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ADAPTATION OF A PERIODONTALLY DISEASED BONE-PERIODONTAL LIGAMENT-

TOOTH FIBROUS JOINT TO OCCLUSAL LOADS 

 

JEREMY DAVID LIN 

 
ABSTRACT 

The bone-periodontal ligament (PDL)-tooth fibrous joint is a dynamic organ that 

responds to various environmental inputs. Adaptations due to remodeling and modeling of the 

joint shape as a result of changes in physical and chemical properties of underlying tissues 

occur in response to physiological, parafunctional, and pathological loads. Such adaptations in 

the bone-PDL-tooth fibrous joint primarily occurs at two load-transmitting stiffness-graded soft-

hard tissue interfaces  the softer PDL interface with the harder mineralized cementum of the 

tooth root surface and the PDL interface with the alveolar bone (AB) of the jaw. Drawing upon 

classical engineering principles, these fibrous interfaces between disparate materials with 

different stiffness values theoretically should generate strain singularities (i.e., discontinuities 

upon loading), thus increasing propensity for failure through degeneration and/or detachment. 

However, stiffness gradients exist from ligament to respective mineralized tissues. The gradual 

transitions from softer to harder tissues or vice versa contribute to an optimum load resisting 

property, facilitating cyclic distribution and translation of forces that vary in magnitude and 

frequency.  Consequently, while the effect of functional loads is still amplified at these graded 

interfaces, discontinuities in general are alleviated and cyclic masticatory forces are distributed 

to facilitate tooth motion in the alveolar socket. 

The objective of the dissertation topic was to investigate adaptations that occur in a 

bone-PDL-tooth fibrous joint and at the soft-hard tissue interfaces following induction of 

inflammation by a lipopolysaccharide (LPS)-soaked ligature based periodontitis animal model. 
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Periodontitis is a prevalent host inflammatory disease of the periodontium that causes 

degradation of both soft and hard tooth attachment structures as a result of bacterial insult. The 

common sequelae of disease are increased tooth mobility and eventual loss of function. It was 

hypothesized that under conditions of continuous functional loading, periodontitis shifts 

the natural elastic gradients at the interfaces to abrupt transitions, i.e. discontinuities 

specifically at the PDL-cementum and PDL-AB attachment sites, significantly altering the 

overall functional biomechanics of the bone-tooth fibrous joint.  The goal of this study was 

to investigate the spatiotemporal adaptation of attachment sites to periodontal disease from 

combined structural, biochemical, and mechanical engineering, perspectives that used various 

high resolution imaging and physicochemical characterization techniques. Experimental 

periodontitis was induced via a ligature rat model. Uniaxial loads during biomechanical testing 

were varied to elucidate the mechanobiological effects and resulting adaptations that 

masticatory forces may incur in conditions of disease. The multidisciplinary approach sought in 

this study provided insights into the mechanisms of periodontal disease progression that caused 

decreased biomechanical efficiency of the bone-tooth complex. Disease-related changes in 

tooth displacement and overall shifts in biomechanical responses of the fibrous joint were 

correlated to adaptations of the underlying physicochemical properties of the constituent 

tissues. 

The results of this study illustrated the following in response to attachment loss during 

conditions of periodontitis: 1) a decrease in joint stiffness and creep of the joint in response to in 

situ uniaxial loading, 2) an increase in tooth displacement as measured through in situ X-ray 

imaging, 3) shifts in Ca and P elemental distributions and stiffness gradients towards a 

discontinuous profile as measured by microprobe micro-X-ray fluorescence, nanoindentation, 

and atomic force microscopy, and thereby 4) mechanobiological-induced adaptation of the joint 

at the apical structures farther away from the site of LPS-insult to the periodontium as 

determined through immunohistochemistry and histology. It was concluded that biomechanical 
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loads cause shifts in stiffness graded properties of the fibrous joint as a result of mineral 

deposition at the PDL-cementum and PDL-bone interfaces, and in turn induce a biochemical 

cascade and potentiates further adaptations culminating into joint degradation and malfunction. 

Results generated from this study provided insights into the effect of prolonged function on 

diseased joints and the need to modulate magnitude and frequency of occlusal loading to 

prevent further degradation of the joint structure and biomechanical function. Additionally, 

spatial maps of physicochemical properties and biochemical expressions illustrated affected 

sites and adapted regions that can be used as templates that direct novel therapeutics for tissue 

regeneration with the purpose of regaining biomechanical function. 
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CHAPTER 1. INTRODUCTION 

 

1.0. Dissertation motivation and clinical significance 

Periodontitis is estimated to affect 46% of the U.S. population over 30 years of age with 

80% of total U.S. population at risk of developing periodontal disease [1]. This globally prevalent 

affliction is defined as a group of common infectious and inflammatory diseases of tooth 

supporting structures that potentiate increased tooth mobility, eventual loss of tooth function, 

and compromised oral and systemic health. Considering that the bone-periodontal ligament 

(PDL)-tooth fibrous joint bears significant loads, there is little knowledge on how its function is 

altered in the presence of disease. Therefore, the goal of this study is to elucidate mechanisms 

at the organ and tissue levels that are responsible for compromising tooth function. We propose 

to investigate effect of disease progression from a mechanobiological, materials, and mechanics 

perspective. The results of this study will provide insights into clinical ramifications that could 

improve the quality of life and minimize oral health care costs. Specifically, the generated results 

on the effect of masticatory load on periodontal disease progression can be used for future 

approaches in encouraging dietary changes that minimize disease progression and potentially 

assist in the regeneration of functional attachment. Furthermore, current methods of guided 

tissue regeneration using membranes, bone inducing materials/coatings, and bioactive 

molecules, result in only partially regained function. Hence, elucidating the mechanisms that 

drive the breakdown of the functionally active alveolar bone-PDL-cementum complex will 

provide the much needed groundwork for the construction of improved biomimetic devices.  

 

1.1. The bone-periodontal ligament (PDL)-tooth fibrous joint 

1.1.1. Hierarchical considerations 

The bone-PDL-tooth fibrous joint is categorized as a biomechanically active, load-

bearing organ of function within the oral and craniofacial complex [2]. The primary function of 
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the joint is to sustain cyclic chewing forces of varying magnitudes and frequencies.  It is 

categorized as a fibrous joint because of the periodontal ligament that serves 1) to attach teeth 

to the jaw bone, 2) to consequently facilitate tooth displacement within the alveolar socket, and 

3) to distribute and alleviate masticatory forces through teeth and into the bone [3, 4]. Due to the 

multitude of components that fit together to form the well-lubricated load-bearing machine, 

understanding the manner by which the joint facilitates motion has consistently been performed 

through a hierarchical analysis at the organ, tissue, cellular, and molecular levels. Investigations 

at the organ level have allowed understanding of the interwoven nature of joint form and its 

function in response to masticatory loads [5-8]. Analysis of interactions between the soft, 

organic meshwork of the PDL and underlying bone matrix, and mineralization of the inorganic 

hard tissue, have provided insights from a biomechanical perspective toward joint adaptation in 

response to physiological and pathological forces in addition to inflammatory insults [9-14]. 

Through immunohistological and in vitro studies, the responses of PDL cells to perturbations 

placed on tissues and cultured scaffolds continue to be mapped [9, 11-13, 15-20]. In our study, 

we sought a multi-scale approach to investigate how changes in the form of the tooth relative to 

the socket-shape and vice versa can prompt adaptations through varied biochemical and 

elemental expressions within tissues that form the tooth-PDL bone fibrous joint. 

The fibrous joint is composed of soft-hard tissue attachment sites, in which the softer, 

vascularized PDL integrates with the significantly harder and stiffer vascularized alveolar bone 

(AB) of the jaw and avascularized cementum of the tooth (Fig. 1-1) [21]. The extracellular matrix 

of the PDL consists of fibrous proteins, including the dominant type I collagen, trace type III and 

type V collagens, elastin and oxytalan fibers, and globular proteins, including proteoglycans and 

other noncollagenous proteins [2, 22]. Progenitor cells and their differentiated lineages of 

osteoblasts, fibroblasts, and cementoblasts, reside within the matrix [23]. The surface layer of 

alveolar bone adjacent to the PDL consists of an underlying osteoid matrix with maturing 

inorganic minerals in the predominant forms of hydroxyapatite and carboxyapatite [21, 24]. In 
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general, the general structure of an alveolar bone consists of an outer shell of dense compact 

bone with a heavily vascularized, spongy cancellous bone. The thickness of the compact bone 

and size and number of trabeculae in cancellous bone can increase and/or decrease in density 

in response to hyperfunction and hypofunction, respectively [25-27]. Remodeling of bone occurs 

through the combinatorial actions of osteoblasts of mesenchymal origin and osteoclasts of 

hematopoetic origin, creating reversal lines caused by deposition and resorption activities, 

respectively [28-30]. A mineralizing matrix known as the cementoid also exists at the PDL-

cementum interface [3, 9, 12, 21]. Cementum is thought to be similar in structure to bone; 

however, it possesses an acellular zone in the anatomical coronal half to two-thirds of the tooth 

root [3, 21]. Deposition and resorption of cementum also occur in cementum as they do in bone; 

however, these changes are usually in the form of modeling as opposed to remodeling [3, 23]. 

PDL inserts into bone consist of single inserts through compact bone, while inserts into 

cementum spread in a fan-like manner from the interface into mantle dentin. 

 
 

PDL CEMENTUM ALVEOLAR Bone 

PDL 

Alveolar bone 

Cementum 

PDL 

Figure 1-1. Major constituents of the tooth attachment process. (Adapted from Ho, et al., 2007) 
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1.1.2. Characteristics of the enthesis 

The term enthesis was first used in the musculoskeletal system to define interfaces 

found at osteotendinous/ligamentous junctions [31-33]. Such interfaces and the adjacent 

transitioned tissues are collectively 

called enthesis organs, a term that was 

coined in 2001 by Benjamin, et al. [34].  

Through a series of studies and 

reviews, the author described these 

organs as complex, functional machines 

with multiple components that work 

together to accommodate forces with 

multiple degrees of joint movement [31]. 

These interfaces are categorized as 1) 

indirect fibrocartilaginous entheses, in which tendons ligaments insert into bone through 

cartilage, and 2) direct fibrous entheses, in which tendons/ligaments insert into bone [35]. 

Classical engineering principles illustrate that loads transmitted through such soft-hard tissue 

interfaces subject them to amplified strains compared to adjacent bulk tissues due to significant 

stiffness differences between interfacing materials (Fig. 1-2) [36, 37]. As such, it is not 

uncommon to identify high incidences of failure in the form of tears at soft-hard tissue interfaces 

commonly observed in high impact sports injuries, resulting in insertional tendinopathies at the 

elbow, the Achilles tendon, and the knee [38-40]. Such injuries over time with continuous cyclic 

loads can impede physiological mobility of the joint and cause catastrophic joint malfunction 

[41]. 

From a pure mechanics perspective, of particular interest to researchers was why failure 

did not occur regularly within load-bearing joints containing sites where dissimilar tissues were 

attached. By using an interdisciplinary approach, histological analysis of fibrocartilaginous joints 
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Figure 1-2. Model illustrating strains at discontinuous 

interfaces. This figure illustrates the theory put forth by 

Suresh regarding the presence of singularity strains at 

interfaces between materials of significantly different stiffness 

values. E1 = Higher Young’s modulus of material 1, E2 = Lower 

Young’s modulus of material 2, yellow arrows = loading. 
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showed that as tendons inserted into bone, they transitioned through zones of increasing 

mineral concentration [42]. More specifically, multiple zones leading to a gradient in mineral 

content were present instead of a single zone consisting of a sharp increase in mineral content 

[43, 44]. It was speculated that by discretizing the enthesis into multiple zones of smaller 

differences in stiffnesses, strains can be distributed over the interface thereby decreasing 

susceptibility to failure through tears and ruptures [9, 32, 33, 45]. The theory of gradual 

transition as opposed to an abrupt change has been consistently demonstrated across multiple 

species, such as the squid beak, bamboo stem, and vascular bundle of the Washingtonia 

robusta palm [46-48]. Each of these species possesses measured stiffness gradients that have 

developed through adaptive response to environmental signals by reinforcing underlying organ 

structure to resist various types of forces. For example, the squid beak resists compressive and 

tensile forces from diet and the bamboo stem to bending forces 

generated by wind. As such, the enthesis organ can then be defined as a collection of related 

tissues at and near the enthesis, which developed in response to consistent environmental 

cues, such as mechanical load to build tissues that can sustain and react to the signal identified 

as function for any organism.  

Studies in our laboratory showed that the PDL-bone and PDL-cementum insertion sites 

of the bone-tooth fibrous joint possessed analogous characteristics to direct fibrous entheses. 

By analyzing the physicochemical properties of periodontal entheses, constitutive tissues 

demonstrated gradual transitions in mechanical properties as opposed to abrupt shifts expected 

under macroscale observation. In human and rats, these elastic gradients at entheses were 

found to be caused by gradual increases in inorganic to organic ratios as the softer PDL transits 

into stiffer bone and cementum [9, 49-52]. As a result, under normal function, such interfaces 

protect against excessive shear, torsional, bending, rotational, tensile, and compressive forces 

accompanied with joint movement [32, 44], ensuring optimum load distribution and transmission 

of cyclic loads (i.e. chewing forces) that prevent wear and tear due to fatigue. 
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1.1.3. Physiological and pathological effects of strain amplification 

The bone-tooth fibrous joint is a dynamic organ that adapts to occlusal loads. These 

functional loads induce tissue adaptations within the organ by converting mechanical energy 

into chemical energy at a cellular level [9, 11, 53-57]. During mastication, occlusal forces on the 

tooth translate to the bone through the PDL. When broken into basic components, the 

reactionary forces can be identified as predominant components of tension or compression that 

generate cellular mechanobiological effects within tissues. These effects are often identified 

through mapping the localization and expression levels of mechanosensitive proteins, which 

prompt cellular migration, proliferation, and subsequent matrix protein deposition. As such, the 

physical form of the tooth and its 

attachment as related to space 

between the tooth and socket wall 

defines biomechanical function [5, 

8]. Form modulates biomechanical 

response of individual constituents 

of the joint for optimal facilitation of 

tooth movement [30, 58-60]. 

Inputs, such as bacterial insult or 

diet, can shift the magnitude 

and/or frequency of loads on the 

joint, thereby altering the self-

regulating cycle of the joint and 

triggering its adaptive nature (Fig. 

1-3).  

MECHANICAL 
Physiological 

Hard vs. soft diet 
 

Pathological 
Bruxism 

Orthodontics 
Trauma 

INFLAMMATION 

Bacterial-induced 
 

Systemic 

Figure 1-3. The fibrous joint adaptation cycle. Green arrows 

represent the processes involved in joint maintenance and 

adaptation. The red arrow represents inflammatory perturbations as 

induced by bacteria and systemic conditions that induce 

mechanobiological adaptation through altering the organ structure. 

The gray arrow represents physiological and pathological 

mechanical perturbations that induce mechanobiological adaptation 

through altering tooth movement. 
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The fibrous joint is in constant flux due to changes within physiological thresholds 

defined as those that cause reversible modeling of the periodontium when forces are returned to 

normal. In mammalian species, function-related thresholds are most often modulated by diet. 

Previous studies have shown that the PDL-space changes in width in response to occlusal 

loads. Hyperfunction has shown to increase PDL width through an upregulated osteoclastic 

response, while conditions of hypofunction illustrated modeling of the PDL width to a narrower 

space than under control conditions [14, 21, 26, 61, 62]. Furthermore, PDL fibers under 

increased occlusal loads increased in organization, while those with decreased and/or lack of 

function showed haphazard organization [61]. In humans, these changes are known to be 

reversible and adjusting diet and/or occlusal discrepancies affect the measured outcomes of 

tooth mobility and radiographically identifiable PDL width. 

In a load-bearing organ with soft-hard tissue attachment sites, mechanical strains are 

concentrated at the soft-hard tissue interfaces [7, 31, 33]. Studies have shown that strains from 

loads on joints are important for the remodeling that maintains tissue integrity and functionality 

of connective tissues. Our laboratory showed that proteoglycans (PGs) congregate at the PDL-

cementum and PDL-AB entheses [9, 11, 13]. PGs are adhesive proteins involved in promoting 

cell migration and cell adhesion, maintaining cell-matrix interactions within tissue structures via 

binding of growth factors, patterning of collagen fibrils, and mineralizing hard tissues [11,12]. As 

such, they are major constituents of mineralized tissues. PGs are hydrophilic macromolecules 

that are responsible for resisting the compressive forces through their water-retention 

characteristics, thus sustaining functional loads in the periodontium [13]. During the attempted 

remodeling phase as a response to disease, PGs are secreted by various cells in the PDL to 

sequester biomolecules and directly and indirectly modulate extracellular matrix formation. 

These include regulating adhesion of fibroblasts, cementoblasts, and osteoblasts to adjacent 

tissues to repair both degraded tissues and the attachment mechanism, and acting as the 

potential modulator of osteoclast activity and bone resorption [14-16]. Hence, it is conceivable 
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that the inherent characteristics of the PG-decorated PDL-cementum and PDL-AB interfaces 

are vital for tooth attachment and modulating physiological loads [9-11, 13, 49]. However, when 

forces that modulate this functional homeostasis are altered and move into abnormal regimes, 

irreversible modeling occurs to generate structural changes until a new homeostasis is reached 

[10, 11]. 

In situ loading of the tendon/ligament-bone entheses within the musculoskeletal system 

showed that strains at insertion sites could be up to four times the deformation experienced by 

the tendon/ligament bulk tissue, with microtears and/or microfractures occurring mainly within 

the interface [34, 42]. As a result, tissues near entheses are subjected to high incidences of 

wear and tear, leading to degenerative diseases called enthesopathies [33, 35] as a result of 

disease and/or load-induced perturbations of higher frequencies and magnitudes of cyclic 

mechanical forces. In other cases, proinflammatory factor expression, cellular recruitment, and 

metaplasia at sites of enthesis in response to excessive extraneous loads and/or prolonged 

inflammatory conditions have been shown to propagate the development of bony spurs that 

discourage joint mobility [31, 35]. Hence, prolonged perturbations in the form of excessive 

extraneous loads often cause chronic inflammatory diseases that could alter or break down 

tissues involved in constructing stress concentration-relieving entheses organs. Similarly, it is 

speculated that altering function of the fibrous joint, i.e. tooth movement, generates adaptation 

of its composition tissues through changes in biomechanical response. The objective of this 

study was to investigate the biomechanical and tissue related changes by inducing the 

perturbation of inflammation to create a condition related to pathological function. 

 

1.2. Periodontitis 

1.2.1. Etiology and hallmarks 

Periodontitis is a group of infections characterized by host inflammatory responses in the 

periodontium that result in destruction and loss of attachment [4, 63]. The primary etiological 
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factor for periodontitis is bacterial-induced plaque formation and subsequent calculus buildup 

[64-67]. However, conditions that alter systemic health, such as diabetes, cardiac disease, 

pregnancy, genetics, and smoking, increase the incidence and severity of periodontitis through 

increasing susceptibility of gingiva to inflammation [68, 69]. While initial and transient 

inflammation results in gingivitis without noticeable effects on the bone-tooth fibrous joint, 

prolonged and constant inflammation causes the release of enzymes and chemotactic factors 

(i.e., cytokines and chemokines) by insulted mesenchymal cells and stimulated immune cells 

[70-73]. This induces breakdown of the soft collagen network of the PDL through collagenase 

and matrix metalloproteinases and recruitment of osteoclasts for the resorption of anchoring 

alveolar bone [74, 75]. Degradation of these critical components of the tooth attachment 

process represents the hallmarks of periodontitis: 1) alveolar bone loss and 2) PDL degradation 

[2, 68, 76, 77]. These structural changes are irreversible in the absence of extrinsic regenerative 

techniques, and as such the primary clinical intervention is prevention of further degeneration 

[4]. Without proper therapy, a continual loss of form results in altered tooth mobility over time 

with eventual loss of function at the organ level. 

 

1.2.2. Relationship to function 

Considering strain amplification at the PDL-bone and PDL-cementum interfaces, our 

laboratory was interested in whether continuous function of a periodontally diseased fibrous joint 

exacerbates disease progression in the form of furthering bone loss. This question has been 

highly debated among investigators in periodontal research as to whether heavy occlusion (i.e. 

occlusal trauma) can act as a primary causative agent of periodontitis or enhances disease 

severity [78-82]. Based on animal and human studies, a predominant theory eventually 

developed over time that became known clinically as secondary occlusal trauma [4]. Studies by 

Polson, et al., Lindhe, et al., and Glickman, et al., collectively demonstrated the concept of co-

destruction of the periodontium through plaque-induced inflammation and chronic and excessive 
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occlusal loading [80, 83-88]. Glickman, et al., specifically coined through histologically analysis 

the model  -  which theorized 

that heavy forces through a diseased periodontium alters the orientation of PDL and gingival 

fibers to increase susceptibility of the tooth attachment process to apically progressing 

inflammation [89-92]. These concepts were translated to human studies on the effects of 

premature tooth contacts in the presence of periodontitis [78, 93-96]. Results showed that 

periodontitis severity was correlated with occlusal discrepancies, which possess increased 

incidence of contact, magnitude of occlusal forces, and fremitus mobility.  

 While these studies focused on occlusal trauma, our study extrapolated on these 

theories to understand the impact of periodontitis on joint form and function, as well as how 

specific tissues of entheses within and along the bone-PDL-cementum complex 

spatiotemporally adapt to bacterial insult combined with continuous functional load. Our ligature-

induced periodontitis model generated the input of altering form through inflammatory-induced 

degradation of the tooth attachment process. Through hierarchical study, the biomechanical 

response of the joint at the organ level, as well as changes in tissue structure and 

mechanobiological expression were investigated. Additionally, effects due to continuous 

pathological function induced through loss of attachment causing adaptation at the PDL-

cementum and PDL-bone attachment sites that exacerbates overall tissue degradation and 

eventual loss of tooth function were also investigated [2, 31, 32, 40, 72, 97]. 

 

1.3. Rationale for an in vivo rat model 

Human studies of periodontitis impose many limitations due to intraspecies variability 

and difficulties in identifying causal factors for tissue degradation. These variables include: 

individual susceptibility to disease; the degree of host response to disease with differing levels 

and rates of disease progression; differences in environmental factors; variability and drift of the 

oral microflora in response to diet and consistency and level of hygiene; and differing types, 
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aggressiveness, and intervals of treatment and prevention techniques [98, 99]. As such, there is 

a need to regulate such variability through the use of genetically similar animals under 

controlled environments. Because the goal of this study was to understand the biomechanical, 

structural, chemical, and nanomechanical outcomes, of complex host organs and its respective 

tissue-leveled responses to periodontitis, in vivo small scale animal models were used instead 

of in vitro cell culture models. 

Searching for an appropriate periodontitis model involved choosing an animal that 

balanced ease of handling and cost effectiveness, genetic similarities within a species, similar 

morphology and composition of periodontal structures to humans, and comparable host 

response to periodontitis [100, 101]. Furthermore, with interest in biomolecular localization and 

expression levels, the commercial availability of antibodies against proteins of interest was also 

important. Rodents presented as preferred study subjects mainly due to analogous molar 

periodontia and relatively low husbandry costs. More specifically, male Sprague-Dawley (SD) 

rats were chosen as models due to their use in vast amount of studies on the effects of 

experimental-periodontitis and occlusal and orthodontic loading. However, a noted 

disadvantage with rat models is the difference in development and degree of severity of 

periodontitis relative to humans due to natural resistance to periodontal pathogens. In general, 

rats clear pathogens more readily than humans and do not develop plaque and calculus 

naturally when subjected to a controlled hard pellet diet. Furthermore, experimental studies on 

periodontitis in rats induce an acute inflammatory response as opposed to the slow progression 

of chronic periodontitis most commonly seen in humans [99]. As such, it is important to note that 

our study sought to mimic the resultant effects of tissue destruction rather than the sequence of 

periodontitis and level of inflammatory host response. 

Graves, et al., provides a comprehensive review of various rodent models used in the 

study of host-bacterial responses [101, 102]. Such models include individual or combinatorial 

use of silk or cotton ligatures in the gingival sulci around molars, application of 
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lipopolysaccharide onto gingiva, injection of virulent Porphyromonas gingivalis into the gingival 

sulcus, oral gavage of virulent periodontal pathogens into specifically susceptible rodent 

species, and the induction of osteoclastogenesis via the calvaria model. The ligature model has 

increased in popularity over the last decade due to the etiological analog to human periodontitis, 

during which plaque buildup from a combination of dietary sucrose and oral bacteria induces an 

inflammatory response [103-116]. The goal of the ligature model is to generate constant 

inflammation through a continuous food and indigenous and environmental bacterial trap within 

gingival sulci [106]. Such inflammation would stimulate osteoclastogenesis and soft PDL 

destruction, resulting in alterations to the physical properties of the tooth attachment process. 

Furthermore, the localized effects of ligatures allows for controlled investigations into the effects 

of periodontitis on systemic diseases and periodontitis treatment options, decreasing the 

presence of confounding variables. While they have been recorded to possess increased 

pathogen resistance and decreased pathogen levels, barrier animals were used to decrease the 

effects of environmental-induced periodontitis [117, 118]. LPS was used in addition to silk 

ligatures as a catalyst for inflammation due to the low bacterial challenge under barrier 

conditions [98, 119, 120]. 

Because rats naturally undergo AB resorption and continual distal movement and 

eruption of molars throughout their lifespan, ligation on 6-week-old male rats post-term will be 

used to minimize these innate effects [117, 121-124]. Furthermore, the eruption of third molars 

by 6 weeks allows for the stabilization of distal ligatures and decreased mechanical effects of 

ligatures on root formation. To control for varying rates of disease progression, rats were 

analyzed at 6 weeks and 12 weeks of ligation to compare physical properties with increasing 

severity of disease [103, 104, 125]. 
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1.4. Research hypotheses and specific aims 

The purpose of this study is to investigate and map adaptations of soft-hard tissue 

interfaces that couple tissue-related structural changes to changes in organ-related 

biomechanical function of a diseased bone-PDL-tooth fibrous joint. Functional biomechanics of 

the bone-tooth fibrous joint can be impaired due to periodontitis. As an inducer of destructive 

inflammatory processes, periodontitis directly affects the periodontal ligament (PDL), alveolar 

bone (AB), and cementum that form the bone-tooth attachment apparatus [2, 76, 97, 126-129]. 

From a mechanics perspective, elastic gradients at the soft-hard tissue interfaces of PDL-

cementum and PDL-bone within the bone-PDL-cementum complex distribute compressive 

loads across the attachment sites during mastication [9, 49, 50]. However, mechanical strains at 

these interfaces are thought to be significantly higher compared to bulk tissues within the 

complex, peaking in the softer organic PDL and gradually transitioning to strains representative 

of harder inorganic cementum or AB [7, 42]. Such shift in strains potentiates a much needed 

homeostatic remodeling under physiological conditions to continuously rebuild interfaces to 

accommodate the demands that are commonly observed as osteoid or cementoid regions. As 

such, the objective of this dissertation topic is to map structural alterations of the fibrous joint 

structure due to periodontitis  and relate how these changes affect the overall biomechanics and 

adaptation of the diseased fibrous joint  [2, 76].  

Investigations from a combined materials, mechanics, and mechanobiology perspectives 

included soft-hard tissue interface adaptation to bacterial insult and resulting function. It was 

theorized that in the presence of disease-induced structural adaptations, continuous function 

alters elastic gradients within load bearing tissues and biological interfaces. This results in a 

positive feedback that leads to impaired joint function, generating mechanobiological responses 

that compromise and potentiate tooth loosening as a result of breakdown of supporting 

interfaces and periodontal tissues due to disease. Hence, it was hypothesized that under 

conditions of continuous functional loading, periodontitis shifts the natural elastic 
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gradients at the interfaces to abrupt transitions, i.e. discontinuities specifically at the 

PDL-cementum and PDL-AB attachment sites, significantly altering the overall functional 

biomechanics of the bone-tooth fibrous joint. Loss of biomechanical function in a diseased 

fibrous joint will be studied by correlating macro-scale loads to the resulting spatiotemporal 

adaptations in structure, tissue composition, mechanical properties and biochemical markers of 

periodontal tissues and their interfaces. From a clinical perspective, this systematic, 

interdisciplinary and multiscale approach will provide an integrated framework for understanding 

joint adaptations, leading to improved approaches and clinical interventions for patients with 

diseased yet functionally active bone-tooth complexes. Additionally, evaluating the inherent 

properties of tissues and their interfaces is necessary for functional tissue regeneration of 

biological structures otherwise lost due to the globally prevalent disease. 

 

1.4.1. SPECIFIC AIM 1: To test the hypothesis that changes to the mineral gradients at the 

PDL-cementum and PDL-bone attachment sites affect local elastic gradients over the 

course of disease progression.  

The periodontium is known to respond to biochemical and mechanical stimuli via tissue 

remodeling through cell differentiation and migration and extracellular matrix (ECM) protein 

expressions [9, 11, 53, 54, 130]. Previous studies in humans have identified a significant 

increase in mineral content at the cementum interface with PDL in response to disease [126, 

128, 129]. Furthermore, surface layers between healthy and diseased interfaces were recorded 

to possess different compositions and maturation levels of calcium phosphate crystal. Such 

changes in mineral content have been attributed to increases in subgingival calculus and the 

exposure of the surface layer to gingival crevicular fluid. However, in multiple studies mineral 

content and composition changes were seen on surfaces without subgingival calculus, 

suggesting a biochemical response during the inflammatory process. Our laboratory speculated 

that destruction of the periodontium causes deposition of mineral due to a cellular response to 
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increased mobility of the PDL against cementum. In rats the natural drift in the presence of 

functional loads in and of itself promotes mineral gradients due to formation at the mesial 

complex and resorption at the distal complex [61, 131]. As such, in controls, the elastic 

gradients at the mesial side are less steep compared to those at the distal side. In this aim we 

investigated the effects of mineral-forming and resorbing events in a diseased complex 

compared to controls. A site-specific and anatomically relevant analysis of human cementum-

dentin specimens was conducted as a preliminary study to understand changes in a structural, 

chemical, and nanomechanical properties of the tooth attachment process. A ligature-based 

periodontitis model was used to map spatiotemporal changes in structure, chemical 

composition, and mechanical properties of PDL-cementum and PDL-bone attachment sites. The 

objective of this study was to investigate changes in the physicochemical properties of the soft-

hard tissue interfaces to identify adaptive responses to disease progression within each time 

point and across time points. Microstructural changes were evaluated via histology and 

advanced high resolution imaging techniques such as, atomic force microscopy (AFM), 

scanning electron microscopy (SEM), and micro-X-ray computed tomography ( -XCT). 

Elemental mapping correlating with higher and lower mineral content at these attachment sites 

were obtained using a microprobe X-ray fluorescence technique. Differences in the structure 

and chemical composition were correlated to shifts in hardness and elastic gradients at 

entheses using nanoindentation techniques. 

