesial of the 2nd molar. Statistical analysis between 

groups was performed by Student’s t-test (n≥24 sites/group). p<0.001 * statistically 

significant compared to C57BL/6J, $ statistically significant compared to DBA/2J, + 

compared to C3H/HeJ, # compared to BALB/cJ. Significance between BALB/cJ compared 

to C3H/HeJ is p<0.05.
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Figure 4. 
C57BL/6J mice have increased osteoclastogenic potential as compared to A/J in vitro. Graph 

of number of TRAP+ cells. Statistical analysis was performed using a Student’s t-Test. * 

statistically significant compared to A/J (p<.05).
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Figure 5. 
P.g. LPS-injections increases osteoclasts in C57BL/6J as compared to A/J mice. A) 
Representative H&E images of A/J control A/J LPS-injections, C57BL/6J control and 

C57BL/6J 5 LPS-injected. B) Graph of number of osteoclasts in A/J control, A/J LPS-

injected, C57BL/6J control, and C57BL/6J LPS-injected (n≥6 mice/group). Statistical 

analysis between groups was performed using a Student’s t-test, * (p<. 05) *** (P<.001).
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