 

1.4.2. SPECIFIC AIM 2: To test the hypothesis that destruction of the tooth attachment 

process induces malfunction (pathologic in nature) during continuous inflammatory 

conditions through altered stiffness and viscoelastic properties of the fibrous joint. 

Currently, few studies have tested the biomechanical properties of intact fibrous joints 

(51). Due to previous lack of capabilities to visualize internal structures including the PDL-

space, many studies were limited to the mechanical testing on cross sectional blocks and/or 
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finite elemental analysis [7, 132-135]. Recent developments of in situ loading devices coupled 

with -XCT units have allowed for digital imaging correlation (DIC) and digital volumetric 

correlation (DVC) to identify tooth displacement within the alveolar bone socket [8, 136, 137]. 

Therefore, the first half of this aim sought to define the tooth displacement, stiffness, loading 

rate, and viscoelastic properties within the bony socket of rat fibrous joints effectively under 

uniaxial compressive mechanical loads. For both compression and viscoelastic testing, 

specimens were loaded at various permutations of displacement rate and peak response loads 

as described further in Chapter 2. Experimental Techniques and the corresponding publication 

in Chapter 4. Digital image correlations between two dimensional (2D) virtual sections taken 

from tomograms generated at no load and peak response loads of increasing magnitude were 

performed, respectively. Periodontitis has long been known through clinical observation to 

degrade the fibrous joint and, subsequently, increase mobility of the joint [4]. However, few 

studies have been performed with a temporal component, and even fewer studies have 

analyzed the effects on an intact fibrous joint. Due to the anatomical heterogeneity of type and 

orientation of collagen fibers and entheses in the PDL-space, the intact joint allows for 1) 

elimination of the confounding factors of section size and possibly non-corresponding 

anatomical specificity, and 2) measurements that incorporate all primary and secondary 

changes to inflammation in the joint. The second objective of this aim sought to identify changes 

in physiological biomechanical characteristics to pathological loading as a consequence of joint 

degradation to disease. Changes in the load-displacement response of periodontally 

compromised fibrous joints within bony sockets were identified through experimental 

biomechanical analysis on intact maxillae. Furthermore, the temporal aspect of this study 

elucidated the effect of altered load-displacement tooth behavior within the socket to rate of 

attachment loss (recession of bone, i.e. distance from alveolar crest to tooth cervix) and 

widening of the PDL-space, thus providing insight to disease progression. 
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1.4.3. SPECIFIC AIM 3: To test the hypothesis that continuous functional loads on a 

compromised fibrous joint alter physiologic mechanobiological mechanisms and 

subsequently influence disease progression.  

The objective of this study is to temporally identify mechanobiological adaptations during 

disease progression by mapping and correlating expression and localization of 

mechanosensitive factors with morphological and histological changes. Changes in the degrees 

of freedom and magnitude of displacement of the tooth as a result of inflammatory destruction of 

the tooth attachment process were speculated to potentiate a condition of cyclical pathological 

breakdown. Site-specific mechanobiological effects due to continual masticatory forces on the 

diseased fibrous joint, specifically at the PDL-cementum and PDL-AB interfaces, were first 

determined by spatiotemporally analyzing the expression levels and localization patterns of 

biochemical factors associated with organic matrix formation including fibronectin (FN) and 

mineral resorption including osteopontin and r -B ligand 

(OPN, RANKL) using immunohistochemistry. Of the many proteins involved in tissue response 

to mechanical stimuli, fibronectin (FN) has been identified as an output factor indicative of 

proteins released from mechanosensing cells  specifically those undergoing tension and/or 

experiencing shear strain from fluid flux [138-141]. Through deposition and conversion into a 

fibrillar network, FN is known to promote cell migration and adhesion, maintaining cell-matrix 

interactions, and acting as mechanotransducers to couple mechanical stretching with chemical 

expression of attached osteoblasts [142]. RANKL is a resorption-promoting protein with altered 

expressions in the mechanically strained periodontal ligament [143-145]. RANKL causes 

migration and differentiation of osteoclast precursors to mineralized tissues; as such, it has 

been identified as a prominent identifier and initiator of alveolar bone destruction within the 

diseased fibrous joint [2, 29, 30, 146]. To measure the outputs of changes in micro- and 

macrostructural levels, histological structures and PDL widths were measured. Investigations 

were conducted on both fibrous joints undergoing early inflammatory onset and those 
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experiencing prolonged conditions of inflammation. Changes in biochemical expressions were 

correlated with shifts in elastic gradients at the PDL-cementum and PDL-AB attachment sites.  
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CHAPTER 2. EXPERIMENTAL TECHNIQUES 

General descriptions of experimental techniques that were commonly used on human 

and rodent specimens are described in this chapter. Experimental parameters were altered 

between species due to variations in size, antibody specificity, and tissue composition. 

 

2.0. In vivo rat model 

2.0.1. General procedures 

All animals in this study were housed under barrier conditions in compliance within the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) of UCSF and the 

National Institute of Health (NIH). Veterinary monitoring was provided once a week, while cages 

were checked daily for sufficient food and water and cleaned if necessary. Each cage housed 

no more than 500 mg of rodent mass, and rats were placed into separate cages during growth if 

critical mass was reached. Veterinarians provided support for animal care in such situations and 

also additional support for novel experimental procedures unfamiliar to the researcher. The 

incidence of pain is anticipated to be negligible in rats. Change in occlusal loads due to 

hardness variation in food does not cause any pain.  Furthermore, periodontitis in humans is 

painless until an abscess has developed, which happens only at an advanced diseased stage 

that is not considered in this study. Pilot studies performed by our group showed no signs of 

weight loss or signs of discomfort due to treatment. Furthermore, in all previous studies there 

have been no reports of adverse effects on eating/drinking in ligature-induced periodontitis rat 

models [104, 112-114]. Analgesics (nonsteroidal anti-inflammatory drugs) were available to be 

administered by the veterinarian if there were any symptoms of pain. As per IACUC protocol, 

animals under distress were tagged and the researcher was immediately notified. 

 



20 
 

2.0.2. Induction of periodontitis 

Rats naturally undergo AB resorption and continual distal movement and eruption of 

molars throughout their lifespan. Hence, 6-week-old male rats will be used to minimize these 

innate effects [117, 121-123]. To control for varying rates of disease progression, rats were 

analyzed at 4 days, 8 days, 15 days, 6 weeks, and 12 weeks of ligation, corresponding to 

increasing severity of chronic periodontitis [103, 104, 125]. 6-week-old male Sprague Dawley 

rats (Charles River Laboratories, Inc., Wilmington, MA) bred within a barrier environment were 

used and fed a normal, hard pelleted diet.  Barrier animals were chosen to decrease the 

changes in biomechanics due to environmentally induced periodontitis [117]. Animals were 

placed under inhalational anesthesia with isoflurane for all procedures involving LPS-soaked 

ligature induction of the oral cavity and fluorochrome injections. 4/0 sterile, braided silk ligatures 

soaked in 7.1 mg of lipopolysaccharide (LPS) from Escherichia coli serotype 055:B5 (Sigma-

Aldrich, St. Louis, MO, L2880) per 1 mL of 1X Tris-buffered saline (TBS, pH 7.4) [104, 147] 

were placed into the interproximal regions flanking the left and right second maxillary molars of 

experimental rats and pushed into the gingival sulci of the second molar cervix [103, 104, 106]. 

Control rats were flossed within the same interproximal regions to account for tissue response 

to mechanical trauma during ligature placement. Rats were euthanized at each previously 

defined time points via a two-step method: chemically via carbon dioxide and physically via 

bilateral thoracotomy. 

 

2.0.3. Specimen preparation 

Right hemimaxillae were stored in 1X Tris buffered saline solution (TBS, pH of 7.4) with 

CA) prior to  compression tests, while left hemimaxillae were immediately fixed with 4% 

paraformaldehyde (PFA) at room temperature for two days for histology and 

immunohistochemistry.  Following fixation, left hemimaxillae were then rinsed in deionized water 
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and briefly stored in 70% ethanol. To identify the potential remodeling and regeneration of PDL-

cementum and PDL-bone interfaces, chemical labeling was performed for active resorption and 

formation of mineralized tissues at these sites. Fluorochrome labeling was used to identify 

mineral apposition of active mineralization fronts [148] based on the fundamental principle that 

calcium-binding fluorescent dyes deposit at sites of active remodeling [149]. Tetracycline (green 

label) and alizarin red (red label) were injected in alternating administrations, so that treatment 

was completed at least one or two days prior to euthanizing the animal [148]. As a marker for 

osteoclast activity, tartrate-resistant acid phosphatase (TRAP) was targeted to elucidate specific 

areas undergoing resorption of mineralized tissues (cementum and bone). Briefly, paraffin 

sections from fluorochrome-infused rats were stained for TRAP-positive osteoclasts with a 

solution of 10 mg Napthol AS-MX phosphate/mL N,N-dimethylformamide mixed with Fast Red 

LB violet salt in 0.1 M acetate buffer at pH 5.0, followed by counterstain with haematoxylin [150, 

151]. 

 

2.1. Specimen preparation  

2.1.1. For microscale structural analysis 

Due to the site-specific imaging and nanomechanical property determination with an 

atomic force microscope (AFM) and micro-X-ray fluorescence ( -XRF) and AFM-based 

nanoindentation, the surface of each specimen was made flat and parallel. Flatness was 

created through maximizing parallelism with the AFM discs and minimizing surface roughness, 

which generates artifacts in topographical data by the AFM as height discrepancies greater than 

the Z-displacement of the piezo cannot be accurately recorded. This becomes a concern under 

conditions of hydration, during which the differences between peaks and valleys of surface 

structures increase. Surface roughness is also a concern with techniques due to the 

microscaled size of the nanoindenter tip. A rough surface would skew and/or increase the 

standard deviation of the nanomechanical data due to placement of the tip into a valley, peak, or 
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slope running from the peak to the valley. In the same manner, probe to surface orthogonality 

for micro- and nano-scaled characterization techniques is generated by using the AFM steel 

disc as a reference base and to create a flat and parallel surface of the specimen. The 

specimens were placed in an Ultracut E ultramicrotome (Reichert Scientific Instrument 

Technical Services, Depew, NY) and trimmed using an old, scratched diamond knife (Micro Star 

Technologies, Huntsville, TX) to remove 1 m thick sections. Final ultrasectioning was 

performed with a clean, new diamond knife (Micro Star Technologies, Huntsville, TX) by 

removing ultrafine sections. All sectioning was performed manually and under dry conditions. 

The topography and mechanical properties of the surfaces of remaining specimen blocks were 

characterized via AFM and AFM-based nanoindentation, respectively. 

 

2.1.2. For histology and immunofluorescence 

Specimens were prepared to maximize observations of structures and for subsequent 

localization of biomolecules based on anatomy. For comparative studies between 

nanomechanical and surface topographical data, sagittal sections through mesial-distal planes 

were analyzed. Specimens of interest were first placed through a fixation process for retention 

of the organic matrix structure and constitutive protein factors during the rigorous decalcification 

and tissue processing. In general, the softer organic extracellular matrices of tooth related 

tissues and bone are the natural constructs for sequestration of inorganic ions and subsequently 

molecules during development, growth and life-long tissue remodeling. As such, biomolecules 

and organic matrices are encased within crystalline structures addressing the need for tissue 

processing to promote epitope accessibility and subsequent antibody tagging. Protocols that 

use acidic solutions to target the dissolution of minerals were infiltrated through specimens to 

expose underlying soft tissue structures. The endpoint of decalcification was confirmed via 

mechanical bending and scalpel testing of a nonessential region of the specimen. 



23 
 

Paraffin sectioning was selected as a method for creating thin, serial sections suitable 

for histology. Serial sections allow complete and uniform infiltration of solutions for staining and 

antibodies. Specimens were infiltrated with paraffin wax through a well-adapted protocol 

executed through tissue processors. Following paraffin infiltration, the specimens were 

sectioned sagittally on a rotary microtome (Reichert-Jung Biocut, Vienna, Austria) using a 

disposable steel blade (TBF Inc., Shur/Sharp, Fisher Scientific, Fair Lawn, NJ). 5-6 m paraffin 

sections were mounted on Superfrost Plus microscope slides (Fisher Scientific, Fair Lawn, NJ).  

Sections were deparaffinized with xylene and rehydrated through a descending ethanol series 

of 100%, 95%, and 80% ethanol before further use. 

 

2.1.3. For micro-X-ray computed tomography  

Specimens were prepared based on the size limitation of the specimen stage holders 

while maximizing signal to noise ratio as needed for a high resolution scan using X-ray 

computed tomography and length of each scan. As such, specimens were created with relative 

uniformity in thickness from all angles and to a size that could be placed within 1000 mL pipette 

tips or plastic transfer pipettes. During scanning for structural and grayscale analyses, all 

specimens were immersed in ethanol and sealed within pipette tips via thermoplastic adhesive 

[name, company, location]. Specimens that were scanned during stress relaxation tests were 

immersed in Tris-HCl buffered saline solution to maintain isotonic hydration of specimens. A 

sealed chamber for the specimen was especially important during scanning to prevent 

specimen movement due to dehydration.  

 

2.2. Structure 

2.2.1 Micro-X-ray computed tomography 

 Macroscale structural analysis of specimens were performed via micro-X-ray 

tomography ( -XCT, Micro XCT-200, Xradia, Inc., Pleasanton, CA) using tomograms taken at 
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2X, 4X, 10X magnification via micro-X-ray tomography ( -XCT, Micro XCT-200, Xradia, Inc., 

Pleasanton, CA).  Specimens immersed in 70% ethanol as a mild fixative were scanned using a 

quartz silica (SiO2 . Various permutations of X-ray 

source settings and exposure times were tested to generate at least 12000 counts. An optimal 

number of projections were used to balance scan time and adequate resolution. The scan time 

was kept as minimal as possible to prevent specimen degradation. Following scanning with the 

X-ray microscope and reconstruction of projections using XMReconstructor (v8.1.6599, Xradia 

Inc., Pleasanton, USA), 2D virtual sections of each tomogram were generated using a 3D 

viewer (Xradia 3D viewer v1.1.6, Xradia Inc., Pleasanton, USA). 

 

2.2.2. Scanning electron microscopy 

Specimens were fixed in 10% formalin (Lyne Laboratories, Inc., Soughton, MA) for two 

days. Each whole human molar was then dehydrated via a serial immersion of 25%, 50%, 75%, 

95% ethanol for 30 minutes each, followed by a final washing of 100% ethanol for one hour. The 

specimens were cryofractured for topographical characterization of the fractured surfaces. 

Specimens were mounted on AFM steel stubs (Ted Pella, Inc., Redding, CA) using carbon tape 

and sputtered with a 100 nm gold-palladium coating (Hummer VII, Anatech Ltd. VA, USA). The 

specimens were imaged at 5-10 keV using a S4300 SEM unit (Hitachi, Tokyo, Japan). 

 

2.2.3. Atomic force microscopy 

High-resolution qualitative microstructural analysis of the cementum-dentin complex was 

scanner (DI-Veeco Instruments Inc., Santa Barbara, CA) [50]. Healthy and diseased 

ultrasectioned surfaces [152] were scanned using a silicon nitride (Si3N4) tip with a nominal 

radius of curvature of less than 50 nm and nominal normal spring constant of 0.03 N/m (DI-
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Veeco Instruments Inc., Santa Barbara, CA). Images were analyzed using Nanoscope III 

Version 5.31r1 software (DI-Veeco Instruments, Inc., Santa Barbara, CA). 

 

2.3. Mechanical properties 

2.3.1. Nanoindentation 

Site-specific reduced elastic modulus (Er) and stiffness (S) measurements were 

evaluated under wet conditions with the use of an AFM-based nanoindenter. Indentations were 

performed through a load-displacement transducer (Triboscope Micromechanical Test 

Instrument, Hysitron Inc., Minneapolis, MN), to which a sharp diamond Berkovich indenter with 

a radius of curvature less than 500 nm (Hysitron Inc., Minneapolis, MN) was attached. Open 

loop settings were used for nanoindentation measurements on human specimens, while 

displacement control settings were used for measurements taken from rat specimens. Fused 

silica was used as a standard to calibrate the transducer under both dry and wet conditions [9]. 

Er and S were evaluated using the Oliver-Pharr method [153]. 

 

2.4. Histology 

2.4.1. Hematoxylin and Eosin staining, Picrosirius Red staining, and imaging 

Sections were stai  2X (Fisher Scientific, Kalamazoo, MI) and 

Eosin Y Solution (Fisher Scientific, Kalamazoo, MI) (H&E) to look at changes in tissue and 

cellular structures throughout the fibrous joint.  Serial sections adjacent to those used for H&E 

staining were stained with picorsirius red (PSR) to analyze collagen structure, integrity, and 

orientation.  Deparaffanized sections were stained with Sirius red F3B (C.I. 35782) and picric 

acid (American MasterTech Scientific Co., Lodi, CA).  Stained sections were analyzed with a 

light microscope (BX 51, Olympus America Inc., San Diego, CA) and Image Pro Plus v6.0 

software (Media Cybernetics, Inc., Silver Spring, MD).  Polarized light was used to enhance the 
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birefringence of collagen to illustrate changes in collagen fiber orientation and birefringence 

intensity throughout the complex [51, 154].   

 

2.4.2 Staining for tartrate resistant acid phosphatase-positive (TRAP(+)) osteoclasts  

The protocol for TRAP staining for osteoclastic activity was based on a previously 

described method [155].  Sections were deparaffinized and rehydrated before treatment with 0.2 

M acetate buffer at a pH of 5.0 (Sigma-Aldrich, St. Louis, MO) for 20 minutes at room 

temperature.  Experimental sections were then incubated in napthol AS-MX phosphate and fast 

red TR salt at 37 °C for 2 hours.  Procedural control sections were incubated under the same 

conditions as experimental sections with the exception that no napthol AS-MX phosphate was 

added.  Sections were closely monitored under a light microscope after the first 30 minutes for 

bright red staining of osteoclastic activity.  The stained sections were then washed in deionized 

water, counterstained with Hematoxylin Gill 2X (Fisher Scientific, Kalamazoo, MI) and mounted 

with Immumount (ThermoScientific, Fremont, CA) for subsequent examination under a light 

microscope. 

 

2.5. Organ-level biomechanics 

2.5.1. Specimen preparation 

Intact maxillae were secured to AFM metal specimen discs (Ted Pella, Inc., Redding, 

CA) with poly(methyl methacrylate) (PMMA, GC America, Inc., Alsip, IL) via the maxillary bone, 

while keeping the occlusal plane parallel to the AFM disc. To study the biomechanical response 

of the second molar to compression testing, a composite (Kerr Corporation, Orange, CA) was 

bonded (One Step Universal Dental Adhesive, Bisco, Inc., Schaumburg, IL) onto the occlusal 

surface of the second maxillary after etching (Etch Rite Etching Gel, Pulpdent Corporation, 

Watertown, MA) (Fig. 4-1a). Uniform loading on a flat surface was confirmed through: 1) -XCT 

radiographs illustrating the parallel nature of the composite surface and the reciprocating anvil 
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(Fig. 4-1c), 2) contact testing powder placement on the loading anvil of the mechanical testing 

device (Fig. 4-1d) [5], and 3) articulating paper designed to determine heavy contacts of 

occlusion during dental procedures. 

 

2.5.2. Compression testing 

 

From the generated load-displacement curves, the total displacement (dtotal = dp–do; dp = 

displacement at peak load, do = initial displacement) was determined. Load-displacement 

relationships were analyzed using a custom MATLAB (MathWorks, Natick, MA) code to 

determine stiffness at all permutations of displacement rates and peak loads.  Stiffness (N/mm) 

was calculated by using a linear regression model fit to the last 30% of the load/displacement 

data of the loading curve of each compression cycle, (dtotal) [5, 158]. Loading rate (N/s) was also 

calculated in a similar fashion through a linear regression model fit to the last 30% of the load-

time data. Specifically, the loading curve was used as we are interested in the response of the 
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fibrous joint to compressive loads during mastication (represented by the loading curve) rather 

than to its recovery. Strain rates as a result of displacement rates for loading and unloading can 

be different accounting for different rates of interstitial fluid during efflux and influx. 

 

2.5.3. Viscoelastic properties 

Load relaxation studies were performed on the same second maxillary molars at various 

displacement rates to specific peak reactionary loads representative of physiological occlusal 

load, bone-tooth contact, and alveolar bone failure. After the desired peak reactionary load was 

reached for each permutation, the jaws of the testing device were held in place for two minutes.  

Unloading of the molar was then performed, and specimens were allowed two minutes for 

recovery and rehydration of periodontal tissues before biomechanical testing using the next 

permutation parameters was performed.  

Load-displacement and load-time curves were generated from the acquired raw data. 

Stiffness (N/mm) and the reactionary load rate response (N/s) was determined by using a linear 

-displacement and load-time data, respectively, 

of each compression cycle [5, 157, 158]. To compare load relaxation of the fibrous joint between 

control and treated groups across time and to equalize the effects of both the initial fast 

relaxation phase and the latter slower phase, the two minute hold portion of the load-time 

profiles were isolated and compared using a semi-log scale. Comparisons in the recoverability 

of control and ligated molars were determined through the unloading portions of the load-time 

profiles generated from load relaxation tests. The first 30% percent of data points in the 

unloading curves were used to generate quantitative comparisons in the unload rate responses 

between control and ligated fibrous joints. Recoverability of a joint was defined as the ability of 

the transducer to detect a change in load during the unloading portion of a loading cycle. The 

relative time-dependent differences in recoverability between control and ligated fibrous joints 

were analyzed by determining the levels of recoverability within respective groups. 



29 
 

 

2.5.4. Digital image correlation 

The DIC method enables identification of tooth displacement with respect to the alveolar 

bone by using equivalent virtual sections of the bone-PDL-cementum complex at no load and 

loaded conditions. The corresponding 2D virtual sections from reconstructed tomographs before 

and after static loading were digitally correlated using commercial software VEDDAC (CWM 

GmbH. Chemnitz). The software calculates the displacement of the tooth relative to the adjacent 

bone by comparing the two images with an image processing correlation algorithm while 

correcting for rigid body movement. 
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CHAPTER 3. ELASTIC DISCONTINUITY DUE TO ECTOPIC CALCIFICATION IN A HUMAN 

FIBROUS JOINT 

 

3.0. Overview 

Attachment sites in the bone-tooth complex are formed by insertions of a soft and fibrous 

periodontal ligament (PDL), into the mineralized tissues of cementum on the tooth root surface 

and alveolar bone (AB) of the jaw [21]. Correlating with classical engineering principles, such 

attachment sites when under excessive loads are subjected to higher and concentrated strains 

due to significant differences in elastic modulus values of the soft-hard interfacing tissues [36, 

42]. These mechanical strains manifest into biochemical signals [16, 53-57], altering the local 

structural and chemical composition of tissues. As a result, entheses are more susceptible to 

wear and tear, leading to degenerative diseases called enthesopathies [35]. 

Extraneous perturbations affect the natural elastic gradients of the interfaces and can 

alter the functional efficiency of a joint. In the bone-tooth fibrous joint, the periodontal ligament 

(PDL)-cementum interface is a biomechanically active and a biochemically regulated site, and is 

vulnerable to perturbations including the globally prevalent bacterial-induced disease, 

periodontitis. Bacterial insult to the periodontium commonly occurs in the form of periodontitis  

an oral disease characterized by host inflammatory responses that affect the load-bearing 

integrity of the attachment apparatus, compromising function [63]. A current theory for loss of 

functional integrity involves the PDL-cementum attachment site being susceptible to 

degradation due to the naturally programmed strain concentrations as a result of less mineral 

compared to the adjacent bulk cementum [9, 49]. Previous results, however, show that unlike 

alveolar bone, diseased cementum does not exhibit clinical resorption [2, 159, 160]. Moreover, 

diseased cementum was reported to contain higher calcium (Ca) and phosphorous (P) content 

at superficial cementum layers compared to deeper bulk cementum layers [129]. Despite 

several of the aforementioned observations, from a biomechanical perspective, there is lack of 
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information on the effect of physical and chemical changes at the attachment sites on tooth 

function. 

In this study, the effect of increased mineral content at the superficial layers of 

cementum on the innate chemical and elastic gradients within the cementum-dentin complex 

was discussed. Effects were identified by correlating spatial maps of structure, elemental 

composition, and shifts in elastic and chemical gradients, of the diseased cementum and 

cementum-dentin complex to those of the healthy complex, all of which are fundamental 

parameters to load-bearing tissues. Physicochemical changes as primary and secondary effects 

of bacterial induced disease in humans are discussed. Primary effects are illustrated as 

derivatives of ectopic mineralization occurring within the diseased fibrous joint. Ectopic 

mineralization was identified as a stratified mineralized mass adjacent to cementum with 

different X-ray attenuating layers by using a micro X-ray computed tomography technique. 

Although no cementum resorption was observed throughout the root, cementum collagen fiber 

structure was altered with increased X-ray attenuation, decreased hygroscopicity and strain 

relieving characteristics, along with increased stiffness at the diseased enthesis as identified 

through high resolution atomic force microscopy, transmission electron microscopy, and site-

specific indentation techniques. Contrary to the healthy ligament-cementum enthesis, diseased 

enthesis exhibited increased X-ray fluorescence counts of calcium (Ca) and phosphorus (P) 

elements at the surface layer. Increased counts altered the gradually increasing (ramp-like) 

mineral gradient through the healthy PDL-cementum interface to a step-like (discontinuous) 

profile through the diseased interface. Furthermore, increased counts of Ca and P, including the 

loss of hygroscopicity, shifted the gradual elastic modulus (Er) profile to a discontinuous one due 

to an increased modulus value at the calcified PDL-cementum enthesis. At times, disease 

progression was identified as concretion of cementum through the PDL-cementum enthesis, 

and originally hygroscopic cementum-dentin junction (CDJ) with a significantly increased Er and 

a shift toward discontinuous interface compared to healthy conditions.   
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Results indicated that bacterial-induced biomineralization causes the innate mineral and 

elastic gradients to shift toward a discontinuity at the PDL-cementum attachment site and 

cementum-dentin complex. More importantly, the observed primary calcification and concretion 

of cementum and CDJ could result in secondary downstream effects. Secondary downstream 

effects such as compromised mechanobiology at the seemingly intact PDL-cementum 

attachment sites could catalyze disease progression. 

The following text of this chapter is a reprint of the material as it appears in Acta 

Biomaterialia, Volume 9, Issue 1, Pages 4787-4795, in January 2013. 

 

3.1. Abstract 

Disease can alter natural ramp-like elastic gradients to steeper step-like profiles at soft-

hard tissue interfaces. Prolonged function can further mediate mechanochemical events that 

alter biomechanical response within diseased organs. In this study, a human bone-tooth fibrous 

joint was chosen as a model system, in which the effects of bacterial-induced disease, i.e. 

periodontitis, on natural elastic gradients were investigated. Specifically, the effects of ectopic 

biomineral, i.e. calculus, on innate chemical and elastic gradients within the cementum dentin 

complex, both of which are fundamental parameters to load- bearing tissues, are investigated 

through comparisons with a healthy complex. Complementary techniques for mapping changes 

in physicochemical properties as a result of disease included micro X-ray computed 

tomography, microprobe micro X-ray fluorescence imaging, transmission electron and atomic 

force microscopy (AFM) techniques, and AFM-based nanoindentation. Results demonstrated 

primary effects as derivatives of ectopic mineralization within the diseased fibrous joint. Ectopic 

mineralization with no cementum resorption, but altered cementum physicochemical properties 

with increasing X-ray attenuation, exhibited stratified concretion with increasing X-ray 

fluorescence counts of calcium and phosphorus elements in the extracellular matrix in 

correlation with decreased hygroscopicity, indenter displacement, and apparent strain-relieving 
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characteristics. Disease progression, identified as concretion through the periodontal ligament 

(PDL)-cementum enthesis, and sometimes the originally hygroscopic cementum-dentin junction, 

resulted in a significantly increased indentation elastic modulus (3.16 ± 1.19GPa) and a shift 

towards a discontinuous interface compared with healthy conditions (1.54 ± 0.83 GPa) 

-test, P < 0.05). The observed primary effects could result in secondary downstream 

effects, such as compromised mechanobiology at the mechanically active PDL cementum 

enthesis that can catalyze progression of disease. 

 

3.2. Introduction 

Interfaces exist in a multitude of living organisms and delineate dissimilar tissues [161, 

162]. Interestingly, these delineating interfaces under high spatial resolution most often illustrate 

a seamless integration that consists of a gradual transition from one tissue to another, indicating 

that the visibly discrete systems are indeed a continuum [11, 162]. This fundamental 

characteristic of an interface is exploited in this study, in which any deviation from the naturally 

occurring 

chemical and elastic gradients from a ramp-like to a step-like profile at interfaces could 

accelerate progression of disease because of a secondary effect, i.e. compromised 

mechanobiology with prolonged function of a diseased joint. 

Soft-hard tissue attachment sites (entheses) in the musculoskel- etal and the oral and 

craniofacial systems are formed by insertion of soft, fibrous tendon/ligaments into mineralized 

tissues [6, 9, 33, 49]. This integration is due to structural rearrangement of collagen, interplay of 

water molecules with globular and fibrillar proteins, varying organic to inorganic ratios, and the 

nanosize crystal association within and around collagen fibrils. Such characteristics provide the 

load-bearing organ with an optimum mechanical function throughout the lifespan of an organism 

[6, 9, 31, 163, 164]. Despite the seamless binding at the interface, mechanically loaded 

entheses experience higher strains simply because of significant differences in stiffness values 
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between soft and hard tissues [36]. These naturally highly strained attachment sites [7, 42] can 

be compromised when compounded with external insults. Excessive loading and/or disease-

induced perturbations locally may alter the load-bearing characteristics of the entheses. Within 

the musculoskeletal, and oral and craniofacial systems, undesirable mineral advancement into 

adjacent organic matrices can occur due to the aforementioned extrinsic factors. 

Mineralization of softer matrices at the entheses causes enthesophytes and/or 

osteophytes. The mineral formation alters joint mobility as a result of change in functional space 

[35, 165]. Compared with most diarthroidal joints, the dento-alveolar organ is a fibrous joint with 

relatively less functional space (150-380 m) and limited range of motion. Within this joint are 

several graded interfaces (functionally graded interfaces, FGI) that permit optimum function [9, 

166, 167]. However, compromised functional spaces due to bony protrusions or stratified bone 

growth were also identified as elastic discontinuities in the form of steeper modulus gradients at 

the periodontal ligament (PDL)-bone and PDL-cementum interfaces [9, 11] of the bone-tooth 

fibrous joint. 

Two different mineralizing pathways could occur at the soft-hard tissue attachment sites 

specific to bone-tooth fibrous joints. (i) Biologically induced mineralization: the oral environment 

contains polymeric matrices of bacterial origin upon which calcium and phosphate ions in the 

supersaturated crevicular fluid deposit, resulting in ectopic mineralization [67]. (ii) Biologically 

controlled mineralization (also known as mechanobiology-based mineralization): cells at the 

strained soft-hard attachment sites regulate local biochemical signals within the extracellular 

matrix (ECM) [54]. Subsequently, entheses adapt as a result of load-induced modeling: a form-

function phenomenon that alters the biomechanical response of tissues and their attachment 

sites to match functional demands [168]. We propose that both pathways could exist in a 

diseased yet functioning joint, and the resulting changes can be detected by mapping 

physicochemical parameters. These parameters include changes in microstructure, elemental 

composition, and ultimately, the local load-resisting characteristics relative to healthy conditions. 
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This study maps shifts in modulus profiles as a result of ectopic calcification of the cementum 

enthesis within a diseased human bone-tooth fibrous joint. A shift in modulus profile is proposed 

as an adaptive effect of the PDL-cementum and cementum-dentin interfaces due to the globally 

prevalent and infectious periodontal disease. 

Periodontitis is an oral disease characterized by host inflammatory responses that affect 

the load-bearing integrity of the attachment apparatus, eventually compromising function [68, 

77]. Patients with periodontitis often have calculus formation [66, 67]. This mineralized mass 

has a varied elemental composition [169-171] and, unlike vascularized alveolar bone (AB), 

diseased avascularized cementum does not exhibit clinical resorption [2, 160]. Diseased 

cementum was reported to contain higher calcium (Ca) and phosphorous (P) content at PDL-

cementum entheses and interfacial regions than bulk cementum [129]. Despite these 

observations, there is no information on how the adapted physicochemical properties of the 

cementum-dentin complex affect the natural gradients and biomechanical function of the tooth. 

It is hypothesized that bacterial insult converts a functionally graded PDL-cementum interface 

into a discontinuous interface. The hypothesis was investigated by mapping physicochemical 

properties of healthy and diseased PDL-cementum and cementum-dentin complexes. 

Correlative high-resolution imaging and spectroscopy was performed to underline the 

importance of natural gradients and, therefore, the strain- and stress-relieving attachment 

apparatus of a human bone tooth complex. 

 

3.3. Materials and methods 

3.3.1. Ultrasectioned blocks for atomic force microscopy (AFM), nanoindentation, micro X-

ray fluorescence ( -XRF), and ultrasections for transmission electron microscopy (TEM) 

Molars were obtained from humans requiring extractions as a part of dental treatment 

following a protocol approved by the UCSF Committee on Human Research. Roots from 

diseased and healthy molars from 40 60 year old males were gamma-radiated [172], 
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longitudinally cut, and the resulting longitudinal halves containing primary cementum were 

transversely sectioned. Primary cementum, also known as acellular cementum, was identified 

by noting the absence of lacunae [173]. The transverse sections were glued to AFM steel stubs 

-cyanoacrylate (MDS Adhesive QX-4; MDS 

Products, Inc., Anaheim, CA). Specimens were then ultrasectioned using an Ultracut E 

ultramicrotome (Reichert Scientific Instrument Technical Services, Depew, NY) [152] and 60-90 

nm thin sections were collected. Ultrathin sections were placed on a carbon-coated TEM grid for 

TEM analysis, while the relatively flat and orthogonal surface of the sectioned specimen block 

was used for AFM, AFM-based nanoindentation [152] and microprobe -XRF [11] analyses. 

 

3.3.2. Histology 

Healthy and diseased molars (N = 3 each group) were fixed in 10% formalin (Lyne 

Laboratories, Inc., Soughton, MA) for 2 days, and decalcified using formic acid (Immunocal, 

Decal Chemical Corp., Tallman, NY) for 2 weeks. Following paraffin embedding, specimens 

were sectioned with a rotary microtome (Reichert-Jung Biocut, Vienna, Austria). 5-6 m paraffin 

sections were mounted on Superfrost Plus microscope slides (Fisher Scientific, Fair Lawn, NJ), 

deparaffinized and stained with picrosirius red. Stained sections were characterized with a light 

microscope (BX51, Olympus America, Inc., San Diego, CA). Polarized light was used to 

enhance collagen birefringence, and the resulting images were analyzed using Image Pro Plus 

v6.0 (Media Cybernetics, Inc., Silver Spring, MD). 

 

3.3.3. Micro X-ray computed tomography ( -XCT) 

Longitudinal beams 1 x 1mm in cross section, containing cementum and dentin tissues 

were sectioned from healthy and diseased molars (N = 3 each group) and polished with 1200 

grit polishing paper. Macroscale structural analysis of the cementum-dentin complex was 

performed using -XCT (MicroXCT-200; Xradia, Inc., Pleasanton, CA) at 4X and 10X 
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magnification under wet conditions. X-ray imaging of specimens was performed using a 

tungsten anode with a setting of 70-75 kVp at 4 W. 

 

3.3.4. Scanning electron microscopy (SEM) and AFM 

For SEM analysis, molars (N = 3 each group) were fixed in 10% formalin (Lyne 

Laboratories, Inc., Soughton, MA) for 2 days. Each molar was dehydrated before cryofracturing 

[6] and sputtered with a 100 nm gold palladium coating (Hummer VII, Anatech Ltd. VA, USA). 

Specimens were then imaged at 5-10 keV using a S4300 SEM unit (Hitachi, Tokyo, Japan). 

Backscatter electron (BSE) imaging was performed at 15 keV. High-resolution qualitative 

microstructural analysis of the ultrasectioned cementum-dentin complex (N = 5 each group; 

healthy and diseased) was performed under dry and wet conditions using a multimode AFM 

(Bruker, Santa Barbara, CA) [50]. 

 

3.3.5. Microprobe -XRF imaging 

Finely polished 150 m thick ground sections were imaged using a microprobe (Stanford 

Synchrotron Radiation Lightsource, Menlo Park, CA) -XRF technique. Images were acquired 

using incident X-ray energy of 12 keV with a microfocused beam of 2 microns. Fluorescence 

lines of Ca and P were monitored using a beam exposure of 100 ms per pixel. Low-resolution 

maps were generated with scanning step size 5 m, while high-resolution maps were generated 

with scanning step size 1 m. All spectra and maps were analyzed using SMAK v0.51 

(http://smak.sams-xrays.com/) [174]. 

 

3.3.6. Nanoindentation 

Changes in indenter displacement into the healthy and diseased matrices (Fig. 5a) from 

holding a peak load of 1500 N over 3 s [50] provided site-specific displacement and apparent 

strain effects. Site-specific stiffness (S) and reduced elastic modulus (Er) measurements were 
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evaluated under wet conditions with the use of an AFM-based nanoindenter (Hysitron, Inc., 

Minneapolis, MN) [50, 153, 175]. S as predominantly determined by the load per unit 

deformation of organic, collagenous matrices was determined as the load-to-displacement ratio 

of the initial 30% of data in the unloading stage of a 3-stage load-hold-unload curve [153]. The 

stiffness of organic, or predominantly organic, collagenous matrices is initially low, owing to the 

natural crimps within collagen. A significant increase in load per unit deformation can only be 

observed once the crimps are removed and the fiber becomes taut. Hence, stiffness was 

mapped, while elastic modulus is an intrinsic and a constitutive property of the site-specific 

region being indented [176]. 

Er was calculated based on the S value measured and the area of contact of the 

indenter with the material [153]. Er was reported to determine whether increased mineralization 

of the diseased complex affected the intrinsic molecular interactions within the tissues that form 

the enthesis. Changes in these interactions would alter intermolecular strains of diseased tissue 

structures in comparison with healthy structures. 

Ultrasectioned blocks from diseased and healthy molars were used (N = 3). Following a 

modified protocol [152], for each indent a maximum load of 1500 N was used with load, hold 

and unload times of 3s each. Changes in indenter displacement into the healthy and diseased 

matrices (Fig. 5a) made by holding a peak load of 1500 N over 3 s [50] provided site-specific 

displacement and apparent viscoelastic strain effects. Fused silica was used as a standard to 

calibrate the transducer under both dry and wet conditions [9]. 

 

3.4. Results 

3.4.1. Calcified ectopic mass 

Three-dimensional (3D) tomography and two-dimensional (2D) virtual sections of 

diseased roots illustrated higher X-ray attenuating patches along diseased cementum surfaces 

(Fig. 3-1d, f), and a lower X-ray attenuating zone indicative of the 100-200 m interfacial zone 
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between healthy cementum and dentin [50, 152] was observed under both healthy and 

diseased conditions (Fig. 3-1a-f). Rough surfaces due to ectopic calcification through a layer-by-

layer mineral apposition that varied in X-ray attenuation (Fig. 3-1c, d) were observed on 

diseased root surfaces compared with healthy counterparts (Fig. 3-1a, b). Microscale regions of 

increased X-ray attenuation were noted within bulk cementum (Fig. 3-1e, f) (see Supplemental 

Videos 3-1 and 3-2). 

 

3.4.2. Ca and P elemental gradients 

The diseased cementum enthesis exhibited a lighter gray color than that of the 

underlying diseased bulk cementum (Fig. 3-2d) and healthy cementum (Fig. 3-2a). Contrary to 

the healthy complex, a semi-quantitative analysis indicated an increase in Ca and P elemental 

counts. Within the enthesis and bulk cementum regions, a 10% increase in Ca and a 33% 

increase in P were observed in diseased specimens compared with healthy specimens. 

Interestingly, the healthy complex demonstrated gradual transitions of Ca and P counts (Fig. 3-

2b, c) from the root surface into dentin in contrast with the increase in Ca and P at the diseased 

enthesis (Fig. 3-2e, f). 

 

3.4.3. Concretion of fibrous structures 

The characteristic collagen fibril periodicity of 65 67 nm [177] within the healthy enthesis 

and bulk cementum (Fig. 3-3a, b) was observed. Furthermore, needle-like crystals were 

observed along collagen fibers (Fig. 3-3a, b, insets). Correlating diseased regions did not exhibit 

collagen fibril periodicity due to an increased density of crystals (Fig. 3-3c, d). Mineral deposits 

varied in size, were of a hexagonal shape (Fig. 3-3c, d) and exhibited interference fringes, 

demonstrating increased crystallinity at the diseased enthesis (Fig. 3-3c, inset) and within 

cementum (Fig. 3-3d, inset). Complementary data using polarized light, SEM, and AFM 

techniques illustrated loss in collagen birefringence, fibrous structure and hygroscopicity at the 
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diseased PDL-cementum enthesis, cementum and, at times, the cementum-dentin junction 

(CDJ) compared with healthy specimens (Fig. 3-S1). 

 

Figure 3-1. 3D tomographs and virtual sections reveal a transitional hypomineralized zone between cementum and 

dentin under (A, B, black asterisks) healthy and (C-F, red asterisks) diseased conditions. (A, B) Healthy root surfaces 

lack ectopic calcified mass, while (C-F) diseased root surfaces contain a calcified mass. Calculus can be identified as 

(C-F) higher X-ray attenuating regions (C, D) with or without lamellar structures. (E, F, stars) Increasing mineral 

buildup in bulk cementum can also be seen under diseased conditions. Calc, calculus; Cem, cementum; Den, dentin; 

RS, root surface. 
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Figure 3-2. (A, D) BSE microscopy illustrates gray scale differences between the superficial cementum layer and 

bulk cementum of (A) healthy and (D, green stars) diseased cementum-dentin complexes. (B, C, E, F) -XRF maps 

of Ca and P elements show site-specific variations in counts. Line profiles (arrows) illustrate gradients of Ca and P 

counts in (B, C) the healthy complex and an altered Ca and P gradient through (E, F) the diseased complex. Cem, 

cementum; Den, dentin; RS, root surface. 
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Figure 3-3. TEM illustrates collagen fibrils (A) at the healthy cementum enthesis and (B) in cementum. Higher 

magnification reveals (insets, A, B) needle-like mineral deposits in the healthy enthesis and cementum. The (C) 

diseased enthesis and (D) cementum exhibit increased density and different sizes and shapes of mineral deposits. 

Higher magnification of diseased regions illustrates (insets, C, D) individual crystals presented lattice fringes. 
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3.4.4. Shifts in reduced elastic modulus (Er) gradients 

A gradual increase in Er from the cementum enthesis into root dentin was observed (Fig. 

3-4a, c) [6]. In contrast, the diseased complex exhibited altered Er gradients from the enthesis 

into root dentin (Fig. 3-4b, c). The healthy and diseased CDJ had lower Er values compared with 

dentin and cementum (Fig. 3-4a, b). In both healthy and diseased complexes, stiffness (S) 

values followed the same trends as described for Er t-test with a 95% confidence 

interval indicated a significant difference (P < 0.05) in S and Er between healthy and diseased 

entheses, cementum and CDJ (Fig. 3-4, table). Intra-regional comparisons within the healthy 

complex showed a significant difference between the enthesis and bulk cementum (P < 0.05), 

but not between the enthesis and CDJ. In contrast, the diseased complex showed no significant 

difference between the enthesis and bulk cementum, but a significant difference between the 

enthesis and CDJ (P < 0.05). 

 

3.4.5. Displacement at peak indentation load 

Under wet conditions, decreased indenter displacement during the hold phase (Fig. 3-

5a) at the diseased enthesis compared with the healthy one (Fig. 3-5b) was observed. 

Furthermore, the change in peak load over the same time for the diseased enthesis was lower 

than for the healthy enthesis (Fig. 3-5c). 

 

3.5. Discussion 

 

combination of the two can accelerate the progression of disease under prolonged function. 

Biologically induced mineralization includes ectopic calcified masses [4, 67], such as calculus, 

atherosclerotic plaque, gallstones, calcified tumors and kidney stones [178-180]. 
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Figure 3-4. Wet AFM micrographs illustrate (A, green stars) hydration of the healthy enthesis compared to (B, teal 

stars) minimal hydration of the diseased enthesis. (A, B, pink triangles) Arrays of indents illustrate the 

nanoindentation scheme through ultrasectioned block surfaces of both healthy and diseased cementum-dentin 

complexes. Er and S line profiles from root surface into dentin reveal a loss in stiffness graded properties in diseased 

specimens compared with a gradual gradient in healthy specimens. Blue and green arrows are representative Er 

profiles for healthy and diseased conditions, respectively. Er alone for (C, black) healthy and (C, red) diseased 

enthesis regions are plotted (A-C, red boxes). Table illustrates average Er and S values of specific regions within the 

complex under healthy and diseased conditions. Significant differences in Er and S between healthy and diseased 

regions are marked (superscripts). Enth, enthesis; Cem, cementum; CDJ, cementum–dentin junction; Den, dentin. 

 

As a result of a calcified mass adjacent to the cementum, this study identified increased 

mineral density variations (Figs. 3-1 and 3-2), concretion of collagen fibers (Figs. 3-3 and 3-S1) 

and shifts in modulus gradients (Fig. 3-4), that include decreased indenter displacement and 

apparent strain-relieving characteristics (Fig. 3-5) at the PDL-cementum and cementum-dentin 

interfaces. The correlative physicochemical mapping provided insights leading to the proposal of 

a downstream secondary effect that could include unfavorable cell-mediated mineral formation- 

and/or resorption- related events, thus accelerating the progression of disease (Fig. 3-6).  
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Figure 3-5. (A) A representative load-time curve includes three segments: load, hold and unload. Each segment 

occurred over 3 s with a maximum load at 1500 N. The representative load-displacement profile for each 

corresponding segment is shown. The change in (B) displacement and (C) load over the hold segment for healthy 

(black) and diseased (red) entheses were examined for time-related behavior. (D) The spread of S vs Er illustrates 

one standard deviation above and below average values for specific regions in healthy and diseased specimens. (E) 

S vs Er values for healthy and diseased entheses only were used to compare with representative PDL and respective 

Enth, enthesis; 

Cem, cementum; CDJ, cementum–dentin junction. 
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Inception of layer-by-layer ectopic biomineral mass occurs from organic matrices with 

monomeric basic constituents at solid-liquid and liquid-air interfaces in supersaturated solutions. 

At solid-liquid interfaces, such as those found within a bone-tooth complex, an adhesive layer 

consisting of many organic constituents, such as polysaccharides, proteins and glycolipids, 

creates a polymeric niche and a surface with high affinity to bacterial pathogens and their 

sessility [181]. The long-term site-specific harboring of such bacteria on the slimy plaque layer 

triggers a cascade of destructive inflammatory events, including enzymatic degradation of 

nucleation inhibitors that maintain the supersaturation of gingival crevicular fluid, thus inducing 

mineralization pathways adjacent to the cementum surface. As a result, local rises in 

concentrations of calcium and phosphate ions and rises in plaque pH to alkaline levels cause 

nucleation of calcium phosphate salts on plaque [182]. Additionally, bacteria within the plaque 

create intercellular alkaline regions that act as nucleators for subsequent biomineralization. In 

such a case, the matrix between the microorganisms becomes calcified and eventually 

mineralizes the bacteria [4, 178]. Over time, the mineral phase, the extent of mineralization and 

the type of mineral changes with progression of disease [64, 67], thus increasing the overall 

mineral content. These events provide a stratified appearance as indicated by higher and lower 

X-ray attenuating layers (Fig. 3-1c-f). 

Increased mineralization of cementum surface layers was sometimes observed in 

diseased specimens without calculus and could be initiated through mechanisms similar to 

those seen in calculus formation. These mechanisms include bacterial-induced processes 

and/or diffusion and nucleation of inorganic calcium and phosphate ions on the exposed 

organic-rich enthesial ligaments. Results indicating higher attenuating mineral on the cementum 

surface and within subsurface layers of cementum (Figs. 3-1c-f and 3-2e, f) are in agreement 

with others [3, 64, 129]. These layers exhibited dominance of higher atomic number elements 

(Fig. 3-2) of Ca and P within the affected enthesis and cementum and towards the hygroscopic 

CDJ (Fig. 3-2b, c, e, and f). At the enthesis, it is conceivable that the PDL radial-inserts act as 
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of the predominantly organic fibrous structures within cementum and at the cementum-dentin 

interface. Hence, the soft-hard, PDL-cementum hygroscopic attachment site and the hard-hard 

cementum-dentin hygroscopic interface that both run apically down the roots are proposed to 

act as paths of least resistance that could permit concretion of collagen fibers. 

Compromising the functional integrity of the enthesis and organic-rich regions in 

cementum begins with an offset in the homeostatic repair mechanism through proteases as a 

response to disease [74, 183]. Hence, the biochemical breakdown of a collagen molecular 

structure could result in a decrease in collagen birefringence (Fig. 3-S1d) [154] and loss in fiber 

orientation and collagen periodicity (Figs. 3-3 and 3-S1e, f). The added effect of loss in collagen 

structure and deposition of mineral extrinsic to collagen fibrils decreased the visibility of collagen 

fibril periodicity (Fig. 3c, d) and hygroscopicity (Fig. 3-4b) [9, 11, 126], which are all significant 

characteristics of the affected enthesis and cementum-dentin complex. Concretion of collagen 

fibers at the enthesis and within cementum can be further corroborated by the increased and 

varied mineral deposits, crystal maturation and altered crystal shapes and sizes at the diseased 

enthesis (Figs. 3-2 and 3-3) [21, 65, 67, 184, 185]. These unwanted characteristics shifted the 

graded ramp-like Er profile to a steeper step-like modulus profile at the PDL-cementum interface 

(Figs. 3-2 and 3-4). 

Key basic constituents responsible for a functional soft-hard tissue interface should 

include intact collagen fibrils consisting of intra- and extra-fibrillar mineral deposits [186, 187]. 

Additionally, the polyanionic proteoglycans (PG) are responsible for structure and water 

retention of entheses and interfacing tissues. PG covalently interact with collagen fibrils [188, 

189], play a fundamental role in maintaining functional integrity, and are abundantly found at the 

healthy fibrous enthesis and CDJ [9]. In addition to intrafibrillar water interactions within the 

collagen fibril, PG increase the hygroscopicity of tissues and interfaces and contribute to matrix 

swelling [190, 191]. 
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Hygroscopicity of interfaces predominantly at the mechanically strained soft-hard tissue 

attachment sites is essential [9, 49, 192, 193]. The effect of enthesial hygroscopicity was best 

demonstrated by decreased local deformations at the diseased entheses and cementum in 

response to static load over time relative to healthy conditions (Fig. 3-5b, c). Decreased 

displacement at the diseased enthesis (Fig. 3-5b) indicated decreased strain-relieving (shape 

memory) characteristics (Fig. 3-5b, c). Structure was identified through collagen fibrils and 

extrafibrillar PG, which together with bound water and intra- and extrafibrillar mineral 

interactions, dissipate strain buildup via delayed movement within a tissue [193]. The combined 

causes for decreased displacement effects over time include: (i) the aforementioned loss in 

structure of the water-retentive collagen-PG network due to proteolytic fragmentation and/or 

defibrillation of organic collagen fibrils [49, 128, 193]; and (ii) increased concretion of the 

normally organic-rich PDL inserts [3, 126, 129]. Given such a scenario, it is likely that the recoil 

energy of collagen and organic-rich regions at the interfaces within a tooth (enthesis and 

cementum-dentin complex) is decreased [194, 195]. 

The significant increase in Er of the affected regions comple- ments altered intrinsic 

molecular interactions within the tissues that form the enthesis. As a result, the diseased 

complex exhibited stepwise Er and S profiles (Fig. 3-4b) similar to the chemical profiles of Ca 

and P (Fig. 3-2e, f). Interestingly, the extent of overlap in Er and S values between diseased and 

healthy specimens illustrated the degree of disease and that the enthesis is similar in 

mechanical characteristics to the diseased cementum and CDJ (Fig. 3-5d). This implies that 

decreased displacement existed in the diseased enthesis compared with the healthy enthesis. 

Hence, apparent strain-relieving characteristics of the once heterogeneous enthesis, bulk 

cementum and CDJ could eventually act as a single homogeneous tissue upon calcification with 

a loss in functionally graded characteristics and increased Er and S. Moreover, transitions in Er 

between cementum (1-8 GPa, wet conditions) and the relatively more mineralized dentin (10-25 

GPa, wet conditions) could compromise tooth mechanics, affecting the overall bone tooth 
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biomechanics. Interestingly, despite severe diseased conditions, the significant values overlap 

of S and Er between healthy and diseased bulk cementum (Fig. 3-5e) illustrates the potential for 

regenerative attachment to restore FGI, while those that fall outside the healthy range may have 

been altered beyond their regenerative potential. In summary, the following model is proposed, 

illustrating two integrated mechanisms that drive the progression of periodontitis through (i) 

ectopic calcification and (ii) compromised mechanobiology (Fig. 3-6). Under healthy conditions, 

stiffness gradients at PDL-AB and PDL-cementum interfaces relieve function induced strains 

(Fig. 3-6a, b) [7, 9]. Periodontitis is known to cause increased range of motion of the tooth due 

to loss of coronal periodontal support (Fig. 3-6c). Based on the present results, the bacterial 

insult causes concretion of the PDL-cementum enthesis, shifting modulus gradients at the 

interface (Fig. 3-6d) (Er profiles from ramp-like to step-like across the PDL-cementum interface). 

These events could cause compromised mechanotransduction, eliciting mineralization and/or 

resorption effects [11, 54-57, 196] and further altering the overall biomechanics of the bone-

PDL-tooth complex. It is therefore plausible that a combinatorial effect of the aforementioned 

mechanisms upon prolonged function can create a perpetuating self-degrading mechanism. 
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Figure 3-6. (A) In a healthy tooth attachment, range of motion (blue arrows) is limited to a PDL functional space of 

150-380 m. (B) Schematic diagram of a healthy complex corresponding to the red box (A, red). The line represents 

elastic gradients through the PDL-bone and PDL-cementum interfaces and the cementum-dentin complex (dark 

blue). (C) The periodontally diseased tooth attachment process illustrating severe PDL degradation and AB 

resorption. Increased tooth movement can be observed (green arrows) with loss of attachment. (D) Diseased 

complex corresponding to the boxed inset (C, red) illustrate AB resorption and PDL 
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3.6. Conclusion 

This study examined how ectopic calcified mass in the periodontium can alter the PDL-

cementum FGI and subsequently the overall biomechanical function of a bone-tooth complex. 

The PDL-cementum-dentin complex is an excellent model for describing this phenomenon, as it 

contains remarkable graded properties and is susceptible to degeneration as a result of calculus 

formation and inflammatory response. Combined physicochemical markers for a compromised 

PDL-cementum-dentin complex include collagen fibril/fiber degradation, increases in Ca and P 

contents indicating hypermineralization, loss of hygroscopicity, and loss of much needed strain-

relieving characteristics at the enthesis and CDJ. These changes in physicochemical properties 

were correlated with increased stiffness gradients of fibrous joints. The shifts in Er profiles could 

result in discontinuities with progression of disease and compromise the overall biomechanics of 

the bone-tooth organ. Future spatiotemporal studies via animal models would specifically 

identify the aforementioned cascade of events that simultaneously drive the degradation of the 

organic tissue and altered mineral content of the cementum surface in a systematic fashion. 

Furthermore, animal studies would allow mapping of spatiotemporal adaptation of the entire 

bone-tooth complex, as it is difficult to acquire pristine bone and PDL specimens from humans. 
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3.8. Supplemental information 

3.8.1. Appendix A. Figures with essential color discrimination 

Certain figures in this article, particularly Figs. 3-1, 3-2, 3-4, 3-5, and 3-6, are difficult to 

interpret in black and white. The full color images can be found in the online version, at 

http://dx.doi.org/10.1016/j.actbio.2012.08.021. 

 

3.8.2. Appendix B. Supplementary material 

Supplementary data associated with this article can be found, in the online version, at 

http://dx.doi.org/10.1016/j.actbio.2012.08.021. 

 

Supplemental Video 3-1:  Virtual sections of calcified mass adjacent to cementum.  

 

Supplemental Video 3-2: X-ray attenuating layers at the diseased cementum enthesis and 

through cementum.  
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Supplementary Figure 3-S1. Polarized light microscopy illustrates (A) PDL cementum integration under healthy 

conditions and (D) calculus cementum integration under diseased conditions. Collagen fiber bundles at the diseased 

enthesis appear degraded (D, blue stars) compared with healthy enthesis (A, yellow stars). SEM shows (B, arrows) 

thick collagen bundles traversing healthy cementum into dentin, in contrast to (E) healthy cementum, in which 

collagen fibers are indiscernible. Dry AFM micrographs demonstrate significant changes in cementum structure 

between (C) healthy and (F) diseased conditions, (E) including changes at the enthesis and CDJ. Calc, calculus; 

Enth, enthesis; Cem, cementum; CDJ, cementum–dentin junction; Den, dentin; RS, root surface.
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CHAPTER 4. BIOMECHANICS OF A BONE-PERIODONTAL LIGAMENT-TOOTH FIBROUS 

JOINT 

 

4.0. Overview 

The mammalian tooth attachment process possesses the unique characteristic of limited 

mobility [7, 8]. Such mobility is provided by a soft, fibrous periodontal ligament that attaches 

cementum to the alveolar bone, creating an innate mechanism for the bone-periodontal 

ligament (PDL)-tooth fibrous joint that acts as a shock absorber to distribute occlusal loads 

during mastication [5, 9, 49]. This decreases hard tooth-tooth impact to reduce enamel wear 

and alleviates stress/strains concentrations across attachment interfaces (PDL-cementum, PDL-

bone) and allows for decades of cyclical loading [197]. Tooth movement due to functional loads 

within physiological limits drives joint maintenance of the functional PDL space via 

mechanobiological processes [6]. The goal of this study was to elucidate the load-displacement 

tooth behavior within the alveolar socket in order to gain insights into the contribution of 

constitutive properties of soft/hard tissues and water toward joint biomechanics. A noninvasive 

imaging technique through micro-X-ray computed tomography ( -XCT) coupled with a loading 

device was used to visualize the fibrous joint under load. This allowed for correlation of joint 

biomechanics with tooth displacement within the bony socket.  

Specimens were loaded within a -XCT unit compatible with in situ loading device at 

various combinations of displacement rates and peak reactionary load responses. The results 

indicated that the biomechanical response of the joint is due to a combinatorial response of the 

constitutive properties of organic, inorganic, and fluid components. Narrowed and widened PDL-

spaces as a result of tooth displacement indicated adjacent areas of potentially increased 

compression- and tension-based strains within the complex, namely interradicular bone 

(compression), coronal regions (compression and/or tension), apical regions (compression 

and/or tension), adjacent to secondary cementum. We proposed that such highly strained 
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regions are specific sites of local tissue adaptation/remodeling under physiological loading and 

shift toward vulnerable sites with adverse tissue adaptation under pathological loading 

conditions. 

The following text of this chapter is a reprint of the material as it appears in the Journal 

of Biomechanics, Volume 46, Issue 3, Pages 443-449, in February 2013. 

 

4.1. Abstract 

This study investigates bone-tooth association under compression to identify strain 

amplified sites within the bone-periodontal ligament (PDL)-tooth fibrous joint. Our results 

indicate that the biomechanical response of the joint is due to a combinatorial response of the 

constitutive properties of organic, inorganic, and fluid components. Second maxillary molars 

within intact maxillae (N = 8) of 5-month- -XCT-compatible in situ 

loading device at various permutations of displacement rates (0.2, 0.5, 1.0, 1.5, 2.0 mm/min) 

and peak reactionary load responses (5, 10, 15, 20 N). Results indicated a nonlinear 

biomechanical response of the joint, in which the observed reactionary load rates were directly 

proportional to displacement rates (velocities). No significant differences in peak reactionary 

load rates at a displacement rate of 0.2 mm/min were observed. However, for displacement 

rates greater than 0.2 mm/min, an increasing trend in reactionary rate was observed for every 

peak reactionary load with significant increases at 2.0 mm/min. Regardless of displacement 

rates, two distinct behaviors were identified with stiffness (S) and reactionary load rate (LR) 

values at a peak load of 5 N (S5 N = 290-523 N/mm) being significantly lower than those at 10 N 

(LR5 N = 1-10 N/s) and higher (S10 N-20 N = 380-684 N/mm; LR10 N-20 N = 1-19 N/s). Digital image 

correlation revealed the possibility of a screw-like motion of the tooth into the PDL-space, i.e., 

and widened PDL spaces as a result of tooth displacement indicated areas of increased 
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adaptation under pathological loading conditions. 

 

4.2. Introduction 

The bone-tooth fibrous joint is a dynamic organ that responds to several extrinsic factors 

to maintain occlusal function [6, 24]. One prominent extrinsic factor is functional load [5, 6]. 

Loads within physiological threshold limits permit soft and hard tissue turnover and maintain 

optimum periodontal ligament (PDL)-space between the tooth and bone [16, 24, 61]. However, 

changes in PDL-space can be caused by aberrant loads, eliciting a positive feedback that 

perpetuates mineral forming and/or resorbing areas in both vascularized bone and cementum. 

These changes to the adjacent mineralized tissues can increase and/or decrease PDL-space, 

eventually altering the ability of the PDL to optimally transmit occlusal loads [11, 198]. As such, 

mechanical loads on the fibrous joint could induce local strains within the bone-PDL-cementum 

complex that would generate site-specific physiological changes to maintain the PDL-space or 

pathological tissue adaptations if loads exceed physiological threshold limits [25, 199]. 

Over time, organ-related biomechanics, including tooth deformation, have been 

investigated using strain gauges [5, 200, 201], photoelasticity [202, 203], Moiré interferometry 

[204, 205], electronic speckle pattern interferometry [167, 206], digital image correlation (DIC) 

[7, 207], and in situ loading devices coupled to X-ray microscopes [8]. However, strain maps 

using photoelastic, finite element, and numerical methods are limited due to assumptions of 

constitutive properties of tissues and their interfaces [134, 208]. Among other technique-related 

problems, Moiré and ESPI are surface-sensitive and do not provide bone-root association 

unless the organ is sectioned to expose internal structures. In addition, observed PDL 

mechanics have been predominantly limited to transverse block sections of the bone-PDL-

cementum complex [132, 134]. The approach presented in this study exploits technology to date 
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by using a mechanical testing device coupled to a high resolution X-ray microscope [8, 209] and 

subsequent use of DIC to identify displacement fields within the bone-tooth fibrous joint. 

The objective of this study is to identify the mechanical response of an intact, healthy 

bone-tooth fibrous joint to simulated compressive loads. Mechanical response of the bone-tooth 

fibrous joint will be discussed in three steps: (1) mapping the displacement response of the 

tooth within the alveolar socket in relation to compressive load; (2) correlating the load-

displacement curves to the bone-tooth association qualitatively and quantitatively; (3) mapping 

local displacements within the bone-PDL-cementum complex by digitally correlating 2D virtual 

sections (2D sections taken from 3D tomographic data sets) at no-load and loaded conditions. 

This experimental approach allows performing higher resolution imaging without disturbing the 

loading scheme and the organ. Using DIC as a post processing tool and eliminating the need for 

sample preparation [7, 210] opens a new area of investigation in understanding dynamic 

processes of different complexes under various loading scenarios [211, 212]. Through a 

hierarchical study from joint function to tissue-level strains, strain concentrated and amplified 

tensile, compressive, and/or shear strains within soft and hard tissues, including the PDL-bone 

and PDL-cementum interfaces of the fibrous joint. 

 

4.3. Materials and methods 

All animal experiments conducted in this study were housed in pathogen-free conditions 

in compliance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) 

of UCSF and the National Institutes of Health (NIH). Eight five-month-old male Sprague Dawley 

rats (Charles River Laboratories, Inc., Wilmington, MA) on a hard-pelleted diet (hard-pellet diet 

is the normal diet for rats) and bred within a germ-free environment were used. The intact 

maxillae were freshly harvested after euthanasia 

(HBSS) with 0.2% sodium azide [213] for compression tests. 
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4.3.1. In situ compression stage 

Following specimen preparation (Fig. 4-1) for compression testing (see Supplemental 

Information, including Fig. 4-S1, for evaluation of compression stage stiffness), contact with the 

occlusal composite was ensured by initiating a compression load of 0.2 N. The second molar 

was loaded at various displacement rates (velocities) of 0.2, 0.5, 1.0, 1.5, and 2.0 mm/min [214, 

215] until various peak reactionary load responses of 5, 10, 15, and 20 N [156] were detected 

by the transducer. 

 

4.3.2. Analysis of load-displacement curves 

Stiffness (S in N/mm) was determined by using a linear regression model fit to the last 

30% of the load/displacement data of each compression cycle [5, 216] (see Supplemental 

Information, Fig. 4-S2). Loading rate (N/s) was also calculated in a similar fashion but by using 

the load-time data (see Supplemental Information, Fig. 4-S2). Specifically, the loading curve 

was used as we are interested in the response of the fibrous joint to compressive loads during 

mastication (represented by the loading curve) rather than to its recovery. Strain rates as a 

result of displacement rates for loading and unloading can be different when accounting for 

different rates of interstitial fluid during efflux and influx. 

 

4.3.3. Micro-X-ray computed tomography ( -XCT) analysis of the loaded fibrous joint 

Before scanning, the tooth was displaced at a constant rate of 2.0 mm/min to a peak 

reactionary load of 5, 10, and 20 N, incrementally. At each load, the specimens were scanned 

with X-rays after the load equilibrated (Fig. 4-S2). X-ray imaging was performed using a 

tungsten anode with a setting of 75 kVp at 8 W at binning 2 and a quartz silica (SiO2) filter 

designed specifically for biological specimens. The second molar and bone were kept within the 
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field of view by using a 4X lens. 1800 projections were collected at an exposure time of 6 s for 

each projection. 

 

4.3.4. Digital image correlation (DIC) 

The DIC method enables identification of tooth displacement with respect to the alveolar 

bone by using equivalent mesial-distal and buccal-lingual virtual sections, respectively, at no 

load (0 N) and loaded conditions (5, 15, 20 N). 2D virtual sections at respective loads were 

-XCT tomographs. Virtual sections were digitally correlated using commercial 

software VEDDAC (CWM GmbH, Chemnitz). The software calculates the displacement of the 

tooth relative to the adjacent bone by comparing the two images with an image processing 

correlation algorithm while correcting for rigid body movement. 

 

4.4. Results 

4.4.1. Fibrous joint response to compressive loads 

The stiffness of the mechanical testing device was significantly higher than the 

experimental specimen under investigation (Fig. 4-S1). Representative displacement-time 

curves confirm the sensitivity of the compression stage in detecting changes in displacement 

based on varied loading velocities as inputs for compression of the second maxillary molar 

within an intact maxilla (Fig. 4-2a). Representative load-time curves showed that load rate 

response increased as the velocities increased (Fig. 4-2b). With increased velocity, load-

displacement curves continued to exhibit a nonlinear biomechanical response of the fibrous joint 

(Fig. 4-2c). For each given displacement rate, load-displacement curves at all peak reactionary 

loads overlapped (Fig. 4-1d). No significant differences in load-displacement response of the 

fibrous joint were observed with changes in velocity (Fig. 4-2c) or peak reactionary loads. 

Reactionary load rates at 5 N were significantly lower than reactionary load rates at peak 

reactio t-test with unequal variance, P < 
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0.05) (Fig. 4-2d). At velocities of 1.5 and 2.0 mm/min, reactionary load rates at 10 N were 

t-test with unequal variance, P < 0.05). There 

were no significant differences in reactionary load rates between 15 and 20 N across all 

displacement rates. 

At each peak reactionary load, a positive correlation between stiffness and displacement 

rate was observed (Fig. 4-2e). Across all displacement rates, two distinct groups of stiffness 

values were identified. The stiffness values at 5 N were significantly lower than those at 10, 15, 

t-test with unequal variance, P < 0.05). Stiffness values at 10 N were 

significantly lower than stiffness values at 15 N at displacement rates of 0.2 and 2.0 mm/min 

t-test with unequal variance, P < 0.05). No significant differences in stiffness values 

between 15 and 20 N across all displacement rates were identified, but stiffness values at 15 

and 20 N converged with increasing displacement rates. 

 

4.4.2. Bone-PDL-tooth association using an in situ loading device coupled to a -XCT 

The fibrous joint response to compression was visualized in 2D mesial-distal and buccal-

lingual virtual sections through the lingual roots and distal roots, respectively (Fig. 4-S3a, b, 

please open movies with QuickTimeTM). Comparisons between no load, 5, 10, and 20 N peak 

reactionary loads were made by maintaining the alveolar bone as a reference. Overall, the lack 

of identical sections through the crown and roots when under load, showed that the tooth 

displaces out of the sectional plane presumably due to out-of-plane rotation and/or 

displacement normal to the virtual section. The tooth exhibited predominantly vertical 

displacement into the PDL-space and interradicular bone at 5 and 10 N (Fig. 4-S3). With 

increasing compressive load above 10 N, minimal vertical tooth movement was observed. In the 

coronal regions, decreased PDL-space adjacent to the distal and buccal surfaces of each root 

and increased PDL-space adjacent to mesial and lingual surfaces of each root were observed 

(Fig. 4-S3a, b). Apical regions exhibited opposite effects with decreased PDL-space adjacent to 
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the mesial and lingual surfaces of each root and increased PDL-space adjacent to distal and 

buccal surfaces of each root. 

 

Figure 4-1. Specimen preparation for in situ mechanical testing. (A) A hemimaxilla secured on to a steel stub 

with poly(methyl methacrylate) (PMMA) and with an occlusal buildup on the second maxillary molar for uniform 

compression with an in situ loading device. (B) -XCT radiograph shows the relationship of the leveled-composite 

surface with the opposing anvil (inset). (C) Uniform loading on the occlusal build-up is indicated by the contact area 

marked with ink sprayed on the anvil surface (green, inset). (D) A representative output of loading and unloading 

load displacement curves for various peak reactionary loads. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 

 



62 
 

 

Figure 4-2. Fibrous joint response to compression as represented through load rate and load-displacement. 

Representative graphs illustrate load response vs. time (A), displacement vs. time (B), and load vs. displacement (C) 

for each displacement rate. Averages of reactionary load rates (D) and stiffness values (E) for each peak reactionary 

load are also plotted against displacement rate. Shaded regions illustrate upper and lower limits within one standard 

deviation of average reactionary load rates (D, blue – 5 N, yellow – greater than 10 N) and stiffness values (E, blue – 

5 N, yellow – greater than 10 N) across all experimental conditions. a,b,c,d,e,f,g Indicates significant difference (Student’s 

t-test, P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Figure 4-3. Digital image correlation (DIC) used for displacement mapping of the second maxillary molar 

(tooth) in relation to alveolar bone (AB) at 4X magnification. 2D virtual mesial-distal (A) and buccal-lingual (B, C) 

sections indicate regions analyzed at 5 N (a, d), 10 N (b, e), and 20 N (c, f, and C) of peak reactionary load. All 

comparisons were made against conditions of no load (0 N). Color-coded regions indicate areas analyzed for 

changes in horizontal (x shift) and vertical (y shift) displacement fields. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 
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Figure 4-4. Biomechanical response model of a rat molar within the AB socket. Soft (red box) and hard (blue 

box) tissue responses are demarcated within a representative load-displacement curve derived from compression 

testing. Numbered segments within the curve represent different stages of the progression of tooth movement within 

the alveolar socket. The response of the fibrous joint is illustrated in the subsequent images: (1) response to initial 

tooth movement up to 5 N response to uniaxial load, (2) increasing tension and compression of PDL with strain 

hardening effects along with (3) possible deformation of hard tissues within the tooth and AB under higher loads, and 

(4) fracture of the alveolar bone and/or tooth under increased loading. (B) Proposed concentrated areas of strain 

within PDL are illustrated in blue. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

 

4.4.3. Digital image correlation illustrates tooth displacement relative to bone 

The rigid body motion in Fig. 4-3a-c was corrected by using an extra tool, VEDDAC, 

where all calculated displacements were made relative to bone. Fig. 4-3a, b, show DIC results 

of the displacement in occlusal (Y) direction in mesial distal and buccal lingual virtual sections 

at different lo

e same color. 

The areas which did not move during loading are colored yellow and correspond to a 

displacement of - -distal sections (Fig. 4-3a) illustrated approximately 

half of the displacement for a quarter of the maximum load, where both roots moved equally in 
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the Y-direction. No significant displacement in X-direction was found in the mesial-distal section 

at a load of 5 N (not shown) and for an increased load of 10 to 20 N. However, when loaded to 

10 N the buccal root moved more in the Y-direction than the lingual root, indicating rotation of 

the tooth (Fig. 4-3b, c). This rotation was confirmed by a displacement in the X-direction as 

shown at 20 N in the buccal-lingual section (Fig. 4-3c). 

 

4.5. Discussion 

tooth 

organ by investigating: (1) the mechanical response of the intact fibrous joint, (2) the degrees of 

freedom of tooth movement in relation to the alveolar socket, and (3) the resulting areas of 

increased PDL and/or mineralized tissue compression. It has been suggested that the mandible 

during mastication rotates upward and protrusively along an elliptical path, resulting in the 

upward and forward movement of mandibular molars during mastication [217-219]. Therefore, 

the opposing maxillary molars are speculated to displace both vertically into and mesially within 

the alveolar socket. As such, specimens were loaded uniaxially  a principal component of in 

vivo occlusal loads. Results illustrated an in situ behavior of the PDL and a 3D relationship of 

the root surface with the inner surface of the alveolar bone in an intact fibrous joint. 

Cellular responses due to function-induced strains promote PDL-turnover [16, 22, 59], 

perpetuate bone remodeling and modeling [16, 60], and control cementum growth [61, 148]. 

Strain-related tissue changes are dependent on both the diet hardness (magnitude of load) and 

the frequency of loading [61]. In this study, it is plausible that frequency of chewing loads is 

comparable to loading rates of the tooth in the alveolar socket (Fig. 4-2a), and diet hardness is 

comparable to the magnitude of reactionary loads (Fig. 4-1d). As a result, the rate at which the 

tooth is displaced into the alveolar socket and the reactionary loads that are felt are dependent 

on the dominance of an individual constituent or a combinatorial effect of polyphasic 

constituents that make up and act as key players within the tissues and the complex. 
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Periodontal tissues and their interfaces contain various stress and strain relieving 

components such as mineral; fibrillar proteins including collagen, fibronectin, and elastin; 

globular proteins, such as glycoproteins and polyanionic proteoglycans. The globular proteins 

interact with fibrillar proteins, interstitial fluid (including bound and unbound water) and blood [2, 

24, 127, 193]. These components with respective constitutive properties could have different 

load-bearing responses individually or combinatorially depending on the rate of loading [220]. 

This effect is evident in Fig. 4-2a, d, and e, which highlights varying reactionary loads depending 

on the rate at which the tooth is displaced in the socket. Although these measurements are not 

significantly different, the upward trends of increasing range of reactionary load rates with 

increasing velocities are noticeable (from 1.0-2.0 N/s at 0.2 mm/min to 8.0-18.5 N/s at 2.0 mm/ 

min) (Fig. 4-2). This is because, at lower velocities, such as 0.2 mm/ min, unbound interstitial 

fluids within the joint could have enough time to move, resulting in a similar reactionary rate 

response (Fig. 4-2d). Hence, if a virtual scan were to be performed at a displacement rate of 0.2 

mm/min, regardless of the peak reactionary loads, the corresponding root association with bone 

would be similar. This is because the energy due to displacement of the tooth and resulting PDL 

compression at 0.2 mm/min, regardless of reactionary loads (5-20 N), could manifest into shear 

between different components in addition to fluid flow through the organic network and blood 

vessel channels within PDL and bone. Interestingly, with an increase in velocity, the rate at 

which reactionary loads are sensed increases (Fig. 4-2d). Increased reactionary response from 

0.5 mm/min and above could be due to inadequate time for fluid flow (Fig. 4-2b). As such, 

higher velocities could manifest into a strain hardening-like characteristic contributed by both the 

viscous and elastic constituents, making the complex apparently elastic in nature. These effects 

are observed at loads greater than 10 N. 

Despite the linear behavior between velocity and reactionary load rate (Fig. 4-2d), it 

should be noted that the effect from viscous constituents is highlighted by the nonlinear 

behaviors of load with time (Fig. 4-2b) and load with displacement (Fig. 4-2c) regardless of the 



67 
 

displacement rate. Hence, it can be argued that the load bearing nature of the bone-PDL-tooth 

complex in this study at and above 10 N is dependent on a combinatorial response of all phases 

equivalent to an elastic response. This equivalent elastic response is echoed by the statistically 

significant lower range of stiffness (S5 N = 290-523 N/mm) and reactionary load rate (LR5 N = 1-

10 N/s) values at 5 N, compared to 10 N and higher (S10 N-20 N = 380-684 N/mm; LR10 N-20 N = 1-

19 N/s) across all displacement rates (Fig. 4-2e). In between peak reactionary loads of 5 and 10 

N, the viscous constituents could play a dominant role. It can also be argued that the 

interdependency of the viscous and elastic contributions can be decoupled within appreciable 

limits by removing the effect of the viscous constituents using enzymes to digest PGs, elastin, 

and/or collagen [135, 193, 221]. However, a lack of the viscous component would imply 

decreased strain relaxation, dampening mechanism, and fracture resisting characteristics, of the 

tooth and bone. The lack of significant differences in the stiffness values across displacement 

rates for each peak reactionary load (Fig. 4-2e) is most likely due to the lower range of 

displacement rates that the instrument offers for which the fibrous joint was tested (Fig. 4-2c). 

This argument is further reinforced by previous studies that have confirmed a significant change 

in the load-displacement behavior of greater ranges of displacement rates of 1-104 mm/24 h 

[133]. 

Effects of strain relaxation and as a result the association of the root with the bone were 

identified in our virtual sections. Before scanning the specimen under loaded conditions, it is 

necessary to bring the system to an equilibrium state, i.e., under static load. During this process, 

we were able to map the decay of peak reactionary loads (Fig. 4-S2) and, as a result, 

displacements (Fig. 4-3) within the complex. For a higher peak reactionary load of 20 N, higher 

strain relaxation was observed (Fig. 4-S2c). Following an equilibrated position, the relative 

position of the root to the bone was analyzed using DIC. It should be noted that while the load

displacement curves provided the total displacement of the tooth into the alveolar socket at any 

given instance of time, the displacement observed using DIC was equivalent to the equilibrated 



68 
 

condition at the time of scanning the specimen. During the time taken to equilibrate which is 

equivalent to 1 h, it is only inevitable that complex could have recovered to a displacement 

equivalent to a reactionary load of 16-17 N (Fig. 4-S1a). As such, we suspect that DIC 

calculations of tooth position would be more accurate under loading conditions at 0.2 mm/min, 

during which there is decreased strain hardening (Fig. 4-S2c  decay curves for a peak 

reactionary load of 20 N compared to 5 N) and resultant delayed tooth movement. 

Lack of identical tooth sections despite having identical AB sections illustrated a seminal 

biomechanical response of the tooth relative to the bone. Results illustrate that in response to 

uniaxial loading, the tooth could initially undergo vertical displacement predominantly in the first 

5 N (Figs. 4-3 and 4-4a.1.) of reactionary load, during which uncrimping of collagen [222] and 

partial pumping of interstitial fluid into endosteal and bone marrow spaces could occur (S5N = 

290-523 N/mm) [223]. Upon increased loading, strain hardening of collagen and hydrostatic 

pressure of tissues could play a significant role (Fig. 4-4a.2.), with contribution from mineralized 

tissues coming into play at loads above 10N (S10 N-20 N = 380-684 N/mm; Fig. 4-4a.3.). Fracture 

of alveolar bone was observed in some specimens at 15 and 20 N of load response (Fig. 4-

4a.4.). The increase in hard tissue influence at intermediate loads (10-15 N) and fracture of 

bone at higher loads (15-20 N) could have contributed to the lack of significant differences in 

stiffness and reactionary load rate between 15 and 20 N of peak reactionary load. As such, 15 N 

is the suggested upper limit for future studies on fibrous joint mechanics of rat maxilla with the 

loading system used in this study. 

Based on DIC results, compressive loads can promote a see-saw like motion about the 

interradicular fulcrum coupled with torsion (i.e., screw-motion) (Fig. 4-S3a, b, and Supplemental 

Videos 4-1 and 4-2, please open movies with QuickTimeTM) [224, 225]. Hence, the downward 

screw-motion can promote opposing strain fields within the complex. These can be compression 

-PDL-cementum 

complex depending on the direction in which the tooth rotates and translates (Fig. 4-4b). As a 



69 
 

result, it is likely that cyclic loading due to chewing can promote a compression zone opposing a 

tension zone within the same complex. While the rotation could be in excess of load-direction 

and also depends on the morphology of the bone-PDL-tooth joint, results presented in the 

manuscript arguably should be viewed as a condition indicative of natural tooth biomechanics in 

the animal. The in vivo horizontal force vectors on the maxillary molar could promote a greater 

rotational displacement within the socket than seen in our predominantly axial loading 

Regardless, compression-based strain fields are known to promote resorption in bone, while 

tension-based strain fields are known to promote mineral formation. As such, with cyclic 

chewing loads, it is expected that tension-based and compression-based strain fields in the 

complex can promote subsequent cellular response for continuous physiological remodeling 

and maintenance [59, 131] or pathological adaptations leading to function impairment [11, 25, 

199]. 
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4.8.S1. Validation of the loading device at lower loads 

Instrument stiffness using an aluminum disc and validation of the in situ -XCT-

compatible loading stage unit (MT500CT, Deben UK Ltd, Suffolk, UK) using various 

polydimethylsiloxane (PDMS) crosslinking densities (Fig. 4-S1) were performed prior to 

compression testing of experimental specimens. System sensitivity to resolve small 

displacements to incremental loading was identified by performing compression tests on PDMS 

specimens with varying crosslinking densities.     

PDMS specimens were fabricated in 6 cm diameter dishes (Dow Corning Slygard 184 

Silicone Elastomer Base Curing agent, Dow Corning, Midland, MI) at crosslinker/base densities 

of 1:5, 1:15, 1:25, and 1:40.  1 cm x 1 cm specimens with an average thickness of 2.75 mm 

were cut from the center of the dish. Each specimen was loaded five times at different 

displacement rates of 0.5 mm/min, 1.0 mm/min, and 2.0 mm/min to peak reactionary loads of 5 

N, 10 N, 15 N, and 20 N (Fig. 4-S2). Cyclic experiments were performed with a 1 minute delay 

between subsequent loading cycles in order to allow for proper sample relaxation. Stiffness 

values were calculated [226, 227] and validated against experimental elastic moduli of various 

crosslinker/base densities in literature [228]. 
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4.8.S2. Specimen preparation for compression testing 

Intact maxillae (N = 8) were secured to AFM metal specimen discs (Ted Pella, Inc., 

Redding, CA) with poly (methyl methacrylate) (PMMA, GC America, Inc., Alsip, IL) keeping the 

occlusal plane parallel to the AFM disc. The second molar was isolated for compression testing 

through an occlusal buildup by bonding a composite (Kerr Corporation, Orange, CA; One Step 

Universal Dental Adhesive, Bisco, Inc., Schaumburg, IL; Etch Rite Etching Gel, Pulpdent 

Corporation, Watertown, MA) to the occlusal surface of the second molar  (Fig. 1a). Uniform 

loading on a flat surface was confirmed through: 1) -XCT radiographs illustrating parallel 

nature of composite surface and reciprocating anvil (Fig. 4-1c), and 2) contact testing powder 

placement on the loading anvil of the mechanical testing device (Fig. 4-1d) [5].  Specimens were 

loaded 3 times to each peak reactionary load at different displacement rate combinations.  A 

one minute wait between each cycle was implemented to allow recovery and rehydration of the 

periodontal tissues (it approximately takes 40 seconds). All cycles were brought back to the 

initial baseline load of 0.2 N. As a result, displacement was defined as d = dt  d0.2N, where d0.2N 

= the absolute displacement at 0.2 N and dt = displacement at a specific time.  From the 

generated load-displacement curves, the total displacement (dtotal = dp  do; dp = displacement at 

peak reactionary load, do = initial displacement) was determined.   

 
 



72 
 

 
 

Supplemental Figure 4-S1. Validation of the in situ loading device with polydimethylsiloxane (PDMS), 

poly(methyl methacrylate) (PMMA), and aluminum (Al). Characteristic loading curves were plotted in (A) load vs. 

time for PDMS (1:5, 1:25, 1:45), Al, and PMMA; (B) displacement vs. time at 2.0 mm/min for PDMS (ratios of 1:5, 

1:25, 1:45), Al, and PMMA; and (C) load vs. displacement for PDMS (ratios of 1:5, 1:25, 1:45), Al, and PMMA. 

Averages of reactionary load rates (D) and stiffness values (E) across peak reactionary loads for each PMMA 

crosslinking density were plotted against displacement rate. Note: 1:45 PDMS did not exhibit a detectable load rate 

response because material deformation exceeded the limits of the instrument. Reactionary load rate (N/s) and 

stiffness (N/mm) were calculated from the linear region of curves representative of respective peak reactionary loads. 

Shaded regions illustrate upper and lower limits within one standard deviation of average reactionary load rates (D, 

red – 1:5 PDMS, blue – 1:25 PDMS) and stiffness values (E, red – 1:5 PDMS, blue – 1:25 PDMS) across all peak 

reactionary loads at each displacement rate. ¥ Parameters indicating increased stiffness of the mechanical testing 

device as determined by compressing Al. 
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Supplemental Figure 4-S2. Effect of time on reactionary load during mechanical testing (shorter time) and 

tomography (longer time). (A) Representative load vs. time curves from the point of initial contact to the peak 

reactionary load are shown for loading at an input displacement rate of 2.0 mm/min. The illustrated load-time curves 

are the loading portion of the load relaxation curves show in C (box). (B) Corresponding representative load-

displacement curves for each peak reactionary load are illustrated. (C) Representative load relaxation curves 

illustrate higher load decay when loaded to 20 N compared to 5 N. 
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Supplemental Figure 4-S3.  Tooth displacement through the fibrous joint in response to increasing occlusal 

compression. Top row: Superposition of 2D virtual sections illustrate the position of the mesial-distal roots (A) and 

buccal-lingual roots (B) of the second maxillary molar in the alveolar socket in different views (4X magnification) 

various peak reactionary loads (no load, 5, 10, 20 N) and displacement rate of 2.0 mm/min (Note: please open 

lationship of the second maxillary 

molar (green, middle) to bone (purple), highlighting maximum displacement at the interradicular tooth region and 

interradicular bone (circle), at no load (C) and 5 N (35 m, D), 10 N (40 m, E), and 20 N (50 m, F) of load. 
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CHAPTER 5. THE ADAPTIVE NATURE OF THE BONE-PERIODONTAL LIGAMENT-

CEMENTUM COMPLEX IN A LIGATURE-INDUCED PERIODONTITIS RAT MODEL 

 

5.0. OVERVIEW 

Functional loads promote homeostasis of the PDL and that of the bone-PDL-cementum 

complex following development of the bone-PDL-tooth fibrous joint in an organism [16, 229].  

Increased mobility caused by loss of attachment during periodontitis was thought to disturb such 

homeostasis through mechanobiological means  similar to alterations in structural properties of 

musculoskeletal joints under ectopic and/or heavy strains. This study investigated adaptation of 

the bone-PDL-cementum complex following successful induction of the hallmarks of 

periodontitis, i.e. periodontal ligament (PDL) degeneration and alveolar crest (AC) recession, in 

an in vivo rat periodontitis model. Specifically, expressions of proinflammatory, mineral-

resorption, and mechanosensitive factors (tumor necrosis factor-alpha, TNF-

activator of nuclear factor kB ligand, RANKL; fibronectin, FN) and osteoclastic activity were 

correlated to morphological changes in diseased periodontal tissues within the context of organ 

function.  4/0 silk threads soaked in lipopolysaccharide were placed around maxillary second 

molars of 6-week-old rats while controls were flossed.  Following 4, 8, and 15 days, 

morphological differences were ident -X-ray computed tomography.  Mesial and 

distal complexes flanking second molars were evaluated with TRAP staining and 

immunofluorescence.  Compared to controls, treated rats exhibited increased intensities of TNF-

KL+ cells decreased near the mesial AC but increased 

distally. Osteoclastic activity peaked significantly at 8 days.  Increased FN expression was 

identified at treated mesial PDL-cementum interfaces. PDL-space measurements showed 

different temporal trends between control and treated complexes, in which PDL widths 

increased distally and decreased mesially. Through the results of this study, we propose that 

with onset of periodontitis, inflammation-induced destruction of coronal tissue attachment 
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structures produce aberrant strains through the bone-PDL-cementum complex during 

mastication, causing mechanobiology-induced adaptation of bone and apical cementum. This 

study also provided insights into the regenerative capacity of the bone-PDL-cementum regions 

away from the site of bacterial insult that were most adaptive. 

The following text of this chapter is a reprint of the material as it appears in BioMed 

Research International, Volume 2013, Article ID 876316, in January 2013. 

 

 

5.1 Abstract 

The novel aspect of this study involves illustrating significant adaptation of a functionally 

loaded bone-PDL-cementum complex in a ligature-induced periodontitis rat model. Following 4, 

8, and 15 days of ligation, proinflammatory cytokines (TNF- tion 

indicator (TRAP), and a cell migration and adhesion molecule for tissue regeneration 

(fibronectin) within the complex were localized and correlated with changes in PDL-space 

(functional space). At 4 days of ligation, the functional space of the distal complex was widened 

compared to controls and was positively correlated with an increased expression of TNF-

and 15 days, the number of RANKL(+) cells decreased near the mesial alveolar bone crest 

(ABC) but increased at the distal ABC. TRAP(+) cells on both sides of the complex significantly 

increased at 8 days. A gradual change in fibronectin expression from the distal PDL-secondary 

cementum interfaces through precementum layers was observed when compared to increased 

and abrupt changes at the mesial PDL-cementum and PDL-bone interfaces in ligated and 

control groups. Based on our results, we hypothesize that compromised strain fields can be 

created in a diseased periodontium, which in response to prolonged function can significantly 

alter the original bone and apical cementum formations. 
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5.2. Introduction 

Mechanical loads as a result of chewing or biting promote homeostasis of the 

periodontal ligament (PDL) and that of the bone-PDL-cementum complex following development 

of the bone-PDL-tooth fibrous joint [16, 229]. Homeostasis of the joint is maintained by the PDL, 

which contains a heterogeneous population of cells, such as fibroblasts, osteoblasts, 

cementoblasts, and undifferentiated mesenchymal cells, and its entheses (attachment sites) 

with bone and cementum. These cells are sensitive to mechanical loads, which manifest into 

strains, and as a result can promote mineral formation or resorption. The cell-matrix and cell-cell 

interactions regulate continuous PDL turnover, modeling and remodeling of bone, and 

subsequent adaptation of primary and secondary cementum, including PDL-bone and PDL-

cementum interfaces throughout their physiological function [11, 16, 59, 230]. Accommodation 

of functional loads within the physiological range continues as long as the bone-PDL-cementum 

complex is protected from the oral environment by gingival epithelium and underlying 

connective tissues. However, the complex is a target for bacterial infection due to commensal 

microorganisms in the oral environment and the unique anatomical feature of this environment 

[231]. As a result, periodontal tissues are susceptible to bacterial invasion. 

The relationship between host-microbial interactions and progression to periodontitis is 

thought to depend on a combination of the ecological shift in subgingival biofilm composition, 

genetic factors, and other extraneous influences [232]. Despite many extraneous factors, the 

 [233] does not 

account for mechanical loads, that is, the effect of functional mechanics on disease progression 

in the load bearing joint of humans. Biomechanics and other functional perspectives on 

diseased joints are important areas of study since the altered homeostasis due to bacterial 

invasion can lead to pathological adaptation of unaffected tissues. Hence, the combinatorial 

effect of disease and functional (mechanical) loads on disease progression and joint adaptation 

is an important area of investigation. However, the challenge that lies in performing such studies 
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is the limited access to specimens from humans. Hence, animal models in general and rat 

models in particular continue to be used extensively as an experimental system to elucidate the 

effect of diverse factors on periodontal pathogenesis and progression [101, 234]. Despite the 

extensive literature regarding the characteristics of periodontal progression in different animal 

models, few studies have described the effects of the disease from a biomechanical 

perspective. 

Numerous human and animal studies have confirmed the infectious etiology of gingival 

inflammation [235-237], apical migration of the gingival epithelial attachment, and the eventual 

loss of underlying bone and connective tissue support [238, 239], that leads to clinical 

periodontitis. In this study, we employed the lipopolysaccharide-soaked rat ligature model to 

initiate the clinical features of periodontitis, namely inflammation and loss of PDL attachment 

and alveolar bone [76]. This model is an analog that stimulates the natural occurrence of 

periodontitis in humans  food impaction over time followed by acute and chronic inflammatory 

host responses [63, 100, 240]. Once disease is initiated, the complex is kept under continued 

function and the changes in clinical features can be correlated with the distribution of 

biochemical markers. In this study, the presence and distribution of the following biochemical 

markers in sections taken from hemimaxillae harvested at 4, 8, and 15 days of ligation and 

membrane-bound protein commonly found on PDL cells, osteoblasts, and T cells, that induce 

the expression of RANK on the surface of osteoclasts) [241, 242]; tartrate-resistant acid 

phosphatase (TRAP: an enzyme highly expressed by osteoclasts) [243]; tumor necrosis factor- 

alpha (TNF- [244], and fibronectin (FN: a glycoprotein 

adhesion molecule for fibroblasts that promotes extracellular matrix production) [142]. Moreover, 

changes in biochemical expressions and localization were correlated to morphological changes 

of the complex. Based on previous studies by others, morphological alterations of bone and 

cementum due to inflammation were associated with increased expressions of proinflammatory 
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mediators [245-248], including a variety of cytokines, such as TNF-

inflammatory bone resorption [249]. RANKL, which is known to orchestrate osteoclastogenesis 

synergistically with TNF- [250], was mapped throughout the bone-PDL-cementum complex 

and was expected to increase in inflamed periodontal tissue. In addition, active osteoclasts and 

correlative changes in biochemical distribu- tion and alveolar bone resorption were identified. 

Finally, adaptive changes in secondary cementum marked by FN expression [138] were 

discussed within the context of joint function. Our overall hypothesis was that coronal degrada- 

tion due to periodontitis can cause a significant change in the biomechanics of the complex and 

that the resulting adaptive effects may not be the same between bone and secondary 

cementum. The objective was to identify the adaptation of this load-bearing joint, that is, the 

bone-PDL-tooth complex, with the onset of periodontitis by mapping and correlating 

morphological changes of the tooth and the alveolar socket to key biomolecular expressions 

within the complex. 

 

5.3. Materials and Methods 

To minimize the effects of environmentally induced periodontitis [117, 121, 123], 6-week-

old male Sprague-Dawley rats were housed in a germ-free facility (Parnassus Services 

Building) and fed a hard pelleted diet for the duration of the study. All animals included in this 

study were housed in pathogen- free conditions in compliance with the guidelines of the 

Institutional Animal Care and Use Committee (IACUC) of UCSF and the National Institute of 

Health (NIH). 

 

5.3.1. Induction of periodontitis using an in vivo rat ligature model 

4-0 silk suture threads soaked in 1 mg of lipopolysaccharide (LPS) from Escherichia coli 

serotype 055:B5 (Sigma-Aldrich, USA) per 1 mL of 1X Tris buffer were used to induce 

periodontitis (N = 5 per time point). Threads were placed between the first and second molars 
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and the second and third molars of both maxillae (Fig. 5-1a). Molars were religated every 2-3 

days to ensure retention. Control rats (N = 5 per time point) were flossed every 2-3 days with 4-

0 silk ligatures without LPS. Rats were euthanized after 4, 8, and 15 days of ligation. Maxillae 

were harvested and hemisected. Right hemimaxillae were stored in 70% ethanol for micro-XCT 

analysis. Left hemimaxillae were fixed in 4% paraformaldehyde (PFA) at room temperature 

overnight for histology. 

 

5.3.2. Histological analysis of cytokine expressions using immunohistology, identification of 

bone resorption through TRAP(+) osteoclasts, and observation of changes in collagen 

birefringence 

Following fixation, intact hemimaxillae (N = 5) were decalcified in 0.5 M 

ethylenediaminetetraacetic acid (EDTA) solution for 3 weeks. The EDTA solution was changed 

every 3 days. Specimens were then dehydrated through 80%, 95%, and 100% Flex Alcohol 

(Richard- Allan Scientific, Kalamazoo, MI USA) before embedding in paraffin (Tissue Prep-II, 

Fisher Scientific, Fair Lawn, NJ USA). Embedded specimens were sagittally sectioned on a 

rotary microtome (Reichert-Jung Biocut, Vienna, Austria) using a disposable steel blade (TBF 

Inc., Shur/Sharp, Fisher Scientific, Fair Lawn, NJ USA). Paraffin serial sections were mounted 

on Superfrost Plus microscope slides (Fisher Scientific, Fair Lawn, NJ). Sections were 

deparaffinized with xylene and rehydrated through a descending ethanol series of 100%, 95%, 

and 80% ethanol before further use. 

5.3.2.1. Immunostaining for RANKL, FN, and TNF- . The immunofluorescence staining 

protocol used for RANKL and FN was based on a previously described protocol [131]. In brief, 

deparaffinized sections were digested with trypsin (Sigma-Aldrich, St. Louis, MO, USA) at 37 C. 

Following washing, the specimens were incubated in blocking buffer (3% goat serum, 0.1% BSA 

in 1X PBS) and then in primary antibodies of polyclonal rabbit anti-RANKL (Santa Cruz 

Biotechnology Inc., sc-9073, Santa Cruz, CA, USA) and monoclonal mouse anti-FN (Santa Cruz 
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Biotechnology Inc., sc-8422, Santa Cruz, CA, USA) diluted to 1:50 in blocking buffer. Slides 

were stored at 4 C followed by washing with 0.1% Tween-20 in PBS (PBST) and were 

incubated with secondary antibodies. AlexaFluor 594 goat anti-rabbit (Invitrogen, A-11012, 

Carlsbad, CA, USA) and AlexaFluor 488 goat anti-mouse (Invitrogen, A-11029, Carlsbad, CA, 

USA) were used to label polyclonal rabbit anti-RANKL and monoclonal mouse anti-FN at 1:300 

(diluted in blocking buffer), respectively. Sections were washed with PBST and then stained with 

1:10,000 trihydrochloride trihydrate (Invitrogen, Carlsbad, CA, USA) for ten minutes in the 

absence of light. Slides were rinsed twice with PBS and mounted using Fluoro-Gel (Electron 

Microscopy Sciences, Hatfield, PA, USA). Stained sections were visualized using Eclipse E800 

fluorescent microscope (Nikon Inc., Melville, NY). TRITC filter (540 565nm) was used to excite 

AlexaFluor 594 (abs. 590 nm, emit. 617 nm), FITC filter (465 495 nm) to excite AlexaFluor488 

(abs. 495 nm, emit. 519 nm), and DAPI filter (340 380 nm) to excite trihydrochloride trihydrate 

(abs. 358 nm, emit. 461 nm). Images were stitched using Microsoft Research Image Composite 

Editor (Microsoft Corporation, Redmond, WA, USA). 

square regions around the surface of alveolar bone crest was counted using Image J (v1.44p, 

National Institute of Health, USA). Group means (± standard deviation) were calculated. A two-

way analysis of variance (ANOVA) was used to analyze the effect of time and experimental 

conditions. A follow-up post-hoc test was used to analyze the differences between groups. P < 

0.05 was taken to indicate significance. For comparative evalua

spanning dentin, secondary cementum, PDL, and alveolar bone, were generated for 

immunofluorescence micrographs of each group, and gradients of FN intensities were mapped 

using Image J. 

3,3-Diaminobenzidine (DAB) staining for detection of TNF-  was performed on serial 

sections. Endogenous peroxidases were deactivated with 80% methanol and 0.6% H2O2. 

Following antigen retrieval, sections were incubated normal serum for 30 min to prevent 
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nonspecific binding. For cytokine detection, the primary antibody (goat polyclonal anti-rat TNF-

sc-1350 Santa Cruz Biotechnology, Inc., Santa Cruz, CA. USA) was applied on the sections at a 

dilution of 1:100 in PBS and incubated overnight at room temperature. The sections were 

incubated for 15 min at room temperature with the secondary antibody (biotinylated rabbit anti-

goat IgG antibody, PK-6105, Vector Labs, Burlingame, CA, USA). Antigen-antibody complexes 

were visualized with DAB tetrachloride solution (Sigma, D3939, St. Louis, MO, USA), washed in 

distilled water, counterstained with Gill Hematoxylin (3X) (Fisher Scientific, Kalamazoo, MI, 

USA), and rinsed in running water. Finally, the sections were dehydrated in ascending 

concentrations of alcohol, cleared with xylene, and mounted. Negative controls were obtained 

by substitution of the primary antibodies with normal goat serum. Lung tissues harvested from 

the same animals were used as positive controls. The sections were evaluated by a single 

examiner, who was blinded to the treatment assignment using a light microscope (BX 51, 

Olympus America Inc., San Diego, CA, USA). 

5.3.2.2. Resorption by mapping TRAP(+) osteoclastic cells. Tartrate-resistant acid 

phosphatase (TRAP) staining for osteoclasts was performed by treating rehydrated specimens 

with 0.2 M acetate buffer, a solution of 0.2 M sodium acetate, and 50mM L-(+)-tartaric acid 

(Sigma-Aldrich, St. Louis, MO, USA). After 20 minutes of incubation at room temper- ature, 

naphthol AS-MX phosphate and fast red TR salt were added, followed by incubation at 37 C for 

1 hour with close monitoring under the microscope after the first half hour to monitor the 

development of a bright red staining for osteoclastic activity. The stained sections were washed 

in deionized water, counterstained with Hematoxylin, and mounted with Immu-Mount 

(ThermoScientific, Fremont, CA, USA) for subsequent examination under light microscopy. 

TRAP(+) stained regions were categorized based on location: the segment from alveolar crest 

(defined as the curved surface connecting the mesial and distal faces of the alveolar bone 

proper) to the starting point of secondary cementum as the coronal segment, and from 

secondary cementum to the apex as the apical segment. Criteria for identification of osteoclasts 



83 
 

were TRAP(+) staining with greater than three nuclei [150]. The number of osteoclasts within 

each region was manually counted along the PDL-bone perimeter using Image-Pro Plus v6.0 

data acquisition software (Media Cybernetics, Inc., Bethesda, MD, USA) and ratios of osteoclast 

count to perimeter per mesial and distal location were calculated [151]. These ratios were tested 

for statistical differences between control and ligature groups and across time points using two-

way ANOVA followed by post-hoc tests to analyze the difference between the groups. 

Differences with P < 0.05 were considered significant. 

5.3.2.3. Collagen birefringence using picrosirius red (PSR) stain. Deparaffinized sections 

were stained with Sirius red F3B (C.I. 35782) and picric acid (American MasterTech Scientific 

Co., Lodi, CA, USA). Stained sections were analyzed with a light microscope and Image-Pro 

Plus. Polarized light was used to enhance the birefringence of collagen to illustrate changes in 

collagen fiber orientation and birefringence intensity throughout the complex [51, 154]. 

 

5.3.3. Changes in morphometrics of the bone-PDL-cementum complex using micro-X-ray 

computed tomography ( -XCT) 

Macroscale structural analysis of intact right hemi- maxillae (N = 5 each group) was 

performed using micro-X- -XCT, Micro XCT-200, Xradia, Inc., Pleasanton, CA, 

USA) at 2X magnification. X-ray imaging was performed on specimens using a tungsten anode 

a setting of 75KVp at 6W at binning 2 and quartz silica (SiO2) filter designed specifically for 

biological specimens. Specimens were scanned while immersed in 70% ethanol with the 

second molar centered in the field of view. 2000 projections were collected at an exposure time 

of 9-14 s for each projection. 

Tomograms were reconstructed (XMReconstructor v8.1.6599, Xradia Inc., Pleasanton, 

CA, USA) and 2D virtual sections were generated (Xradia 3D viewer v1.1.6, Xradia Inc., 

Pleasanton, USA) to complete the following measurements using Image J. To analyze the 

progression of periodontitis through the time points, three sagittal sections containing apical 
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foramen were made through each specimen: in the mesiodistal direction through (1) both buccal 

roots, (2) both lingual roots, and (3) the interradicular region (Fig. 5-1c). Alveolar bone crest 

(ABC) resorption was determined by measuring the distance from the cementoenamel junction 

(CEJ) to the adjacent ABC of the second maxillary molar along mesial and distal roots (Fig. 5-

1c). The width of the PDL-space surrounding the second maxillary molar was determined using 

the aforementioned buccal and lingual sagittal sections (N = 3 each group). Mesial and distal 

roots were divided into fourths from the CEJ to the root apex (Fig. 5-1d). From the three apical 

fourths, five PDL-space measurements from the alveolar bone to the root cementum per quarter 

section were measured using Image J. Interradicular PDL spaces (or interradicular distances) 

measured using the midsagittal section as the distance from the crest of the interradicular bone 

to the molar root furcation (Fig. 5-1d). All statistical analyses for significant differences in 

morphometrics across and within time points were performed using two-way ANOVA combined 

with post-hoc tests. Differences with P < 0.05 were considered significant. 

 

5.4. Results 

The naturally occurring tension and compression fields in a rat bone-PDL-tooth complex 

[131]. It should be noted that in a rat the distal side is more prone to mineral resorption while the 

mesial side is prone to mineral formation. From a biomechanical perspective, this is due to the 

tensile strains in the mesial side compared to reactionary compressive strains on the distal side. 

As a result, mineral is formed on the mesial side of the alveolar socket, while mineral is 

resorbed on the distal side of the same alveolar socket, thus maintaining a uniform functional 

space within the bone-PDL-tooth fibrous joint. 
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5.4.1. Changes in the expressions of biochemical markers within the LPS soaked ligature-

induced periodontitis model 

5.4.1.1. RANKL expression in the complex. Intense expression of RANKL in endosteal 

spaces of alveolar bone and vasculature in PDL was detected (Fig. 5-2a) in the ligated group. In 

addition, osteoclasts in resorption pits at both PDL-bone and PDL-cementum attachment sites 

strongly expressed RANKL (Fig. 5-2b). To correlate RANKL expression with osteoclastic 

activity, RANKL(+) cell number was counted in subepithelial con- nective tissue (CT) near the 

alveolar crest (Fig. 5-2c-e). RANKL(+) cell count interestingly exhibited advancing trends to 

TRAP(+) staining. On the mesial side (Fig. 5-2d), the number of RANKL(+) cells in the ligated 

group was greater than that in the control group. However, the number of RANKL(+) cells was  
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Figure 5-1. In vivo rat ligature model for the induction of acute periodontitis. (A) Photograph illustrates 

lipopolysaccharide (LPS) soaked 4-0 braided silk threads in the diastemata flanking left/right second maxillary molars. 

Controls were flossed in the same interproximal regions. (B) Schematic illustrates the targeted regions of the fibrous 

joint within the study. (C) 3D tomogram illustrates the lingual-sagittal, mid-sagittal, and buccal-sagittal 2D virtual 

sections through a second maxillary molar used for morphometrics. Anatomical landmarks used to measure alveolar 

bone crest recession (CEJ-ABC) are indicated. (D) 2D virtual section illustrates anatomical landmarks to measure 

interradicular distance and PDL width. Division of the bone-PDL-cementum complex into coronal, middle, and apical 

sections for PDL-space measurements is also illustrated. 
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Figure 5-2. Identification of RANKL using immunofluorescence. (A) Representative micrographs illustrate 

immunofluorescence of antibodies against RANKL at 4-day control and 8- and 15-day ligated groups. Note RANKL 

expression around the vasculature (V) and endosteal spaces (asterisks). Multinucleated osteoclast-like cells were 

also observed at the PDL-bone interface (white arrows). (B) Higher magnification micrographs show RANKL 

immunofluorescence in local regions of the complex at 15 days of ligation. (C) Schematic of rat periodontal tissue 

(mesiodistal section) with gray (D, 

E) Bar graphs illustrate RANKL(+) cell count within specified target areas between control and ligated groups on 

mesial (D) and distal (E) sides. Statistically significant difference at 95% confidence interval was observed. 

Junctional epithelium (JE), epithelium (E), periodontal ligament (PDL), alveolar bone (AB), alveolar bone crest (ABC), 

dentin (D), and secondary cementum (SC). 

 

reduced with time in both groups, showing a significant decrease in ligated group from 4 days to 

15 days (P < 0.05). On the distal side (Fig. 5-2e), there was a significant elevation of RANKL(+) 

cells in the ligated group compared to the control group (P < 0.05) at 4 days, but a decrease 

was observed at 8 days. A higher number of RANKL(+) cell count was identified on the distal 

side compared to mesial side of the ligated group and distal and mesial sides of the control 

group (Fig. 5-2d, e). 

5.4.1.2. Osteoclastic activity in the complex. Morphological changes were also evaluated 

in mesiodistal stained sections, and increased alveolar bone resorption with time was observed 

(Fig. 5- -XCT morphometric analysis, the CEJ-ABC distance was higher in 

ligated groups (Figs. 5-3a and 5-5a.i). Multinucleated TRAP(+) cells were observed in endosteal 

and bone marrow spaces, irrespective of experimental conditions or time points (Fig. 5-3b.i ix). 

Active osteoclasts at the PDL-bone interface were also found on the alveolar crest in the 8-day 

ligated group (Fig. 5-3b.ii). Quantification of TRAP(+) cells showed preferential distal localization 

regardless of experimental condition or time point (Fig. 5-3b.x, xi). Data for the 4-day ligated 

group was discarded due to inadequate samples. TRAP(+) cells showed preferential distal 

localization regardless of experimental condition or time point (Fig. 5-3b.xm, xi) and peaked at 8 
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days except in apical segments on the distal side. On the mesial side, osteoclastic activity at 8 

days was significantly greater than that observed at 4 days in coronal segments and that of the 

15-day ligated group in apical segments (Fig. 5-3b.x). Within control groups, no significant 

increase or decrease was seen in both coronal and apical segments. However, the mesial 

osteoclastic activity of ligated groups significantly increased at 8 days in apical segments 

compared to respective control groups before decreasing at 15 days (Fig. 5-3b.x). On the distal 

side, osteoclastic activity both at 8 days and 15 days was significantly greater than that of the 4-

day control group in coronal segments when the 4-day control group was used as the reference 

(data not shown). At both 8 and 15 days, ligated groups showed an increase in osteoclastic 

activity in coronal segments compared to corresponding control groups, while osteoclastic 

activity in ligated groups decreased in apical segments (Fig. 5-3b.xi). Between 8 and 15 days, 

the distal osteoclastic activity of ligated groups decreased in both coronal and apical segments 

(Fig. 5-3b.xi). 

5.4.1.3. Immunohistochemical localization of TNF- . TNF-

epithelium, subepithelial CT, endosteal spaces, predentin, and secondary cementum (Fig. 5-

4a). Particularly, TNF-  of control 

groups at both mesial and distal PDL-cementum interfaces, the interradicular complex, and in 

endosteal spaces (Fig. 5-4b). At a higher magnification, osteoclast-like cells were detected at 

PDL-bone interfaces in ligated groups (Fig. 5-4b, arrowheads). 

 

5.4.2. LPS soaked ligature-induced periodontitis rat model stimulated significant changes in 

alveolar bone resorption, PDL-space width, collagen birefringence, and fibronectin 

expression 

5.4.2.1. Alveolar bone resorption. -XCT revealed that at 

all time points, the distance from CEJ to ABC (CEJ-ABC) was greater in ligated groups when 

compared to control groups in both mesial and distal regions (Fig. 5-5a.i). While at 4 days both  
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Figure 5-3. Alveolar bone resorption through TRAP(+) osteoclast identification. (A) Mesiodistal histological 

sections illustrate TRAP(+) cells on distal surfaces. The relative height of the alveolar bone crest (ABC) in relation to 

the cementoenamel junction (CEJ) is shown to decrease with duration of ligation. (B) Magnified images of 3A show 

alveolar bone crest (ABC), coronal, and apical regions of distal surfaces across time points and between control and 

ligated complexes (i-ix). The number of multinucleated osteoclasts (OC) located along the bone perimeter was 

counted in coronal and apical root segments on mesial (x) and distal (xi) sides. Statistically significant difference at 

95% confidence interval was observed. Alveolar bone (AB), periodontal ligament (PDL), dentin (D), and secondary 

cementum (SC). 

 

 

Figure 5-4. Immunohistochemical staining for identification of TNF-  (A) Representative light micrograph of the 

complex at 15 days of ligation illustrates localization of TNF-

immunohistochemical localization of TNF- and 

interradicular PDL regions, according to experimental conditions. For example, note TNF-

coronal PDL-bone interface (black arrow heads). Connective tissue (CT), alveolar bone (AB), periodontal ligament 

(PDL), dentin (D), and secondary cementum (SC). 
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mesial and distal regions of ligated groups exhibited significant increases in CEJ-ABC 

compared to controls, only the distal regions exhibited significant increases in corresponding 

comparisons. In mesial regions of both control and ligated complexes, CEJ-ABC exhibited a 

decreasing trend between 4 days to 8 days and an increase from 8 to 15 days; however, only 

the ligated mesial region exhibited a significant increase between 8 and 15 days (P < 0.05). In 

distal regions, the CEJ-ABC exhibited increasing trends in both control and ligated complexes 

with time, increasing significantly at 8 and 15 days when compared to 4 days (P < 0.05). The 

interradicular distance within the control complex decreased with time (Fig. 5a.ii). In contrast, 

the interradicular distance within the ligated complex decreased significantly between 4 and 8 

days of ligation (P < 0.05) and then increased slightly after 15 days of ligation. Comparisons of 

the averages in ligated and control interradicular PDL-spaces at each time point showed that 

the ligated complex had a significantly greater interradicular PDL-space at 4 days (P < 0.05). 

This significant increase was not maintained at 8 days but was reestablished at 15 days. 

5.4.2.2. PDL-space. PDL-space measurements showed differences in trends across 

time between control (Fig. 5-5a.iii) and ligated complexes (Fig. 5-5a.iv) in both coronal and 

apical regions. In all ligated regions, a decreasing followed by an increasing trend in PDL-space 

was found over time with a significant decrease in the distal apical region (P < 0.05). In contrast, 

control complexes did not exhibit this trend with the exception of the distal coronal region. 

Instead, between 8 and 15 days the PDL-space of both mesial and distal sides showed a 

decreasing trend with time in the control complex, with a significant decrease between 4 and 15 

days at the mesial apical region (P < 0.05). When comparing the PDL-space between control 

and ligated complexes, it was interesting to note that all observed significant differences in the 

mesial regions occurred at the earlier time points of 4 and 8 days (P < 0.05). The significant 

differences in distal regions occurred mostly at later time points of 8 and 15 days (P < 0.05). 

To separate the effect of treatment from that of development, the average control PDL-

space was subtracted from the average treated PDL-space for each region (Fig. 5-5b). The 
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mesial apical and all distal PDL-spaces of the ligated complex increased at 4 days, while mesial 

coronal and mesial middle PDL-spaces decreased compared to controls. The mesial coronal, 

mesial middle, and distal apical regions, exhibited significant differences in PDL-space between 

ligated and control groups. Regardless of anatomical location at 8 days, the difference between 

ligated and control mesial PDL-spaces increased negatively and the difference between ligated 

and control of distal PDL-spaces increased positively with time relative to corresponding control 

regions (P < 0.05). As such, there was a significant difference in PDL-space between ligated 

and control groups in all regions. At 15 days, the distal PDL-spaces of ligated coronal regions 

remained greater than the corresponding control region but decreased in difference, while the 

distal PDL-spaces of ligated middle and apical regions increased in difference with 

corresponding control regions. Similarly, the mesial ligated regions still remained smaller than 

the PDL-spaces of controls; however, they decreased in difference with the corresponding 

control regions. Interestingly, only the distal regions exhibited significant differences between 

ligated and control PDL-space measurements at 15 days. 

5.4.2.3. Collagen birefringence. PSR birefringence changes were observed on the distal 

side depending on the duration of the insult (Fig. 5-5c, see Fig. 5-S1 and supplemental movies 

in Supplementary Material available online at http://dx.doi.org/10.1155/2013/876316). In coronal 

regions, the ligated complex showed compromised transseptal fiber integrity with decreased 

birefringence, unlike the observed high birefringence with straight collagen fibers in the control 

complex. In apical regions, the width of increased birefringence in the distal PDL-secondary 

cementum of the ligated complex widened across 4, 8, and 15 days (Fig. 5-5c). It should be 

noted that birefringence is dependent on the angle between the PSR-stained specimen and the 

polarized light. For a complete representation of the above observation, supplemental movies 

are included. 

5.4.2.4. FN expression at the PDL-bone and PDL-cementum interfaces. On the mesial 

side, FN expressions were illustrated as sharp peaks at both PDL-bone and PDL-cementum  
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Figure 5-5. Morphometric comparisons of control and ligated bone-PDL-cementum complexes, including 

changes in collagen birefringence. (A) Comparisons of measurements in mesial and distal regions of the CEJ-ABC 

(i), the interradicular region (ii), and the PDL-space (iii, iv) between control and ligated complexes at 4, 8, and 15 

days. Individual graphs were used to compare PDL-space measurements between coronal and apical anatomical 

locations within mesial (iii) and distal (iv) complexes. (B) The differences between average ligated and average 

control PDL-space measurements are plotted for each aforementioned anatomical location across time. (C) 

Histological sections show the distal complex stained with PSR and visualized under polarized light microscopy. 

Alveolar bone (AB), periodontal ligament (PDL), secondary cementum (SC), and transseptal fibers (TF). Symbols 

within plots indicate statistically significant differences at 95% confidence interval.  Significant difference 
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between control and ligated groups.  Significant difference over time. #,+ Significant difference between control and 

ligated groups.  Significant difference over time.  Significant difference between control and ligated 

groups. ,  Significant difference over time. 

 

 

Figure 5-6. Line profiles and micrographs of immunolabeled fibronectin (FN). Representative micrographs 

illustrate FN immunofluorescence in apical regions of control and ligated complexes at 4, 8, and 15 days. The 
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intensity of FN expression was measured along the anatomical locations indicated by th

mesial complex, the x-

secondary cementum (SC), and dentin (D). Note that the direction for the distal complex is reversed. (A1) 4-day 

control mesial complex, (A2) 4-day control distal complex, (A3) 4-day ligated mesial complex, (A4) 4-day ligated distal 

complex, (B1) 8-day control mesial complex, (B2) 8-day control distal complex, (B3) 8-day ligated mesial complex, 

(B4) 8-day ligated distal complex, (C1) 15-day control mesial complex, (C2) 15-day control distal complex, (C3) 15-

day ligated mesial complex, and (C4) 15-day ligated distal complex. Dentin (D), secondary cementum (SC), 

periodontal ligament (PDL), alveolar bone (AB), new bone (NB). 

 

interfaces, regardless of the experimental condition and time point. However, the width of high 

FN intensity was wider in the ligated group compared to controls (Fig. 5-6a.1, a.3, b.1, b.3, c.1, 

and c.3). On the distal side, the display of FN over a larger width of cementum from the PDL- 

cementum attachment site was observed. On the other hand, only a sudden drop of intensity 

with no peak at the PDL-bone attachment site was shown (Fig. 5-6a.2, a.4, b.2, b.4, c.2, c.4, 

and 5-S2). 

 

5.5. Discussion 

The results of this study are from a commonly used experimental rat model for 

periodontitis [103, 106, 107, 114, 115]. The impetus for choosing the ligature model is that it 

promotes scenarios similar to food impaction between teeth in humans. The ligatures between 

the 1st and 2nd molars and the 2nd and 3rd molars (Fig. 5-1a) are speculated to promote equal 

and opposite forces, negating or minimizing effects due to the ligature itself. Additionally, LPS 

was used as a catalyst to accelerate coronal tissue degeneration by inducing hallmarks of 

periodontitis, such as alveolar crest resorption and PDL degeneration, thus promoting the loss 

of coronal tooth attachment. It should be noted that morphometrics, that is, PDL-space can 

increase or decrease. As a result, the functional space is either widened or narrowed, which in 

turn can alter overall biomechanics of the organ.  
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Based on observations from this study, it can be inferred that changes in biochemical 

expression and/or coronal-apical gradients resulting from inflammation could explain tissue 

degradation and a subsequent adaptive response driven by mechanobiology. However, future 

studies are needed to investigate potential bone formation and resorption effects during 

disease. This can be done by temporal mapping of mineral formation- and resorption-related 

events to elucidate PDL-cementum and PDL-bone interfaces under tension and/or compression 

using dynamic histomorphometry through a fluorochrome technique. Furthermore, our 

investigation is limited to the early stage of periodontitis, so a model for chronic periodontitis 

should be developed through observations made at longer time points by using the proposed 

endotoxin-ligature model. The longer ligation times would elucidate time-related 

mechanobiological effects on overall joint morphology and soft-hard tissue microstructure, 

including impairment of joint function  a topic currently under investigation. 

The results of this study are discussed on the basis that both disease and function 

(continued mastication of hard pellets by the rats) have a concomitant effect on biochemical and 

subsequent morphological changes in the organ. The combined effect can result in positive or 

negative feedback, thus shifting organ function to impairment. Even though comprehensive 

studies have postulated a cause-and-effect relationship between bacteria and/or inflammatory 

cytokines and tissue destruction [112, 115, 251-256], they are spatially limited and describe only 

alveolar bone destruction. As a result, studies are needed to illustrate effects on the entire bone-

PDL-cementum complex, in which the role of no one tissue dominates specifically when in 

function. 

Hence, the two concomitant effects that will be discussed will include: (1) inflammation-

induced coronal degeneration as a result of LPS soaked threads, and (2) potential 

mechanobiological effects specifically in the apical regions of the tooth attachment apparatus 

due to coronal degeneration over time. To identify a host inflammatory response, we mapped 

expressions of RANKL, osteoclastic resorption, and TNF-
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through a change in morphology due to increased alveolar bone resorption and net changes in 

the PDL-space, coronal losses, apical increases in collagen birefringence within the complex, 

and a gain in FN expression specifically at the apical regions, that is, within secondary 

cementum and bone. These observed patterns are summarized in Figs. 5-S2 and 5-S3. 

 

5.5.1. Inflammation-related biomolecular expressions within the complex 

Ligature-induced inflammation is a host response to eliminate the harmful stimuli due to 

foreign body and bacterial colonization. The response triggers recruitment of immune cells from 

the blood into various vascularized connective tissues predominantly exposed to LPS and 

ligature impaction [247]. The recruited inflammatory cells in turn promote a biochemical 

cascade, causing proteinase-induced fibrinolysis, osteoclastogenesis, and activation of latent 

osteoclasts [76]. Formation and activity of osteoclasts in vivo are dependent on the expression 

of RANKL by osteoblastic or bone marrow stromal cells [257, 258]. As a result, we observed 

RANKL expression in endosteal spaces and vasculature of PDL. In this study, the coronal part 

of alveolar bone is most affected by LPS due to its proximity to the ligature, and as such the 

expression of RANKL(+) cells near the alveolar crest was quantified (Fig. 5-2d, e). Interestingly, 

the observed RANKL(+) trend opposed the trend of TRAP(+) osteoclastic activity (Fig. 5-3b.x, 

xi). In other words, the number of RANKL(+) cells increased at 4 days before decreasing and 

then rebounding at 15 days in the distal sides of ligated groups. It is well known that 

osteoclastogenesis involves a complex series of sequential steps, including RANKL-RANK 

signaling [259]. This could explain the observed trend of delayed osteoclastic activity, that is, 

TRAP(+) cells. 

Along with RANKL, TNF- -

synergizes with RANKL to potentiate osteoclastogenesis [257, 260, 261]. The known 

mechanism by which TNF-

osteoclast differentiation through autocrine signaling [262]. The majority of in vivo studies show 
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that TNF-

to advance or restrain alveolar bone resorption, respectively [252, 263-265]. From our 

observation, TNF- roughout the periodontium (Fig. 5-4a). This can be 

attributed to immune cells, the source of TNF-

vascularized PDL. The overall TNF-

PDL-primary cementum interfaces, the interradicular complex, and endosteal spaces. This 

implies that coronally placed ligatures introduced inflammation to the entire bone-PDL-

cementum complex and was not just limited to the coronal area. Anatomically, TNF-

osteoclasts were predominant at the PDL-bone interface on the distal side in ligated groups. 

This observation was positively correlated with increased immunofluorescence of RANKL in 

conjunction with previous studies that have shown that TNF- anism by which 

RANKL exerts its osteoclastogenic effect [246, 262]. Additionally, TNF-

junctional epithelium. It is plausible that TNF-

layer, since the intercellular space in the junctional epithelium is comparatively wider and 

contains proportionately fewer desmosomes than in the oral epithelium [266], allowing cytokines 

to permeate epithelium. 

 

5.5.2. Changes in morphometrics of the complex, common hallmarks of periodontitis  

Ligated groups showed increased ABC and interradicular resorption compared to 

controls at 4 days. This observation is most likely caused by the early-stage host inflammatory 

events due to LPS as the primary stimulus. The argument can be further corroborated by the 

observation of a decrease in CEJ-ABC distance in mesial regions and a decrease in 

interradicular PDL-space at 8 days. However, the decrease in bone resorption despite 

heightened inflammation could have been caused by age-dependent bone modeling processes 

[13, 103] between 4 and 8 days as bone has a rapid rate of turnover. By 15 days, the resorptive 

effects of inflammation are speculated to overcome growth-related processes in ligated 
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complexes, resulting in resumed increases of both mesial and distal CEJ-ABC, as well as 

interradicular PDL-space. It should be noted that within this observed effect is the effect of 

osteoclasts in controls due to natural distal resorption in rats [13, 138, 267]. However, the 

ligated complex included active osteoclasts on the alveolar crest in addition to the distal PDL-

bone interface. Furthermore, the osteoclastic activity peaked at 8 days of ligation. This 

phenomenon can be explained in terms of the characteristics of inflammation induced with 

ligature placement, an acute and short-termed inflammation that resulted in the initial shift of 

equilibrium from bacterial endotoxin, that is, LPS, to host response. However, the osteoclastic 

activity was not maintained after 8 days, suggesting that the effect of inflammation induced by 

ligation was not sustained because (1) the location of ligature was relatively coronal, and (2) the 

host response that could have subsided as the local concentration of LPS was diffused [118]. 

This result is consistent with previous studies [268-272] and can be identified as remission of 

bone modeling following acute phase of inflammation. 

 

5.5.3. Resulting early mechanobiological effects of a diseased fibrous joint 

Based on observed morphological differences (Fig. 5-5a, b), we predict that the coronal 

degeneration could have shifted from physiological to nonphysiological, that is, pathological 

function. This shift from physiological to aberrant loads on the complex is hypothesized to be a 

significant deviation from optimum function. This is because increased joint mobility due to PDL 

degeneration and coronal alveolar bone support can cause increased tooth movement with the 

alveolar socket. Such argument can be further reinforced by the fact that the ligature had to be 

reintroduced every two to three days in the rats. Based on our previous work, regions that are 

predicted to experience increased strain during the initial disease stages include coronal 

attachment sites, apical compression-dominant regions, and predominantly the interradicular 

regions [157] (the PDL-space at the interradicular region is narrower compared to PDL-space 

around the tooth (Fig. 5a)). As such, it is conceivable that, within ligated groups, healthy PDL in 
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interradicular regions, and apical to diseased regions could experience amplified strains during 

mastication compared to their control counterparts. Additionally, strains could be altered at the 

PDL-bone and PDL-cementum interfaces [7] in ligated groups. These altered three-dimensional 

strain profiles are of special interest because deviations from normal physiological strain can 

lead to pathological function (aberrant loads/function), and compromised mechanotransduction 

over time [9, 11, 273] including the soft-hard tissue interfaces where multiple cell types reside. 

Ligated groups exhibited different patterns of morphological adaptation over time 

compared to control groups as indicated by changes in PDL-space. Complementary increase in 

RANKL expression and osteoclast activity, an increase in interradicular PDL-space (15 days, 

Fig. 5-5a.ii) could indicate excessive strains in the interradicular complex at a later time, 

resulting in resorption and shifting the adaptive effects of our model to those observed in a 

hyperocclusion model [14, 274]. As such, it is possible that in our study the interradicular bone 

commonly known as the fulcrum for tooth rotation [157] shifted, thus altering the strain field 

within the entire bone-PDL-cementum complex. 

The shift toward aberrant function can promote a net change in the localization and 

intensity of RANKL. RANKL is a mechanosensitive molecule that decreases in expression with 

tension in osteoblasts [143]. When comparing alveolar crests within ligated complexes, RANKL 

expression was seen to increase between 8 and 15 days on the distal side but decreased over 

time on the mesial side (Fig. 5-2d, e). Although RANKL expression increases at each time point 

between ligated and controls both mesially and distally due to a host inflammatory response, the 

suggested age dominated mesial-tension due to growth may have counter- acted this increase 

during prolonged mechanical loading. As such, while a RANKL expression increase was seen in 

4-day ligated complexes compared to controls, a similar number of RANKL(+) cells were seen 

between ligated and control complexes at 15 days. In contrast, the progressive increase of 

RANKL(+) cell count from 8 days to 15 days on the distal side was most likely caused by the 

compounded effect of compression-induced expression due to distal drift and host inflammatory 
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response [144, 145]. Although we correlate RANKL expression increase to osteoclast activation, 

it is important to note that a RANKL/osteoprotegerin (OPG) ratio should be used as the standard 

index for formative and resorptive bone [76]. Together, this data suggests that an early host 

inflammatory response drives increased biochemical expressions coronally. However, later 

changes in expressions of respective biomolecules due to opposing mechanobiological effects 

on mesial and distal sides are induced by aberrant function of the ligated joint. Aberrant 

function-related effects were seen in secondary cementum. In this study, the complementary 

data of collagen birefringence and FN expression seen at the distal secondary cementum is 

proposed as a compensatory adaptation due to a net increase in distal bone resorption and 

maintenance of age-related normal physiological activity at the mesial complex (Fig. 5-5c). 

However, birefringence indicated by PSR is only a complementary marker to the more 

confirmatory FN expression. This is because collagen birefringence identified through PSR 

staining is also a function of section thickness and is highly dependent on fiber orientation 

relative to the polarizers (movies were included to highlight the specificity of our results  Fig. 5-

S1 and supplemental movies) and level of tissue demineralization and collagen integrity. 

Secondary cementum is hypothesized to adapt to occlusion during the posteruption 

phase of tooth development and has been shown to respond to load [131, 275]. As such, it is 

conceivable that secondary cementum adaptation would follow coronal bone resorption as a 

mechanism to compensate for disruption due to inflammation. In this study, we used two 

identifiers to detail the adaptation of secondary cementum. These included collagen 

birefringence and FN expression [142, 276, 277]. The triggering of the local biochemical effects 

caused an increase in apical collagenous matrix organization with time (Fig. 5-5c). As a result, 

an altered birefringence was observed at the mesial, but higher at the distal PDL-secondary 

cementum interface in ligated groups (Fig. 5-S1 and supplemental movies). This implies that 

inflammation-induced mechanobiology remotely stimulated organic matrix within the apical 

cementum (Figs. 5-5c, 5-6, 5-S1, and 5-S2). Although an increased level of birefringence 
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equivalent to that of controls was observed at 4 days, with increased time, both the width and 

intensity of birefringence at the distal secondary cementum surface increased. It is plausible that 

the complex has adapted to changes resulting from ligature-induced coronal inflammation in the 

tension-dominant mesial region and the compression-dominant distal region. However, 

adaptation manifested itself in apical regions as new bone formation, which was predominant on 

the mesial side, and new cementum formation on the distal side (Figs 5-5c, 5-6) within 

respective groups. 

The aforementioned secondary cementum adaptation detailed through collagen 

birefringence can be further strengthened by FN expressions. Nonphysiological tensions at the 

mesial complex of ligated rats due to coronal degeneration of transseptal and periodontal fibers 

could have altered the FN mRNA expression and protein content apically (Fig. 5-6) [140, 141]. 

The localization pattern of a wide FN expression band apically could be from an increased 

organization around periphery of osteo- or cementoblast cells and increased density as the 

collagenous matrix is generated [139]. FN is an important chemotactic protein for the storage of 

growth factors, along with its prolific interactions with cell surface molecules to facilitate cellular 

adhesion, migration and regulate cellular differentiation and proliferation [142]. Although FN is 

not a direct marker for hard-tissue formation using immunohistochemistry, it provides evidence 

that this multipurpose protein can amplify the response of osteoblast progenitors to alter the 

regenerative or reparative potential of organic matrices during mechanobiological adaptation 

[141]. The same may hold true for cementoblast progenitors on the tooth side, resulting in 

mesial deposition of secondary cementum. While compressive loads have been shown to cause 

a decrease in FN expression within PDL cells [140, 141], when compared to controls, the distal 

regions in ligated molars interestingly illustrated increased FN expression at PDL-cementum 

attachment sites and through the distal precementum layers of the complex (Fig. 5-6). 

We summarize the results by presenting a biomechanical model representative of the 

measured downstream localization and expression level changes of mechanosensitive proteins 
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and net spatiotemporal changes in the PDL-space (Fig. 5-S3). On the distal coronal side, 

temporal trends of PDL-space were directly correlated with those of osteoclastic activity. As 

such, the net increase in PDL-space on the distal coronal side in ligated groups could be 

explained by an increased osteoclastic activity due to increased compressive strains within the 

PDL. Increased compression could arise from increased whole body distal rotation of the tooth 

(Fig. 5-S3A.3) coupled with coronal inflammation. In both control and ligated groups, 

osteoclastic activity increased significantly at 8 days and remained significantly higher at 15 

days when compared to 4-day controls. While there was greater osteoclastic activity in ligated 

groups at 8 days compared to the controls, the lack of significant difference between control and 

ligated groups at both time points could be explained by (1) development-related changes at 

early-time points, which may have masked the effect of inflammation and mechanobiological 

response, and/or (2) a need for a larger sample size. However, it is interesting to note that there 

was a decreased but sustained osteoclastic activity at 15 days, which could have affected the 

observed PDL-space. 

In the apical segment of the distal complex, the trend observed in PDL-space did not 

correspond to the osteoclastic activity change. Specifically, when correlating trends of 

osteoclastic activity and PDL-space over time, the increased osteoclastic activity did not match 

the decreased PDL-space in 8-day ligated joints. Furthermore, the measured increase in width 

of FN expression adjacent to the distal secondary cementum, which indicates new cementum 

apposition, calls for speculation that the PDL-space in this region experienced increased tensile 

strains during increased distal rotation and vertical displacement (Fig. 5-S3A.3). Therefore, the 

PDL-space is expected to become narrower than that of control groups over time (Fig. 5-S3A.4). 

However, the opposite morphological change was observed. The increase in PDL- space of 

ligated joints at 15 days when compared to controls and 8-day ligated joints suggests that there 

was a delay in observable morphological effects (resorption of bone) after the increase of 

osteoclast activity [272]. Namely, it can be speculated that 8 days of ligation was closer to the 



105 
 

beginning of an increase in osteoclastic activity that carried into 15 days of ligation, resulting in 

an increased PDL-space. As such, the new cementum apposition labeled by FN could have 

been missed in micro-XCT measurements, since the FN-labeled band indicates a 

predominance of organic matrix. Therefore, PDL-space could be narrowed with prolonged 

observation as the cementum layer is given time to mineralize. Further studies identifying 

cementum growth using fluorochrome technique or cementum-specific markers are necessary 

and could be used to verify this phenomenon. Similarly, the trends in osteoclastic activity on the 

mesial side reflected opposite morphological changes in PDL-space at corresponding time 

points. 

From a morphological standpoint, the significantly reduced PDL-space in more apical, 

unaffected regions of ligated fibrous joints can be attributed to increased tensile strains in this 

area due to coronal degradation [157]. Although it is well established that experimentally 

induced periodontitis stimulates inflammation-induced osteoclastic activity, such activity is 

limited to the coronal regions [278]. Therefore, the osteoclastic activity observed in more apical 

regions of ligated complexes could be the manifestation of the resorption/formation coupling of 

physiological bone turnover [279]. However, the amplified strains could have accelerated 

adaptation of the complex with an increased rate of bone turnover. From a strain localization 

perspective, these normally compression-dominant regions are predicted to be shifted to 

tension-dominant regions. This is due to an apically migrating fulcrum of tooth rotation that 

stems from the increased mobility of the tooth as a result of coronal attachment loss and 

resorption of interradicular bone (Fig. 5-S3A.3). Our model is also supported by the increased 

band width of FN expression observed at the PDL bone attachment site at the apical region on 

the mesial side (Figs. 5-6a.3, b.3, c.3, and 5-S3A.4). 

From these results, we speculate that disease-related changes promote adaptation of 

bone and apical cementum, which was predominantly observed on the mesial-coronal and 

distal-apical sides of the tooth. It is important to note that the mechanical strains within the 
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complex of a single root are assumed to be similar to strains in the entire complex of a tooth 

despite the ligature. Hence, the mesiodistal effects discussed in the bone-PDL-tooth complex 

should be similar to those observed in the corresponding complexes of the mesial and distal 

roots of the same tooth. 

 

5.6. Conclusions 

In this present study, we clarified the alteration due to disease by distinguishing disease-

induced effects from physiologically determined phenomena with unpaired control groups. In 

conclusion, our results showed that coronal induction of an inflammatory perturbation affected 

the overall distribution of biochemical molecules in the entire complex. Furthermore, 

concomitant function imposed on the compromised complex could have accelerated tissue 

adaptation to meet functional demands (Figs. 5-S2, 5-S3). To be specific, a net decrease in 

functional space was identified in the mesial complex, whereas a net increase in functional 

space was identified in the distal complex. In addition, an adaptive response in secondary 

cementum, that is, predominant cementum formation, was more apparent distally. The altered 

expression at later time points suggests that prolonged function can manifest into excessive 

loads on the diseased fibrous joint, shifting physiological function into an impaired function when 

compared to controls. It is imperative that future studies should measure the biomechanical 

response of joints that have undergone short- and long-term changes to inflamed and degraded 

fibrous joints. When measured, the biomechanical results will validate the proposed model that 

early morphological changes due to disease can impair function, eventually causing the 

observed secondary adaptations of the fibrous joint. 
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5.9. Supplemental Materials 

Supplementary materials include a set of supplemental movies and 3 supplemental 

figures. Supplemental movies include specimens rotated relative to the crossed polarizer and 

analyzer to illustrate varying birefringence in collagen of the PDL from controls and ligated 

groups. Supplemental Fig. 5-S1 includes a single micrograph illustrating birefringence of PDL 

taken from control and ligated specimens across time points, respectively. Supplemental Fig. 5-

S2 illustrates a merged fluorescence image of various immunolabeled biomolecules 

investigated in this study. Supplemental Fig. 5-S3 summarizes the observed changes in 

biomolecular expressions as a function of anatomical location within the complex. Supplemental 

Fig. 5-S4 presents a hypothesis illustrating the mechanobiologically-induced bone and 

cementum adaptation and, as a result, an overall change in organ-level biomechanics. Details 

pertaining to movies and figures can be found within respective captions. 

 

5.9.1. Supplemental Movies.  

Movies showing rotation of PSR stained control and ligated complexes relative to the 

crossed polarizer and analyzer. 360 degrees rotation of each distal and mesial complex is 

shown in five degree increments. (A) 4 day control distal complex, (B) 4 day control mesial 

complex, (C) 4 day ligated distal complex, (D) 4 day ligated mesial complex, (E) 8 day control 
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distal complex, (F) 8 day control mesial complex, (G) 8 day ligated complex, (H) 15 day control 

distal complex, (I) 15 day control mesial complex, (J) 15 day ligated distal complex, (K) 15 day 

ligated mesial complex. http://dx.doi.org.ucsf.idm.oclc.org/10.1155/2013/876316. 

 

 

Supplemental Figure 5-S1. Micrographs illustrating collagen birefringence differences between control and 

ligated bone-PDL-cementum complexes. Distal (red) and mesial (green) complexes are delineated for each control 

and ligated sections stained with PSR at 4, 8, and 15 days. These images at 4x magnification act as anatomical 

references for the supplementary movies. Alveolar bone (AB), dentin (Den), periodontal ligament (PDL), secondary 

cementum (SC), transseptal fibers (TF). 
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Supplemental Figure 5-S2. Merged image of RANKL, FN, and DAPI immunofluorescence signals. An overlay of 

panels representing immunofluorescence for RANKL (red), FBN (green), and DAPI (blue). (A1) 4 day control mesial 

complex, (A2) 4 day control distal complex, (B1) 8 day ligated mesial complex, (B2) 8 day ligated distal complex, (C1) 

15 day ligated mesial complex, (C2) 15 day ligated distal complex. White arrows indicate osteoclast-like cells in 

resorption pits at the PDL-bone interface and the alveolar bone crest. Alveolar bone (AB), dentin (D), secondary 

cementum (SC), new cementum (N), and vasculature (V). 
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Supplemental Figure 5-S3. Models annotating (3A) fundamental changes in organ level biomechanics, and (3B) 

correlates between observed morphological changes to spatial biochemical expressions emphasizing morphological 

adaptations. (3A) TOP PANEL: (1) The healthy fibrous joint exhibits alveolar bone crest (ABC) height and PDL 

structure for normal attachment support. As such, it undergoes limited, but controlled vertical displacement, torsion, 

and distal tooth rotation, during occlusal loading. This causes coronal compression at the distal complex of the fibrous 

joint. (2) Compression-induced resorption of mineralized tissues in coronal regions of the joint is shown with orange 

arrows. Within physiological limits, the functional PDL-space is maintained through load-induced strains and 

subsequent mechanobiological activity at soft-hard tissue interfaces and bulk PDL. This results in no net change to 

the functional PDL-space. BOTTOM PANEL: (3) Loss of coronal attachment through inflammation-induced resorption 

of the ABC and PDL degradation is highlighted. Loss of attachment support causes increased vertical tooth 

displacement and whole body rotation. Resorption of interdental and interradicular AB lowers the fulcrum, altering the 

whole body rotation of the tooth. Organ-level biomechanics prompts increased compressive loads at the distal 

coronal complex, along with increased tensile loads at the mesial coronal and mesial apical PDL-spaces and distal 

PDL-secondary cementum interface. (4) Perpetuating function (mastication) causes a shift in strains at soft-hard 

tissue interfaces, promoting net mineralized tissue formation (blue arrows, green line) in areas experiencing tensile 

strains and net mineralized tissue resorption (red arrows) in areas experiencing compressive strains. The net mineral-

forming and -resorbing events cause large scale morphological changes in the bone-PDL-tooth complex that 

ultimately potentiates the joint towards disease progression and subsequent failure. (3B) Schematic drawing shows 

B 
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changes in the expression pattern of target biomolecules, including RANKL (red), TNF-

(red), PSR (orange), and PDL-space (gray), of ligated groups compared to control groups. 
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CHAPTER 6. BIOMECHANICAL ADAPTATION OF THE BONE-PERIODONTAL LIGAMENT-

TOOTH FIBROUS JOINT AS A CONSEQUENCE OF DISEASE 

 

6.0. Overview 

It is well known that malfunction of load-bearing joints leads to joint instability. Joint 

instability comes in two forms: 1) joint degradation and increased degrees of freedom due to 

tissue degeneration, and 2) joint immobility and decreased degrees of freedom due to 

ankylosing-like effects [11, 31, 34, 38, 39, 41, 165]. As described in Section 1.2.2., previous 

studies have implicated a relationship between increased periodontal degradation of the 

diseased bone-tooth fibrous joint under occlusal trauma. However, few studies delved into 

studying the effects of parafunction on altering the constitutive properties and morphology of 

compromised joints, and the implications of adaptation on accelerating joint failure. Building on 

the results of the previous mechanobiological study with shortened intervals of ligation, the 

correlation of altered biomechanics with adaptation of the structural, (bio)chemical, and 

mechanical properties of the joint was investigated. 

In this study, an in vivo ligature-induced periodontitis rat model was used to investigate 

temporal changes of the solid and fluid phases of the joint by correlating shifts in joint 

biomechanics to adaptive changes in functional space, and soft and hard tissue morphology. 

After 6 and 12 weeks of ligation, coronal regions showed a significant decrease in alveolar crest 

height, increased expression of TNF- ated by 

decreased collagen birefringence. Cyclical compression loading to peak loads of 5-15 N at 

speeds of 0.2-2.0 N/mm followed by load relaxation tests showed decreased joint stiffness, 

reactionary load rate response, and load relaxation, with increased tissue recoverability of 

ligated joints. Shifts in stiffness and reactionary load rate response increased with time while 

shifts in relaxation and recoverability decreased between control and ligated groups, 

complementing measurements of increased tooth displacement as evaluated through digital 



114 
 

image correlation. Shifts in functional space between control and ligated joints were significantly 

- -

revealed time-dependent increases in nuclei elongation within PDL cells and collagen fiber 

alignment, uncrimping, and directionality in 12-week ligated joints compared to random 

orientation in 6-week joints and to controls. We propose that increased strains from the 

hypermobility of the tooth cause the diseased complex to adapt towards predominantly fibrous 

tissue. With prolonged loading, the resulting solid-to-fluid compaction with an increase in fibrous 

nature of the diseased joint can alter dampening characteristics of the joint, disrupting joint 

functional mechanics and potentiating risk of joint failure. 

The following text of this chapter is a reprint of the material as it appears in the Journal 

of Biomechanics, Volume 47, Issue 9, Pages 2102-2114, in June 2014. 

 

6.1. Abstract 

In this study, an in vivo ligature-induced periodontitis rat model was used to investigate 

temporal changes to the solid and fluid phases of the joint by correlating shifts in joint 

biomechanics to adaptive changes in soft and hard tissue morphology and functional space. 

After 6 and 12 weeks of ligation, coronal regions showed a significant decrease in alveolar crest 

height, increased expression of TNF-

decreased collagen birefringence. Cyclical compression to peak loads of 5-15 N at speeds of 

0.2-2.0 mm/min followed by load relaxation tests showed decreased stiffness and reactionary 

load rate values, load relaxation, and load recoverability, of ligated joints. Shifts in joint stiffness 

and reactionary load rate increased with time while shifts in joint relaxation and recoverability 

decreased between control and ligated groups, complementing measurements of increased 

tooth displacement as evaluated through digital image correlation. Shifts in functional space 

-

-45 -dependent increases in nuclei 
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elongation within PDL cells and collagen fiber alignment, uncrimping, and directionality, in 12-

week ligated joints compared to random orientation in 6-week ligated joints and to controls. We 

propose that altered strains from tooth hypermobility could cause varying degrees of solid-to-

fluid compaction, alter dampening characteristics of the joint, and potentiate increased 

adaptation at the risk of joint failure. 

 

6.2. Introduction 

During function, the tooth is subjected to micromotion that prompts homeostasis  a vital 

state that sustains the fundamental nature of the bone periodontal ligament (PDL)-cementum 

complex by absorbing and transmitting mechanical loads through various soft and hard 

structural elements [6, 24, 59]. Homeostasis is due to an orchestration of events at several 

hierarchical length scales that include cells, tissues per se, interfaces between tissues, and 

eventually the entire organ [59, 199]. Hence, the optimum contributions of elastic and time-

related viscous response are maintained, allowing joint recovery upon removal of functional 

forces. However, a shift in homeostasis can cause modeling of the soft and hard structural 

elements [280], subsequently leading to an overall disturbance in organ biomechanics [281]. 

Such shifts are often a result of perturbations (periodontal disease, parafunctional loads, and 

therapeutic load) to physiologic tooth mobility, which over prolonged loading can cause 

abnormal tooth displacement within the alveolar socket [11]. 

Shifts in joint biomechanics can be sensed by both softer and harder tissues due to the 

[55, 56]. As a result, the shifts in 

mechanical signals (within normal and/or perturbed conditions) could prompt varying intensities 

and localization of biomolecules, which in turn could redefine the homeostatic nature of the 

complex [57]. Knowledge about the altered mechanoresponse of a joint is essential because 

within most mammals, the cyclic function (mastication) causes the joint to react as a result of 

the combined effect of constitutive properties from soft and hard tissues and an overall shift in 



116 
 

strain patterning within the joint [58, 282]. Components in softer viscoelastic PDL include the 

solid phase of the organic matrix and the fluid phase of interstitial fluid and blood [223]. When 

broken down to the molecular constituents, the solid phase can be further analyzed for changes 

in macromolecular structures of collagen and semi-solid proteoglycans (PGs) and breakdown of 

the interconnecting network between collagen and PG, while the fluid phase can be affected by 

bound and unbound water. Such changes in constitutive properties can be compounded by 

inflammation related changes in hemodynamics, pH, and temperature [97, 280, 283]. Together, 

the change in concentration, type, and interaction of constituents affects the overall time related 

response, i.e. the viscous nature of the fibrous joint that can be mapped by mimick- ing varied 

loading rates (speed of loading) [284-288]. Alterations to each of the constitutive properties of 

harder and softer elements in a fibrous joint can occur through disease and/or pathological 

loading, thereby decreasing the ability of the joint to optimally respond to function. Resulting 

changes in strain patterns can shift the organ into compensatory function, which can also be 

identified through changes in form [55, 58]. 

In this study, the induced perturbation to the complex of a small-scale animal model is 

the globally prevalent periodontitis, which is known to affect tooth biomechanics [273, 281, 289, 

290]. Inflammatory macromolecules during disease onset and progression cause degradation of 

softer structural elements such as collagen and PGs, breakdown of the organic network, 

resorption and alteration of mineral composition and content, and changes in fluid flux and water 

retention characteristics. Without clinical intervention, the amount of attach- ment between tooth 

and bone decreases and with persistent disease increases tooth mobility within the bony socket. 

Our previous study illustrated an early-stage mechanobiological effect of the joint due to 

increased tooth mobility from periodontitis [281]. With the increased expression of 

mechanosensitive proteins under perpetuating function, the joint was postulated to have an 

altered biomechanical response through amplified and/or decreased strains. Hence, it is 

proposed that prolonged functional loads in the presence of disease-induced inflammation at 
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the originally strain-amplified hot spots accelerate joint degeneration through mechanobiological 

adaptation. The objective of this study is to correlate changes in load-displacement response 

coupled with in situ imaging to histology to detect such adaptations due to disease progression. 

 

6.3. Materials and methods 

Please refer to the supplemental information for details on the ligature model setup and 

specimen preparation for in situ loading. In brief, 4-0 silk suture threads soaked in 7.1 mg of 

lipopolysaccharide (LPS) from Escherichia coli serotype 055:B5 (Sigma-Aldrich, St. Louis, MO, 

L2880) per 1 mL of 1X Tris-buffered saline (TBS, pH 7.4) were placed in the experimental group 

(N = 5 for each time point of 6 and 12 weeks of ligation) to induce periodontitis in 6-week-old 

male Sprague Dawley rats [281]. Rats belonging to the control group (N = 5 for each time point) 

were flossed with 4-0 silk ligatures without LPS. 

 

6.3.1. Uniaxial compression tests 

Biomechanical testing of experimental and control groups was performed by cyclically 

loading the second maxillary molar at various displacement rates of 0.2, 0.5, 1.0, 1.5, and 2.0 

mm/min, to tease out the contributions of the various constitutive properties within the joint [157, 

214, 215]. Loading was performed until peak reactionary load responses of 5, 7, 10 and 15 N 

[156], were detected by the transducer. Initial contact was ensured through detection of a 

response load of 0.2 N. The sequence of permutations was a set of increasing magnitudes of 

displacement rate per increasing peak load. All cycles were brought back to the initial baseline 

load of 0.2 N. Specimens were loaded 4 times to each peak load at different displacement rate 

combinations, and only the last 3 cycles were used for various analyses. Data was collected at 

a sampling time of 100 ms. Recovery and rehydration of periodontal tissues between each cycle 

were allowed through a 1 min wait period. 
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6.3.2. Load relaxation tests 

As described in Section 2.1., load relaxation studies were performed on the same 

second maxillary molars. Molars were loaded at displacement rates of 0.2, 1.0, and 2.0 mm/min, 

to peak reactionary loads of 5, 10, and 15 N, respectively. After the desired peak reactionary 

load was reached for each permutation, the jaws of the testing device were held in place for 2 

min. Unloading of the molar was then performed, and specimens were allowed 2 min for 

recovery and rehydration of periodontal tissues before biomechanical testing using the next 

permutation parameters was performed. 

Stiffness (N/mm) and the reactionary load rate (N/s) were determined by using a linear 

regression model fit to the last 30% of the load displacement and load-time data, respectively, 

of each compression cycle [5, 157, 216]. The 2 min hold portions of the load-time profiles were 

compared to evaluate load relaxation. The first 30% of data points in the unloading curves were 

used to generate unloading load rate responses, i.e. load recovery between control and ligated 

joints. 

 

6.4. Results 

6.4.1. Response to uniaxial loads 

Ligated joints exhibited a decreased reactionary load rate (also known as reactionary 

response) (Fig. 6-1a, b), a decreased stiffness, and an increased displacement compared to 

controls at both time points (Fig. 6-1c, d). Additionally, the reactionary load rate diverged with 

increasing speeds for both control and ligated joints. A shift in reactionary load rate and joint 

stiffness over time was observed by identifying changes in slope of the linear fits to control and 

ligated data sets between the 6-week and 12-week time points (Fig. 6-1e, f). With the exception 

at 5N of peak load, the magnitude of slope differences in load rate at the 12-week time point 

were greater than slope differences at the 6-week time point. These observed differences 

increased with increasing peak loads (Fig. 6-1e). With the exception at 1.5 mm/min, stiffness 
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slope differences at the 12-week time point were greater than slope differences at the 6-week 

time point (Fig. 6-1f). Unlike slope differences in load rate, no significant trends were observed 

in stiffness shifts across displacement rates. However, the 12-week ligated specimens 

demonstrated a higher shift in stiffness from controls compared to 6-week ligated specimens. 

 

6.4.2. Load relaxation and recovery characteristics 

A nonlinear load relaxation response over a hold phase of 2 min (Fig. 6-2a) at 5, 10, and 

15 N, of reactionary peak loads at a slower speed of 0.2 mm/min (Fig. 6-2b, d) was observed. In 

comparison, loading to the same peak loads but at a faster speed of 2.0 mm/min (Fig. 6-2c, e) 

demonstrated a linear load relaxation response. Control joints appeared to have a greater range 

of load relaxation than diseased joints. At 6 weeks, the ligated joint exhibited decreased load 

relaxation compared to the control joint when loaded at 0.2 mm/min (Fig. 6-2b). Similar behavior 

but to a lesser extent was observed when the displacement rate was increased by tenfold (Fig. 

6-2c) and after 12 weeks (Fig. 6-2d, e). Both control and ligated joints at 12 weeks exhibited 

less load relaxation compared to those at 6 weeks. 

During recovery of the joint for the same drop in load (Fig. 6-3a), rapidly unloaded 

specimens (Fig. 6-3c, e, g) demonstrated a nonlinear effect within the first 2 s of unloading 

compared to the slowly unloaded (Fig. 6-3b, d, f, and corresponding insets) specimens. Ligated 

joints at 6 weeks exhibited overall decreased load recovery compared to controls at 0.2 and 

2.0mm/min (Fig. 6-3b, c). The diseased joints took less time to recover compared to healthy 

joints at 0.2 and 2.0 mm/min of unloading regardless of reactionary peak load (Fig. 6-3f, g). At 

12 weeks, ligated joints exhibited greater ranges but similar load recovery characteristics 

compared to control joints at 0.2 mm/min and 2.0 mm/min (Fig. 6-3d, e) for all peak loads. The 

ligated joints displayed similar slopes to controls during the initial phases of unloading at 0.2 

mm/min and 2.0 mm/ min (Fig. 6-3f, g). 
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Figure 6-1. Biomechanical response to simulated cyclical physiological loads. Load rate versus displacement 

rate plots compare the reactionary load rate response of fibrous joints after 6 weeks (A; control – black, ligated – 

green) and 12 weeks (B; control – blue, ligated – red) of ligation. Linear trend lines are fitted through each group of 

data points from each reactionary peak load using the least squares method. Stiffness versus displacement plots 

compare the stiffness response of fibrous joints after 6 weeks (C; control – black, ligated – green) and 12 weeks (D; 

control – blue, ligated – red) of ligation. Trend lines are plotted through each group of data point from each 
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displacement rate. Color-coded boxes highlight the differences in displacement ranges between control and ligated 

groups. Column plots were used to illustrate the differences in slopes between control and ligated groups (control 

value subtracted from ligated value) at each time point (6-week – black, 12-week – gray) as measured from load rate-

displacement rate (E) and stiffness-displacement (F) graphs. Disp. – displacement. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

Figure 6-2. Load relaxation response under constant displacement. (A) Representative load versus time and 

corresponding displacement versus time plots illustrate the typical loading, hold, and unloading phases of each 

loading cycle. The hold phase used for load relaxation analysis, during which the displacement is held constant, is 

highlighted in orange. Load relaxation profiles compare control and ligated fibrous joints that underwent loading at 0.2 
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mm/min (B) and 2.0 mm/min (C) at the 6-week time point and 0.2 mm/min (D) and 2.0 mm/min (E) at the 12-week 

time point. Time values are plotted in logarithmic scale of base 10. Curves are offset for effective comparisons 

between control and ligated groups at each reactionary peak load. As such, the top row of graphs represents the hold 

phase of cycles loaded to a reactionary peak load of 15 N, the second row represents those loaded to 10 N, and the 

final row represents those loaded to 5 N. 6-week control – black; 6-week ligated – green; 12-week control – blue; 12-

week ligated – red. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

 

6.4.3. Tooth displacement using digital image correlation (DIC) 

At 12 weeks, the control second molar exhibited minimal horizontal displacement (Fig. 6-

4a) with a predominantly vertical depression (40- 6-4b) towards the alveolar bone. In 

comparison to controls, the molar within the ligated joint exhibited increased horizontal 

displacement towards the mesial direction (Fig. 6-4c). This displacement gradually increased 

from the crown (10- - -

roots. Ligated molars also demonstrated increased vertical depression (65- nto the 

alveolar socket (Fig. 6-4d) compared to control joints. 

 

6.4.4. Morphological differences in PDL-space 

The PDL-space at the interradicular and distal apical regions increased significantly at 6 

and 12 weeks when compared to corresponding regions in controls, while the PDL-space 

illustrated decreasing trends all along the mesial and the distal coronal regions (Fig. 6-5a). 

While the interradicular PDL-space increased between 6 and 12 weeks, the PDL-space of the 

distal apical region decreased. Differences between control and ligated PDL-spaces in both of 

these regions showed net positive differences (average ligated joints had greater PDL-spaces 

than corresponding average control joints), while mesial coronal, mesial apical, and distal 

coronal regions, all exhibited net negative differences (average control joints had greater PDL-

spaces than corresponding average ligated joints).  
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Figure 6-3. Load recovery response during unloading. (A) Representative load versus time and corresponding 

displacement versus time plots illustrate the typical loading, hold, and unloading phases of each loading cycle. The 

unloading phase used for load recovery analysis is highlighted in orange. Load recovery profiles compare control and 

ligated fibrous joints that underwent loading at 0.2 mm/min (B) and 2.0 mm/min (C) at the 6-week time point and 0.2 
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mm/min (D) and 2.0 mm/min (E) at the 12-week time point. Curves were offset for effective comparisons between 

control and ligated groups at each reactionary peak load. For each individual graph, the set of curves decreasing 

from 0 N represents the unloading phase of cycles loaded to a reactionary peak load of 5 N, the set of curves 

decreasing from -5 N represents those loaded to 10 N, and the final set of curves decreasing from -10 N represents 

those loaded to 15 N. Equivalent column plots compare initial unloading load rates at 0.2 mm/min (F) and 2.0 mm/min 

(G) of unloading between control (solid) and ligated (dotted) fibrous joints after 6 weeks (black) and 12 weeks (gray) 

of ligation. (B-E) 6-week control – black; 6-week ligated – green; 12-week control – blue; 12-week ligated – red. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

6.4.5. Histological comparisons 

6.4.5.1. Osteoclastic activity. At 6 weeks, the PDL-bone interfaces at mesial furcation 

(Fig. 6-5b.ii, vi) and distal (Fig. 6-5b.iv, vii) regions of ligated joints exhibited increased 

expression of TRAP(+)-stained osteoclasts and reversal lines, especially in apical regions of 

bone opposite to secondary cementum. Furthermore, clear layers of outgrowth that were devoid 

of cementocytes and entered into the PDL-space were observed in mesial furcation regions and 

in greater widths in distal regions within the ligated joint compared to controls. At 12 weeks (Fig. 

6-5b.xi-xx), both groups exhibited increased TRAP(+) staining compared to their counterparts at 

6 weeks. Increased TRAP(+) staining of osteoclasts, reversal lines, and the extracellular matrix, 

at the PDL-bone interfaces of mesial furcation, distal, and interradicular regions (Fig. 6-5b.xvi, 

xviii, xx), was observed compared to controls (Fig. 6-5b.xii, xiv, xix). Of particular interest was 

the presence of TRAP(+)-stained cells at the coronal regions of the furcation PDL-bone regions 

(Fig. 5b.xv, xvii). 

 

6.4.5.2. Fiber and nuclei organization. The interdental epithelium exhibited increased 

width and disorganization in ligated joints compared to controls (Fig. 6-6a). At 6 weeks, the 

congregation of nuclei in the distal apical complex exhibited a more elongated morphology 

(spindle), increased organization, and sparser distribution in the ligated joint compared to the 
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control joint (Fig. 6-6b.iii, iv). Fiber morphology showed that the crimped morphology of the PDL 

ligament in controls was lost in areas that experienced elongation of nuclei (Fig. 6-6b.iv). 

Interestingly, at 12 weeks apical complexes of ligated joints exhibited the characteristics 

described at 6 weeks (Fig. 6-6c.ii, iv). At the PDL-cementum interfaces, nuclei were organized 

along the cementum surface in correlation with the advancement of mineralization fronts (Fig. 6-

6c.ii, iv). Coronal regions of the viable (non-degraded) complex exhibited similar trends to that 

observed at apical regions (Fig. 6-S1). 

 

6.4.5.3. Collagen birefringence. Overall, transseptal fibers in control joints exhibited 

heavy birefringence while those in ligated joints exhibited decreased and patchy birefringence. 

No significant differences in collagen birefringence and random fiber directionality were 

observed at 6 weeks (Fig. 6-6b.v-viii, b.ix-xii) between control and ligated joints. At 12 weeks, 

the ligated PDL-cementum interface exhibited increased birefringence (Fig. 6-6c.vi) compared 

to the rest of the bulk PDL in mesial regions. Birefringence was more noticeable over a narrower 

region next to primary cementum than next to secondary cementum at comparable angles of 

polarization. When comparing distal complexes, ligated joints showed heavy birefringence in the 

bulk PDL primarily in coronal regions (Fig. 6-6c.viii) where fibers ran perpendicularly with the 

cementum and bone compared to oblique fibers in the control (Fig. 6-6c.vii). Apical regions 

showed high birefringence at distal PDL-cementum interfaces with less birefringence in the bulk 

PDL. 

 

6.5. Discussion 

In this study, it was hypothesized that periodontitis could change the biomechanical 

response of the fibrous joint through adaptation. Hence, biomechanical correlates with changes 

in morphology due to mineralization and resorption will be discussed to highlight the effects of 

(1) altered joint biomechanics and (2) a subsequent shift in mechanobiology leading to  
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Figure 6-4. Calculated tooth displacement within the alveolar bone socket using digital image correlation 

(DIC). Comparisons in tooth displacement relative to the bone within control (A, B) and ligated (C, D) joints. Color-

coded regions indicate areas analyzed for changes in horizontal (X-axis, A, C) and vertical (Y-axis, B, D) 

displacement fields. Each color represents a different displacement range. Please note the axis and displacement 

range changes for displacement vectors between control and ligated joints. Circular arrows are representative (not to 

scale) indicators of the direction and magnitude of tooth movement based on calculated DIC values. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Figure 6-5. Correlation between morphometrics and osteoclastic activity as analyzed through PDL-space and 

TRAP staining. (A) The column graph shows differences in average PDL-space measurements between control and 

ligated fibrous joints (control values subtracted from ligated values) at interradicular (red), mesial coronal (gray), 

mesial apical (green), distal coronal (orange), and distal apical (blue) regions. Both 6-week (solid) and 12-week 

(hashed) time points are plotted. Positive values indicate increased PDL-space in ligated joints compared to controls 

while negative values indicate decreased PDL-space in ligated joints co

significant difference between ligated and control within each region (Student's t-test, P < 0.05). (B) Light micrograph 

images taken at 10X magnification compare localization and intensity of TRAP(+) staining within osteoclasts, reversal 
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lines, and the extracellular matrix of control (i-iv, ix, xi-xiv, xix) and ligated (v-viii, x, xv-viii, xx) joints after 6 weeks (i-x) 

and 12 weeks (xi-xx) of ligation. At 6 weeks, differences are annotated in distal (light blue arrows) and mesial 

furcation (brown arrows). At 12 weeks, differences are noted in mesial (yellow arrows), mesial furcation (blue arrows), 

distal furcation (green arrows), and distal regions (black arrows) are compared. Advancement of secondary 

cementum is also highlighted (green hashed lines). Please note that tissues within each image were oriented similarly 

based on corresponding regions of mesial coronal, mesial apical, distal coronal, distal apical, and interradicular. T – 

tooth; B – bone; PDL – periodontal ligament; SC – secondary cementum. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 

 

compensatory mechanisms identified as joint adaptation. The fundamental hallmarks of 

periodontitis that generated coronal biomechanical instability within the ligature model included: 

crestal bone resorption with a decrease in crestal height (Fig. 6-S2b), deterioration of 

transseptal fibers with adjacent teeth and of crestal ligament attachment with the tooth (Figs. 6-

S2b and 6-6b, c), and changes in PDL-space (Fig. 6-5a), i.e. functional space from a 

biomechanical perspective [281]. In addition, despite the presence of remaining attachment, i.e. 

-

expression (Fig. 6-S2c) indicated that the quality of the links could be different from their 

respective controls. Furthermore, the observed changes in functional space following 6 and 12 

weeks of ligation, due to resorption and/or growth observed at the PDL-bone and PDL-

cementum interfaces, are proposed as a compensatory mechanism  an adaptation in an 

attempt to maintain joint function that shifts the organ towards malfunction (Fig. 6-5) 

Based on the innate nature of the PDL, during periodontitis, the solid (elastic)-to-fluid 

(viscous) ratio could change in a manner similar to the effects commonly observed in other 

biphasic skeletal tissues such as tendons, cartilage, and ligaments [283, 285, 288, 291-293]. 

The solid phase includes fibrillar proteins dominated by collagen, various globular proteins, and 

PGs, which have a semi-solid resemblance. The fluid phase contains water, a combination of 

interstitial fluid (bound and unbound) and blood, which resides within vessels and provides 
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nutrients to the complex. Following induction of disease, an observed inevitable biochemical 

change was increased gradients of TNF-  expression (Fig. 6-S2c), which is thought to increase 

matrix metalloproteinase (MMP) activity and thus cause tissue breakdown and decreased 

bound water retention characteristics of the tissue [294, 295]. With prolonged function and 

depending on the stage of the disease, plausible effects would be different amounts of solid and 

fluid, as well as a change in quality of the respective phases and their interactions. Hence, 

altered biomechanics at 6 and 12 weeks of disease progression and their respective controls 

were evaluated by recording joint response at different loading rates (Supplemental Table 6-1). 

Several biochemical events affect periodontal attachment during disease. These include 

increased levels of MMPs and RANKL, breakdown of PGs and collagen crosslinks, deterioration 

of collagen fibrils, and TRAP(+) clastic activity directly related to a change in forms of bone and 

cementum (Fig. 6-5b) [280, 281, 296-298]. The disease-related outcomes at earlier stages of 

progression can manifest into changes in form and the quality of tissues within the coronal 

complex [281]. Both these aspects within the coronal complex are crucial for resisting joint 

failure when higher loads at a higher speed are placed on the joint. Based on pure 

morphological analysis (Figs. 6-S2b and 6-5a) with all other parameters remaining a constant, it 

is conceivable that the tooth can displace more into the alveolar socket as illustrated through 

compression tests (Fig. 6-1c, d) and DIC (Fig. 6-4). With increased degrees of freedom, an 

increased displacement can occur resulting in a lower stiffness as observed in the case of 

diseased joints (Fig. 6-1c, d). An increased change in stiffness between healthy and diseased 

joints was most seen as the tooth was displaced more into the socket (at higher peak loads) at 

both time points (Figs. 6-1c, d, and 6-4). 

While stiffness provides an insight to the behavior of the diseased joint as it continues to 

bear higher loads (harder diets), it minimally decouples the load bearing nature due to fluid 

compartments. Fluids also are an integral part in providing a joint with its innate biomechanical 

characteristics. Additionally, resistance offered by the fluid can change both due to rate at which 



130 
 

the joint is loaded (shear stress to shear strain phenomenon related to viscosity) within and 

across groups (controls and diseased), and fluid time-related change in interaction of the fluid 

with the solid fragments as a result of tissue deterioration  a predominant effect in experimental 

groups. Hence, reactionary load rate at different displacement rates was calculated and load 

relaxation tests were performed specifically after observing the diverging but increasing 

reactionary response of the joints at higher displacement rates (equivalent to percent strain) and 

peak loads in comparison to diseased joints. Trends included a slower reactionary response to 

loads regardless of rate of loading (Fig. 6-1). 

The observed effects of load rate increased with increasing loading velocity (Fig. 6-1a, b, 

e), which could be correlated to decreased retention of interstitial fluid. Decreased retention of 

interstitial fluid is speculated due to degradation of transseptal and coronal PDL attachment 

fibers, decreasing the surface area for bound water and increasing matrix porosity to allow 

water to flow easily through the organic matrix [223]. As such, hydrostatic pressure observed 

under control conditions would not be maintained, and the ligated joint in the earlier stages 

could exhibit a decreased response to load rate as evidenced through our data (Fig. 6-1). The 

load rate response was best illustrated in this study by recording load relaxation at two different 

rates with an order of magnitude difference (0.2 and 2.0 mm/min). The joint, regardless of its 

state, demonstrated increased load relaxation at higher rate of loading when compared to one-

tenth of loading speed (Fig. 6-2). This effect is best explained by using the classic model of 

[283, 288], which highlights the 

significance of fluid motion through percent solid compaction and its effect on joint response as 

related to loading rates. Of consequence to this study is the application of the NFSI model to 

explain the dynamics of the healthy joint and the shift thereof between healthy and diseased 

joints at two different speeds (0.2 and 2.0 mm/min). 
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Figure 6-6. Histological observations of collagen fiber orientation, shape, and organization. (A) Representative 

H&E-stained sections at 10X magnification show interproximal gingiva adjacent to the second molar of 6-week control 

(i), 6-week ligated (ii), 12-week control (iii), and 12-week ligated (iv) rats. Representative micrographs of 

corresponding H&E-stained (10X magnification; B.i–iv, C.i–iv) and PSR-stained (4X magnification; B.v–viii, C.v–viii) 

sections compare differences in the apical mesial and distal regions of control and ligated fibrous joints at 6-week (B) 

and 12-week (C) time points. (B.i–iv, C.i–iv) Differences in morphology of nuclei (along hashed arrows) and 

advancement of the mineralization front (green asterisks) are highlighted. (B.v–viii, C.v–viii) Images of PSR-stained 

sections were taken using polarized light. Plots illustrate directionality of birefringent collagen fibers within mesial 

apical (B.ix, C.ix), distal coronal (B.x, C.x), and distal apical regions (B.xi, C.xi). Color coding within plots correspond 

to colored boxes within micrographs. T – tooth; IE – interdental epithelium; TF – transseptal fibers; Lig – ligature; B – 

bone; PDL – periodontal ligament; SC – secondary cementum. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 

 

By nature, softer and harder matrices are permeable, and their permeability increases 

with breakdown of tissues. In parallel, fluid interaction with the solid phase could change, 

inversely prompting an overall change in organ mechanics. Healthy and diseased joints when 

loaded at a faster rate behaved closer to pseudoelastic materials, i.e. lower load relaxation 

when compared to slower rates of loading (Fig. 6-2). This behavior is thought to occur due to 

increased resistance to fluid motion as a result of percent compressed solid in case of systems 

loaded rapidly, prompting them to appear elastic-like [283, 288]. However, given such a 

scenario, decreased apparent differences in load relaxation (Fig. 6-2) and recovery (Fig. 6-3) 

responses were identified between healthy and diseased specimens after 6 weeks and between 

diseased specimens after 6 and 12 weeks of ligation. Based on the NFSI model, it is here that 

we speculate that the permeability of PDL in the 6-week diseased specimens was less than that 

of the PDL in control specimens but could be greater than that of the PDL in 12-week diseased 

specimens. However, following induction of disease and with the emerging dominance of solid 

compartment, it is likely that the complex had decreased dampening capability and that the load 

bearing capacity is limited to lower rates of loading  two effects that are exacerbated after 12 
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weeks. Additionally, it is possible that the fibrous matrix of the ligament did not retain the innate 

water binding nature and as such contained less bound fluid compared to its healthy and 6-

week ligated counterparts. This also implies that elastic recovery could decrease alluding to a 

decreased ability to absorb higher loads over a shorter period of time. (Fig. 6-3b). Interestingly, 

the difference between healthy and diseased joints decreased with increased time of disease, 

suggesting that an age-related decrease in fluid flow (e.g. decreased permeability) and matrix 

changes could have occurred in our animal model [134]. 

This study looks at the end result of a compensatory mechanism as a consequence of 

disease and thus is discussed as an adaptation. Based on results from our previous study 

(earlier time points of 4, 8, and 15 days) and those in this study (6 and 12 weeks), a significant 

outcome of compensatory mechanism was observed through cementum growth by 15 days and 

continued to be the same with prolonged disease. Additional outcomes included a change in 

collagen birefringence and random fiber angulation through 6 weeks of ligation (Fig. 6-6b), but 

also an increased birefringence with a preferential orientation at 12 weeks with increased 

nuclear alignment and elongation, indicating the alignment and stretching of PDL cells (Fig. 6-

6c). These outcomes are time-related compensatory consequences of coronal loss of 

attachment and an attempt to maintain joint function despite deterioration of softer and harder 

constituents due to initial induction of LPS-soaked ligatures (see Supplemental section 6.9). 

Disease in general prompts a change in glycosaminoglycan-collagen interactions and, 

as a result, a change in the interaction of the soft tissue with the interstitial fluid, fixed charge 

density, stretch capacity of the organic matrix, permeability, and fluid flow-to-solid compaction 

ratio  all of which aid in load reactionary response of the joint. The effect of fluid drag on load 

bearing characteristics of joints is largely seen when the joint was loaded at different rates. The 

two compartment theory of solid-to- fluid ratio plays a significant role in diseased joints. It is 

challenging to note the change in the ratio of the phases with time; however, by performing load 

relaxation studies we predict that the solid-to-fluid ratio for the 6-week diseased state was lower 
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compared to that of the 12-week diseased state. This argument is further corroborated with the 

histological observations of increased matrix compaction by increased birefringence and fiber 

uncrimping (Fig. 6-6b, c). In response to compression, the greater displacement of the tooth in 

in response to perpetuating parafunction. The increased expression and altered localization of 

TRAP show that at 12 weeks an increase in compression reminiscent of hyperfunction [14, 274, 

281] occurred within furcation and interdental bone (Fig. 6-5b), i.e. the fulcrum about which the 

tooth is thought to pivot during function [8, 157, 224]. 

Sustained function on disease and innate physiology related morphological changes are 

thought to potentiate an altered mechanobiology. An altered mechanobiology could manifest 

into changes in tissues biomechanics that constitute the complex. The noted change identified 

by load rate response was in the softer constituent, i.e. the ligament, within which resides solid 

and fluid compartments. While the degraded coronal regions of the fibrous joint cause increased 

tooth mobility, the interfacial motion can alter the mechanobiology. As such, the phenotypic 

expressions of cells at the existing PDL-bone and PDL-cementum, and within the PDL per se, 

can change to that of a fibrous tissue [299, 300]. Hence, it is possible that with decreased matrix 

permeability, solid-to-fluid interaction, and loss in mechanical integrity of the solid compartment, 

the non-degraded PDL within the apical regions of the diseased complex becomes closer to 

mimicking conditions of a so called pseudo PDL, which is a fibrous tissue that is thought to form 

due to micromotion between a dental implant and bone [299-301]. As such, past 6 weeks of 

disease induction, a plausible effect with increased mobility of the tooth is increased collagen 

turnover leading to a fibrous tissue between bone and cementum layers with minimal 

dampening characteristics and an increased risk of hard tissue fracture that constitute the 

organ. 
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Figure 6-7. Suggested model summarizing the findings in a temporal fashion. (A) These observations are 

based on the hallmarks of periodontitis, joint biomechanics, and morphological features of the soft tissue and the 

overall joint. Polygonal shapes illustrate deviation of the diseased joint from the control joint based on magnitude. The 

negligible differences at the beginning of the timeline represent no differences in baseline measurements between 

the two groups at the start of ligation. Arrows represent the increase and/or decrease in deviation. (B) Illustrations 

showing the suggested differences in permeability that correlate to the findings at both the early stages (4-15 days) 

[281] and later stages (6-12 weeks) of the study. Permeability to fluid flux is expected to increase during the initial 

degradative phase of the disease, during which the host response to inflammation causes degeneration of 

transseptal fibers and a decrease in crestal bone height. Strain-induced adaptation due to the increased mobility of 

the tooth is observed within the apical regions of the PDL at later stages of periodontitis, leading to an increase in 

fibrous tissue formation and a decrease in proteoglycan content. Permeability of the tissue is decreased leading to a 

decrease in load relaxation and load recovery characteristics in the diseased fibrous joint at a later stage. As such, 

the cause of decreased stiffness and load rate is attributed to a loss in PDL attachment and degradation of the 

coronal aspects of the joint, while the decrease in load relaxation (at higher loads) and recoverability (at lower loads) 

can be attributed to adaptation of the joint. Please note that the observed biomechanically-induced adaptations 

outlined in this model are reserved to the soft tissue elements of the fibrous joint. 

 

6.6. Conclusion 

Periodontitis shifted joint biomechanics towards properties reflective of increased joint 

mobility (Fig. 6-7a). An altered PDL-space, shifts in expression levels and localization of 

TRAP(+) staining, and advancements of mineralization fronts in secondary cementum, 

highlighted the possibility of strain amplification within the diseased joint. Because increased 

mobility due to decreased bone-PDL-tooth attachment generated adaptive effects, the joint 

could be potentiated toward failure through positive feedback. An additive effect is created 

through alterations to the soft tissue constituents of the joint through shifts in the PDL fiber 

morphology to an increasingly fibrous characteristic (Fig. 6-7b). Decreased load relaxation and 

recovery curves hinted on decreased permeability of the organic matrix, allowing increased fluid 

drag (Fig. 6-7b) and decreased dampening characteristics. From an applied science 

perspective, diseased joints could be at an increased failure risk for a given load when 
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compared to its healthy counterpart. From a clinical perspective, it is proposed that a patient 

affected by periodontitis should refrain from a hard diet (i.e. high load response) as well as hard 

and/or quick chewing motions (i.e. high displacement rate and/or high loads). 

 

6.7. Conflict of interest statement 

We acknowledge that all authors do not have any conflict of interest and were fully 

involved in the study and preparation of the manuscript. 

 

6.8. Acknowledgments 

The authors also thank the Biomaterials and Bioengineering Micro-CT Imaging Facility at 

UCSF for the use of the Micro-XCT unit and the in situ loading device. Support was provided by 

NIH/ NIDCR R00DE018212 (SPH), NIH/NIDCR R01DE022032(SPH), NIH/ NIDCR 

T32DE07306-16(JDL), NIH/NCRR S10RR026645(SPH), and the Department of Preventive and 

Restorative Dental Sciences, UCSF, and the Department of Orofacial Sciences, UCSF. 

Coauthor contribution is as follows: study design (JDL, SPH), study conduct (JDL, JL), 

data collection (JDL, JL), data analysis (JDL, JL, HO, SPH), data interpretation (JDL, JL, SPH), 

drafting of the manuscript (JDL, SPH), revising manuscript content (JDL, GS, SPH), approving 

final version of manuscript (JDL, JL, HO, GS, SPH), responsibility for the integrity of data 

analysis (JDL, JL, HO, GS, SPH). 

 

6.9. Appendix A. Supplementary materials 

Supplementary data associated with this article can be found in the online version at 
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6.9.1. Supplemental Materials and Methods 

All animals in this study were housed in pathogen-free conditions in compliance within 

the guidelines of the Institutional Animal Care and Use Committee (IACUC) of UCSF and the 

National Institute of Health (NIH). - -

 

 

6.9.2. Ligature induced periodontitis in vivo rat model 

6.9.2.1 Induction of the hallmarks of periodontitis. 4-0 silk suture threads soaked in 7.1 

mg of lipopolysaccharide (LPS) from Escherichia coli serotype 055:B5 (Sigma-Aldrich, St. Louis, 

MO, L2880) per 1 mL of 1X Tris-buffered saline (TBS, pH 7.4) were used to induce periodontitis 

in experimental rats (N = 10 per time point) [281]. Threads were placed in interproximal regions 

between the first and second molars and the second and third molars of both maxillae. In the 

first month, molars were checked twice a week to ensure retention of the ligature. During the 

first checkpoint within 1 week of placing ligatures, the dislodged ligatures were replaced but 

without soaking in LPS. However, for the second checkpoint ligatures soaked in LPS were 

reinserted. After the first month, suture threads were pushed further into the gingival sulcus and 

LPS was dripped once a week to accomodate the decrease in alveolar crest (AC) height. 

Throughout the study, control rats (N = 10 per time point) were flossed every 3-4 days with 4-0 

silk ligatures without LPS.   

 

6.9.2.2. Specimen collection. Rats were euthanized after 6 and 12 weeks of ligation. 
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6.9.3. In situ mechanical testing.   

 

 

6.9.3.1. Micro-X-ray computed tomography ( -XCT) of the loaded fibrous joint. Control 

and ligated second maxillary molars were displaced at a constant rate of 2.0 mm/min to a peak 

reactionary load of 20 N. Specimens were scanned in a micro-X-ray tomography unit ( -XCT, 

Micro XCT-200, Xradia, Inc., Pleasanton, CA) using X-rays at 4X magnification after the load 

equilibrated. X-ray imaging was performed with a setting of 75 kVp, 8 W, binning 2, and a quartz 

silica (SiO2 al specimens. 2000 projections were collected 

at an exposure time of 5-6 s for each projection. Following scanning with the X-ray microscope 

and reconstruction of projections using XMReconstructor (v8.1.6599, Xradia Inc., Pleasanton, 

USA), 2D virtual sections of each tomogram were generated using a 3D viewer (Xradia 3D 

viewer v1.1.6, Xradia Inc., Pleasanton, USA).  

 

6.9.3.2. Digital image correlation (DIC). Mesiodistal 2D virtual sections of control and 

ligated joints were used to identify tooth displacement with respect to the alveolar bone between 

no load and loaded conditions. Virtual sections from tomograms at no load and 20 N of peak 

load were digitally correlated using commercial software VEDDAC (CWM GmbH, Chemnitz). 

The software calculates the displacement of the tooth relative to the adjacent bone by 

comparing the two images taken at no load and under loaded conditions with an image 
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processing correlation algorithm while correcting for rigid body movement. As such, bone was 

used as a reference for DIC calculation. 

 

6.9.3.3. Morphometrics of the bone-PDL-tooth fibrous joint. Macroscale structural 

analysis of intact left hemimaxillae (N = 5 per group) micro-X-ray tomography ( -XCT, Micro 

XCT-200, Xradia, Inc., Pleasanton, CA) was performed by using the tomograms mentioned in 

the above section. To analyze the progression of periodontitis through the time points, three 

sagittal sections containing apical foramen were made through each specimen: in the 

mesiodistal direction through 1) both buccal roots, 2) both lingual roots, and 3) the interradicular 

region. Alveolar crest (AC) recession was determined by measuring the distance from the 

cementoenamel junction (CEJ) to the adjacent AC of the second maxillary molar along mesial 

and distal roots. 

 

6.9.4. Histology 

Intact hemimaxillae used for -XCT scans were decalcified in 0.5 M 

ethylenediaminetetraacetic acid (EDTA) solution for 3 weeks. EDTA solutions were changed 

twice a week. Specimens were then dehydrated through 80%, 95% and 100% Flex alcohol 

(Richard-Allan Scientific, Kalamazoo, MI) before embedding in paraffin (Tissue Prep-II, Fisher 

Scientific, Fair Lawn, NJ). Embedded specimens were sagittally sectioned on a rotary 

microtome (Reichert-Jung Biocut, Vienna, Austria) using a disposable steel blade (TBF Inc., 

Shur/Sharp, Fisher Scientific, Fair Lawn, NJ). Paraffin serial sections were mounted on 

Superfrost Plus microscope slides (Fisher Scientific, Fair Lawn, NJ). Sections were 

deparaffinized with xylene and rehydrated through a descending ethanol series of 100%, 95%, 

and 80% ethanol before further use. 
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6.9.4.1. Histological stains for changes in tissue structure. Sections were stained with 

 Hematoxylin 2X (Fisher Scientific, Kalamazoo, MI) and Eosin Y Solution (Fisher Scientific, 

Kalamazoo, MI) (H&E) to look at changes in tissue and cellular structures throughout the fibrous 

joint. Deparaffanized sections were stained with Sirius red F3B (C.I. 35782) and picric acid 

(American MasterTech Scientific Co., Lodi, CA), and were then analyzed with polarized light 

(BX 51, Olympus America Inc., San Diego, CA) and Image Pro Plus v6.0 software (Media 

Cybernetics, Inc., Silver Spring, MD) [51, 154]. Differences in the directionality of PDL fiber 

orientation between control and ligated joints and between time points were performed [302]. 

Briefly, a Fourier component analysis of directionality was used through the Fiji plug-in 

-Yves Tinevez (http://fiji.sc/Directionality) [303, 304].   

 

6.9.4.2. Immunohistochemical staining for tumor necrosis factor-alpha (TNF- ). 

Immunohistochemistry (IHC) protocol was described in the previous study (Lee and Lin et al., 

2013). In brief, following antigen retrieval, sections were incubated with blocking buffer (1% 

normal donkey serum, 0.03% Triton X-100 in 1X phosphate-buffered saline (PBS)) for 30 min to 

prevent non-specific binding. The primary antibody (goat polyclonal, sc-1350, Santa Cruz 

Biotechnology, Inc.,Santa Cruz, CA) was applied on the sections at a dilution of 1:50 in blocking 

buffer and incubated overnight at 4 °C.  The next day, the sections were incubated for 30 min at 

room temperature with the secondary antibody (biotinylated anti-goat IgG antibody, PK-6105, 

Vector Labs, Burlingame, CA). Antigen-antibody complexes were visualized with DAB 

tetrachloride solution (Sigma, St. Louis, MO) and counterstained with Gill ematoxylin (Fisher 

Scientific, Kalamazoo, MI). Lung tissues harvested were used as positive controls. The sections 

were evaluated using a light microscope (BX 51, Olympus America Inc., San Diego, CA). 

6.9.4.3. Staining for tartrate resistant acid phosphatase-positive (TRAP(+)) osteoclasts 

and osteoclastic activity. The protocol for TRAP staining for osteoclastic activity was based on a 

previously described method [13]. Sections (N = 4 per group) were deparaffinized and 
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rehydrated before treatment with 0.2 M acetate buffer at a pH of 5.0 (Sigma-Aldrich, St. Louis, 

MO) for 20 minutes at room temperature. Following staining, sections were closely monitored 

under a light microscope after the first 30 minutes for bright red staining of osteoclastic activity. 

The stained sections were then washed in deionized water, counterstained with Hematoxylin 

Gill 2X (Fisher Scientific, Kalamazoo, MI) and mounted with Immumount (ThermoScientific, 

Fremont, CA) for subsequent examination under a light microscope. 

 

6.9.5 The regenerative potential of the bone-PDL-tooth complex 

In this study, we identified regenerative capacity of the bone-ligament-cementum 

complex through compensatory mechanism albeit joint malfunction. In the periodontally 

diseased joint with coronal tissue damage, we postulated that the net apical tissue formation is 

due to the mechanoresponsive nature of the alveolar bone, ligament, and cementum, within the 

complex. Hence, we propose that by manipulating functional load, the tissue regeneration 

capacity within the complex can be significantly altered [58], resulting in an optimum joint 

function, or can shift toward malfunction. However, as noted this study does not map the 

cascade of biochemical events that led to net tissue formation or resorption as it was not the 

central focus.  Regardless, it highlights the regenerative potential of the dynamic complex 

specifically at the PDL-bone and PDL-    

Programmable key factors for scaffold or construct technology include tissue 

architecture and its mechanical properties. The construct technology referred to as tissue 

engineering is used to replace damaged tissues [305].  While this study provides some 

biomimetic parameters which can be used for construct engineering, it should not dilute the 

central focus, that is, the regenerative power of the complex identified through compensatory 

mechanism. From a clinical perspective, we propose that functional load manipulation (softer 

diets (i.e. reduced loads)) and/or through splinting, can prompt a favorable regeneration of the 
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attachment apparatus lost due to periodontitis with minimum use of classic methods of 

replacement technology. 

 

 

Supplemental Figure 6-S1. Light micrographs illustrating the nuclear morphology and collagen fiber 

organization in coronal regions of control and ligated fibrous joints. Representative micrographs of 

corresponding H&E-stained (10X magnification) sections compare differences in the coronal mesial (A, B, E, F) and 

distal (C, D, G, H) regions of control (A, C, E, G) and ligated (B, D, F, H) fibrous joints at 6-week (A-D) and 12-week 

(E-H) time points. Observations in differences between control and ligated joints are similar to results illustrated in 

corresponding apical regions. 
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Supplemental Figure 6-S2. Weight, growth rate, and the identification of the hallmarks of periodontitis in 

control and ligated rats. (A) The weight of 6-week-old control and ligated rats as tracked and plotted for 6 weeks 

and 12 weeks of ligation. Note that there are four groups of rats (a control group and ligated group for each time 

point) generating four lines of data. Body weight starting at 6 weeks of age and over the course of 6 weeks and 12 

weeks of ligation, showed similar nonlinear trends. The rate of increase in body weight decreased around 10-12 

weeks of age (around 28 days of ligation). (B) Column plots illustrate extent of crestal bone resorption on the mesial 

and distal sides of the second molar. Measurements of CEJ-ABC distances are plotted for the 6-week and 12-week 

time points. 3D tomograms illustrate differences (arrows) in crestal bone height in control (top) and ligated (bottom) 

specimens after 12 weeks of ligation. * Statistically significant difference (Student's t-test, P < 0.05). Following 

induction of LPS, the mesial and distal loss in alveolar crest height (distance from cementum enamel junction (CEJ) 
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to alveolar bone crest (ABC), CEJ-ABC) of 6-week and 12-week ligated joints were significantly greater compared to 

controls (Fig. 6-1b, P < 0.05). The morphological effect was increased exposure of roots in mesial, distal, and 

interradicular regions. Overall, 12 week fibrous joints exhibited increased CEJ-AB distances compared to 6 week 

fibrous joints for both control and ligated groups. Furthermore, the loss in mesial crestal bone was consistently 

greater compared to the distal side at both time points (P < 0.05). (C) Representative light micrographs illustrate the 

distribution of TNF- (i-iv, ix-xii) and apical (v-viii, xiii-xvi) fibrous joint regions of control (i-ii, v-vi, ix-x, xiii-

xiv) and experimental (iii-iv, vii-viii, xi-xii, xv-xvi) groups at each time point. The localization of TNF-

PDL, at the cementum-PDL interfaces (asterisks), and within osteoclasts (black arrows) is highlighted. TNF-

localized through PDL and at the PDL-cementum interface as well as in osteoclasts. The intensity of TNF-

expression was stronger in ligated group, compared to control group at 6 weeks. However at later time point, that is 

12 weeks, TNF- CEJ – 

cementoenamel junction; ABC – alveolar bone crest; T – tooth; B – bone; PDL –periodontal ligament; SC – 

secondary cementum. 
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Supplemental Figure 6-S3. Biomechanical response as illustrated through load-time and load-displacement 

graphs. Biomechanical response as illustrated through load-time and load-displacement graphs. Load versus time 

(A–6-week, B–12-week) and load versus displacement (C–6-week, D–12-week) plots illustrate the nonlinear 

viscoelastic response of control and ligated fibrous joints when loaded at displacement rates of 0.2 mm/min and 2.0 

mm/min. 6-week control – black; 6-week ligated – green; 12-week control – blue; 12-week ligated – red; 0.2 mm/min 

– filled circles as data points; 2.0 mm/min – open circles as data points. The load response of the fibrous joint 

displayed nonlinear characteristics when plotted against time and displacement (Fig. 6-S1). At all time points and 

loading conditions, the load-displacement curve exhibited a steeper slope when loaded at 2.0 mm/min compared to 

0.2 mm/min for both control and ligated groups (Fig. 6-S1a, b). At 6 weeks, the spread of curves was greater in the 

ligated group than the control group (Fig. 6-S1a). When loaded at a displacement rate of 0.2mm/min, the nonlinearity 

appeared earlier in the ligated groups compared to control groups. When loaded at 0.2 mm/min to 15 N, the curves of 

ligated groups consistently started at a steeper slope compared to controls until after 8 N, during which the curves of 

the control group became steeper. This phenomenon was not readily exhibited when loaded at the other 

permutations, during which the ligated and control groups exhibited similar load-time; however, the ligated groups 

consistently exhibited a decreased load response for each equivalent displacement and time with the controls. 

 

 

Supplemental Figure 6-S4. Overall comparison of biomechanical responses. Scatterplots of stiffness and 

displacement values at all displacement rates and reactionary peak load permutations illustrate differences in 

stiffness responses between control and ligated joints after 6 weeks (A) and 12 weeks (B) of ligation. Areas of non-

overlapping data were shaded over (green – 6 weeks, red – 12 weeks). 6-week control – black; 6-week ligated – 

green; 12-week control – blue; 12-week ligated – red. The stiffness was plotted against displacement at each 

permutation of peak load and displacement rate to illustrate ranges of data. At both 6 weeks and 12 weeks of ligation, 
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the spread of data showed that: 1) the spread of data had a greater slope for control values when compared to 

ligated values, 2) the spread of values for ligated groups were greater than that of control groups, 3) a small region 

that exhibited only control values at higher stiffness and displacement region of increased displacement rate, and 4) a 

larger region below the aforementioned region that showed only ligated values at low stiffness and higher 

displacement regions. The isolated regions of control values were predominantly from values generated when loaded 

to 15 N, while isolated regions of ligated data were predominantly from loading to 10 N and 15 N. The spread of data 

for both control and ligated groups individually at 12 weeks were greater than that at 6 weeks. Furthermore, the 

isolated ligated values extended over a larger range of displacement (but not stiffness). 

 

 

Supplemental Table 6-1. Loading, hold, and unloading times during cyclical and load relaxation tests on 

control and ligated second maxillary molars. Only the time intervals for reactionary peak loads of 5 N and 15 N 

and the displacement rates of 0.2 mm/min and 2.0 mm/min are listed. 
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CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1. Conclusions 

In conclusion, the fibrous joint is a dynamic organ that accepts inputs from various 

physiological and pathological perturbations in the forms of mechanical and inflammatory inputs. 

From our study and literature review, we categorized physiological inputs as a range of 

conditions that induce reversible adaptations of structural, chemical, nanomechanical, and 

organ-leveled biomechanical function. Common physiological inputs include modulation of diet 

hardness that induces hyperfuction and hypofunction, as well as incipient inflammation in the 

form of gingivitis (Fig. 1-1). Pathological inputs were defined as inputs beyond the physiological 

threshold that induce irreversible adaptation. Such adaptations could only be prevented from 

further progression or reversed through regenerative techniques. Common pathological inputs 

include traumatic function in the forms of bruxism, clenching, and blunt force trauma, as well as 

inflammatory inputs of bacterial-induced periodontitis with possible involvement from systemic 

inflammatory conditions. Orthodontics has often been placed in this category due to the 

commonly observed irreversible and macroscaled root resorption that occurs during therapy.  

Our study focused on investigating the adaptive effects of irreversible damage to the 

fibrous joint through a localized host inflammatory response. Following the model set during the 

introductory chapter of this dissertation, the study focused on changes to tooth mobility, 

subsequent alterations in biomechanical response, and ultimately mechanobiological changes 

through evidence in physiochemical properties (Fig. 6-7). By increasing tooth mobility through 

loss of tooth attachment structure as evidenced through degradation of the periodontal ligament 

(PDL) and resorption of alveolar bone (AB) at a macroscale, the stiffness and loading rate of 

periodontally diseased joints were increased. Of particular interest were the PDL-cementum and 

PDL-AB entheses, which were conjectured to concentrated strain amplifications at respective 

sites due to the decreased volume of remaining attachment process. As such, it was theorized 
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that such increases in strains at interfaces of dissimilar materials would result in shifts in 

stiffness gradients towards a discontinuous profile as a result of mechanobiological effects. Our 

investigations showed such shifts at the diseased human PDL-cementum interface. 

Furthermore, shifts in the localization and increased expression levels of mechanosensitive 

factors and organization of PDL fibers showed targeted areas of strain amplification as a result 

of altered tooth movement (i.e. increased tooth mobility resulting in increased strain) of diseased 

soft-hard tissue interfaces. The shifts from a functionally graded interface to a discontinuous 

interface during disease would further increase strain amplification at PDL-cementum and PDL-

AB interfaces, creating a positive feedback cycle towards further tearing and inflammation of the 

tooth attachment process. Furthermore, investigations on the viscoelastic properties of the joint 

showed an adaptation toward increased solid-fluid ratio with severity and time of disease, 

resulting in decreased dampening capabilities of the diseased joint against masticatory load. 

Such a combination of adaptive effects would result in continual failure of the fibrous joint 

towards increased tooth mobility and complete loss of function. 

In order to reverse the cyclical and degradative effects of pathologic function as a result 

of acute and chronic inflammation, interventions are recommended at the various steps that 

encourage joint failure (Fig. 7-1) [4]. Most traditional interventions focus on preventing further 

losses of vital structures of the tooth attachment process namely the alveolar bone and the PDL. 

The inflammatory aspect is first treated through scaling and root planing to eliminate foreign 

matter, such as bacterial plaque and bacterial calculus, from the periodontal pocket. Both 

systemic and localized antibiotic therapies have also been selectively indicated for advanced or 

aggressive cases that do not respond to traditional treatment [306-309]. Once the disease has 

been stabilized with significant decrease and/or loss of inflammation as detected through the 

cessation of bleeding and erythema, pocket reduction surgeries in the forms of ostectomies and 

displacement flap surgeries are also employed to reduce severe pocketing and allow better 

access for patients and dentists to the tooth surface during periodontal maintenance therapy [4]. 
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While loss of organ structures is irreversible in response to periodontitis, regenerative 

techniques have been employed to rebuild the attachment process [4, 310]. Guided tissue 

regeneration has been the predominant choice of therapy, in which a membrane is placed within 

the periodontal pocket to prevent downward migration of the long junctional epithelium [311, 

312]. Pocketing is artificially reduced and the PDL below the membrane is allowed to reattach to 

the tooth or bone. Studies have also shown successful use of direct growth factor placement 

and scaffolding techniques in the regeneration of mammalian periodontia [313-318]. 

As previously described in the introduction, occlusal loads have long been a highly 

debated perturbation of progressing periodontal disease. Our studies on the localization and 

expression of mechanosensitive proteins, histology, and digital imaging correlation showed that 

continued masticatory function on a diseased periodontium plays an important role in the 

inducing the pathological cycle towards increased tooth mobility. As such, modulation of tooth 

movement to alleviate strain amplifications at the enthesis sites and within the bulk PDL is 

Figure 7-1. Diagram illustrating interventions to reverse the pathological cycle of joint degeneration 

under conditions of periodontitis. Within the diagram illustrating adaptation of the diseased fibrous joint 

under continuous function: black arrows = resorption of alveolar crest and interradicular bone, blue arrows = 

experimentally identified areas of mesial PDL-space decrease due to hard tissue deposition, red arrows = 

experimentally identified region of distal PDL-space increase due to hard tissue resorption, green line = 

advancement of the mineralization front, black circles = ligatures near gingival sulcus. 
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another arm of suggested intervention. Previous studies and clinical recommendations have 

discussed the use of splinting multiple pathologically mobile dentition to distribute loads or to 

splint them against physiologically immobile adjacent dentition [319-322]. Enameloplasties or 

occlusal reconstruction to balance the occlusion and/or relieve occlusal interferences during 

chewing is also commonly practiced to prevent excessive occlusal load on teeth with 

compromised tooth attachment processes [81, 323, 324]. For patients who are known to have 

clenching and suffer from bruxism (pathological grinding of dentition), behavior modification 

and/or occlusal guards may be indicated to alleviate and distribute loads on the fibrous joint. 

Lastly, based on our studies that show the rigid effects of heavy occlusal forces and increase 

displacement rates on the fibrous joint, we would recommend that patients who suffer from 

generalized severe chronic periodontitis to change to a soft diet and to chew at slower rates.  

 

7.2. Future Directions 

 Our study provides preliminary insight into the pathological cycle that governs eventual 

loss of joint function. There is a need for regeneration of the biological tissue structures that can 

sustain the functional load-bearing properties otherwise lost due to periodontitis using principles 

of biomimetics and tissue engineering. However, in order to construct these devices, the 

inherent biomechanical characteristics of healthy and diseased entheses organs in response to 

varying occlusal loads should be analyzed. These expected alterations in load could then be 

correlated to studies that investigate the mechanobiological mechanisms that drive such 

adaptations. Adaptive processes can be investigated through the development of a model that 

demonstrates the weakest links and paths of least resistance causing tooth detachment due to 

disease progression in addition to other adaptive compensatory regions that highlight molecules 

regenerating cementum and bone. This systematic investigation using an interdisciplinary 

approach will aid in the engineering of efficient synthetic and/or biological structures that 

promote tissue attachment and regain biomechanical function. 
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7.2.1. Modulation of occlusal loads and use of conventional rats 

In order to understand the dynamic mechanisms and biomechanical characteristics of 

the fibrous joint, modulation of occlusal loads between soft and hard diets should be conducted 

under conditions of inflammation [325]. This would elucidate shifts in structural, chemical, 

micromechanical, and biomechanical characteristics to the joint, based on alterations to the 

distribution of loads through strain amplified entheses. The objective to be tested would be that 

decreased functional loads alleviate strain amplification at the PDL-bone and PDL-cementum 

interfaces to decrease subsequent mechanobiological effects, thus minimizing the rate of 

pathological adaptation towards joint failure. Additionally, as described in previous chapters, the 

use of hypooclusion versus hyperocclusion models in conjunction with periodontitis would help 

identify specific areas more prone to strain amplification during pathological loading through 

generation of exaggerated conditions. Furthermore, modulus mapping and finite element 

modeling of the fibrous joint on the organ level and interfaces at the tissue level with a built-in 

autoregulation algorithm would provide a more comprehensive understanding to changes in 

biomechanical efficiency. 

Our in vivo ligature-induced periodontitis studies were conducted on Sprague-Dawley 

rats under barrier conditions. In order to minimize infection of rats from viruses and parasites, 

living conditions were controlled through sterilized water, sterilized food, and sterilized bedding. 

The SD rats were also bred and transported under barrier conditions to avoid contamination. As 

such, through strict guidelines indigenous and exogenous microbes were kept at a minimum, 

including bacterial colonies. Consequently, the hallmarks of periodontitis observed were not as 

extensive at comparative time points with other studies [103, 104, 125, 272]. The increased 

length of time to induce periodontitis and degradation of the tooth attachment process allowed 

for increased influence of confounding factors, namely changes due to growth and age and 

mechanical trauma through ligation replacement. The use of conventional, non-barrier living 
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conditions would decrease these physiological and exogenous effects, allowing for a more 

definitive understanding of disease progression at each time point [326]. Additionally, the 

ligatures were only placed interproximally rather than circumferentially around the gingival 

sulcus. While interproximal placement controlled the increased mobility of the joint to a more 

mesiodistal direction, the interproximal contacts would have prevented full expression of the 

mobility and subsequent mechanobiological effects. Circumferential ligation would allow for a 

more representative effect of the destructive effects of periodontitis and subsequent pathological 

loading. 

 

7.2.2. Investigation of mechanosensitive proteins  

While the ECM proteins targeted in study are major factors in periodontal remodeling, 

the involved response of vast numbers of growth factors, inflammatory cytokines, collagen 

fibrous proteins, and noncollagenous proteins, to load or periodontitis, individually, has been 

implicated. Performing quantifiable microarray and subsequent protein expression, co-

localization, and quantification studies would provide a complete understanding of the 

mechanobiological mechanisms that propagate periodontitis under conditions of high occlusal 

loads. To understand these mechanisms at a cellular level, in vitro studies could be performed 

that mimic the stiffness-graded fibrous joint through direct compressive and tensile loading tests 

of primary periodontal cells co-cultured with LPS and inflammatory factors on scaffolds of 

differing degrees of stiffness gradients. Of the many proteins involved in tissue response to 

mechanical stimuli, bone sialoprotein (BSP), alkaline phosphate (ALP), and biglycan (BGN) are 

three promoting factors for biomineralization that are known to be expressed at the strained 

PDL-bone and PDL-cementum attachment sites [15, 16]. Within mineralization fronts of bone, 

BSP and ALP increase in expression within the fibrous joint during in vivo orthodontic tooth 

movement and in vitro tensile strains [17, 18]. BSP acts as both a nucleator for mineralization 

and a cellular recruitment and differentiation molecule, while ALP increases phosphate 
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availability and has been found to be heavily expressed in enthesophytes [327-330]. BGN is 

heavily expressed at entheses and plays a large role in mineralization of developing hard 

tissues, specifically through promoting cell migration and adhesion, maintaining cell-matrix 

interactions, binding of growth factors, and guiding and potentially nucleating crystal growth 

[331-333]. Like -B ligand (RANKL), osteopontin (OPN) is a 

resorption-promoting protein with altered expressions in the mechanically strained periodontally 

ligament [17, 19, 20]. OPN promotes osteoclast adhesion, while RANKL causes migration and 

differentiation of osteoclast precursors to mineralized tissues [146, 334-336]. Osteoprogenin 

(OPG) inhibits RANKL interactions with its corresponding receptors, inhibiting osteoclast 

recruitment and subsequent resorption [146, 336]. 

A major constituent of mineralized tissues, PGs are adhesive proteins involved in 

promoting cell migration and cell adhesion, maintaining cell-matrix interactions within tissue 

structures via binding of growth factors, patterning of collagen fibrils, and mineralizing hard 

tissues [333, 337]. As hydrophilic proteins, PGs are responsible for resisting the compressive 

forces through their water-retention characteristics, thus sustaining functional loads in the 

periodontium [193]. For example, during the attempted remodeling phase of disease response, 

PGs are secreted by various cells in the PDL to sequester biomolecules and directly and 

indirectly modulate extracellular matrix formation. These include regulating adhesion of 

fibroblasts, cementoblasts, and osteoblasts to adjacent tissues to regenerate both degraded 

tissues and the attachment mechanism, and acting as the potential regulator of osteoclast 

activity and bone resorption [127, 142, 331]. These mechanisms could result in alterations of 

structural, chemical and mechanical properties of the PDL and its entheses organs (PDL-

cementum and PDL-AB). These would be investigated by comparing PG and GAG localization 

and concentration at entheses organs within the PDL-cementum and PDL-AB interfaces 

between healthy and diseased periodontium, and correlate these differences to stiffness, 

structural properties, and mineral content at the sites of entheses. Additionally, studies on the 
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proteoglycan effects on mineralization and resorption mechanisms within the fibrous joint could 

be studied through mimicking the altered proteoglycan expression using collagen-PG scaffolds. 

In a biomimetics approach, decorin, biglycan, and HSPG would be conjugated to collagen 

networks at concentrations correlating to healthy and periodontally diseased conditions to 

create 3D collagen-proteoglycan scaffolds [338]. Cementoblasts, cementoclasts, osteoblasts, 

and osteoclasts would then be seeded into the scaffolds and analyzed for their bioactive 

response in remodeling the scaffold while co-cultured with and without P. gingivalis 

lipopolysaccharide (LPS) since LPS may have suppressive effects on resorption activity [159, 

160].  

 

7.2.3. Development of pharmacological agents and regenerative biomimetic devices 

The results of these studies can be used to direct development of effective methods of 

clinical interventions that eliminate pain and decrease oral and systemic health care costs for 

patients afflicted by periodontitis worldwide. These include newly prescribed treatment plans 

that combine alterations of diets, oral habits, and mechanical interventions; creation of 

functionally regenerative devices and that restore tooth function; and modulation of cellular 

activity to reverse pathological adaptations. Ultimately, these studies would provide insight to 

the construction of drugs that target destructive biomarkers and biomimetic devices that reverse 

the degenerative effects of periodontitis. Through identifying mechanosensitive proteins that 

induce pathological adaptation, agents can be created that neutralize their mechanism of 

actions. The construction of biomimetic devices with stiffness gradients could be completed with 

the necessary combination of cytokines, chemokines, growth factors, and structural proteins, 

that encourages cellular migration for reattachment and/or are able to withstand varying 

degrees of joint mobility at the strain amplified attachment sites.  
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APPENDIX A. SUPPLEMENTARY MATERIALS 

 
 
A.1. Stiffness comparisons between diseased and control rat soft-hard tissue interfaces 
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Figure A-1. Comparisons of stiffness (Er) and hardness (H) profiles between control and diseased rat 

specimens after 12 weeks of ligation. (A) Representative Er profiles between control and diseased specimens 

within tooth. (B) Representative Er profiles between control and diseased specimens within bone. In both A and B, the 

X-axis is labeled based on distance from the surface layer (enthesis) of the tissue described. Stiffness gradients 

demonstrated through average values with standard deviations at various subdivisions of tooth (C) and bone (D) 

between control and diseased. Hardness gradients demonstrated through average values with standard deviations at 

corresponding subdivisions of tooth (E) and bone (F) between control and diseased.  Significant differences 

between control and diseased specimens between corresponding layers of tooth and bone. 

 
 

A.1.1. Materials and Methods 

As previously described in Chapter 3, the right hemimaxillae of 12-week ligated and 

corresponding control rat specimens used for biomechanical testing were air dried and used for 

nanoindentation studies (N = 2 each group). The composite blocks on second molars were 

removed and the regions of interest were excised as follows: 1) a mesiodistal cut with a rotary 

diamond blade was made to separate buccal roots from lingual roots, and 2) a buccolingual cut 

was made to excise separately the mesial and distal roots of the second maxillary molar and 

their corresponding interdental and interradicular bone. The resulting exposed sagittal surfaces 

from the mesiodistal cuts were ultra microtomed as previously described in Section 3.1.1. of 

Chapter 3. Nanoindentation was performed via AFM-based nanoindentation as described in 

Section 3.2.1. under hydrated conditions with deionized water. Nanoindentation measurements 

and analysis was performed following a modified protocol as described in Section 2.6. of 

Chapter 4. Each indent was performed to a maximum load of 2500 N with load, hold and 

unload times of 3 s each. Indents were created in matrices of 3 indents vertically and the 

necessary number of indents horizontally into dentin. Each indent was placed 15 m apart to 

prevent overlapping effects of structural and mechanical changes within the proximity of 

indentations into tissue. Fused silica was used as a standard to calibrate the transducer under 

wet conditions.  
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A.1.2. Results 

Representative stiffness gradient profiles show that in general the stiffness gradients of 

control specimens were steeper from the enthesis through underlying cementum and into dentin 

as compared to profiles in diseased specimens (Fig. A-1a, b). This effect was not observed in 

bone from the enthesis through underlying graded bone and into bulk bone. As described in 

Chapter 3, the enthesis was defined as the first 10 m from the surface of cementum and 

alveolar bone. Graded bone was defined as the stiffness and hardness graded portions of 

alveolar bone while bulk bone was defined as the plateaued values of corresponding profiles 

(Fig. A-1b). Averages and standard deviations within each subdivision of tooth and bone tissue 

show stiffness gradients from the enthesis into underlying tissues (Fig. A-1c-f). Only significant 

differences in stiffness (Fig. A-1c,d) were observed in dentin and bulk bone, while significant 

differences in hardness (Fig. A-1e,f) were observed in cementum and bulk bone. Of note was 

that qualitatively the stiffness and hardness values of diseased specimens were lower those of 

control specimens within the tooth. However, the opposite was observed within bone. 

 

A.1.3. Discussion 

 Our initial sub-hypothesis for this study was that in response to structural and chemical 

changes observed in Chapters 4 through 6, the elastic gradients were expected to become 

significantly discontinuous at both PDL-cementum and PDL-bone entheses of ligated rats in 

comparison to controls as a function of resorption and formation related events. A higher 

gradient implies a sudden increase in elastic modulus over a narrower interface [11], such as 

the resorbed sites of PDL-bone and PDL-cementum due to compression. These sites over 

prolonged time could lead to a rapid rate of soft-hard attachment site degeneration. The results 

of our study do not indicate any significant changes at the entheses and interfaces, but indicate 

significant changes in bulk tissues of bone and dentin interfacing the periodontal ligament and 
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cementum, respectively. Based on the results, it is important to note that the low sampling size 

contributed to the large standard deviations observed from the study. Further contributions to 

the large range of values include surface and depth heterogeneity of tissue structure, site-

specific placement of the nanoindenter, and plane of section. As such, this aspect of the 

investigation into the nanomechanical properties of control versus diseased specimens is well 

suited as a preliminary study and should be followed with an increased sample size.  

The future direction of the stiffness gradient study includes several aspects that range 

between site-specificity and temporal considerations. From a site-specific and physical 

standpoint, a significantly larger sampling size would be needed to adequately increase the 

power of the study. Furthermore, instead of matrices of indents that may hit lacunae and other 

surface abnormalities and artifacts within sections, more site-specific methods of nanoindent 

placement are needed. Lastly, one may consider identifying potential changes in mineral 

content via nondestructive microprobe -XRF, AFM under hydrated conditions, and/or Raman 

spectroscopy as a supplementary study towards elucidating stiffness gradient changes within 

PDL-cementum and PDL-bone interface. When considering the temporal aspect of our study, it 

would be interesting to expand testing to include 6 weeks of ligation as a baseline and longer 

periods of ligation (e.g. 18 or 24 weeks of ligation) as the changes in the fibronectin deposition 

layers, PDL width, and PDL collagen structure, observed at 12 weeks of ligation may be 

precursors to possible mineralization and stiffness graded changes at later time points. 

Additionally, as described in Chapter 7, due to the barrier conditions used for this study, the 

effects of periodontitis on mobility may not be representative of 12 weeks of ligation of 

conventional rodents. As such, non-barrier conditions could be used to increase the effects of 

periodontitis and subsequent mobility and tooth displacement changes on the PDL-cementum 

and PDL-bone interface.  
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