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Adaptation of the bone-PDL-cementum complex 

due to reduced functional loads in rats 

Eric L. Niver 

 

ABSTRACT 

 

The aim of this study was to investigate the effect of reduced functional loads on 

the spatio-temporal changes in physico-chemical characteristics: structure, mineral 

composition, and mechanical properties of the bone-periodontal ligament-cementum 

complex using a rat model.  In most vertebrate systems, mechanical loading of the 

dento-alveolar joint results in load-dependent adaptation of the hard (bone, cementum) 

and soft (periodontal ligament [PDL]) tissues of the joint and their interfaces.  Within this 

load-mediated adaptation are load-independent changes due to innate physiological 

tooth drift.  In order to investigate load-mediated effects due to reduced functional loads, 

two groups of six-week-old male Sprague-Dawley rats were fed nutritionally identical 

food in hard pellet (stiffness range: 127-158N/mm) or soft powder (stiffness range: 0.32-

0.47N/mm) forms.  Hard pellet food is the normal feed for rats.  Temporal adaptation 

was mapped by identifying physico-chemical changes of the bone-PDL-cementum 

complex in rats of ages six, eight, twelve, and fifteen weeks.  Spatial adaptation was 

mapped by identifying physico-chemical changes at the coronal, middle, and apical 

portions of the bone-PDL-cementum complex in rats.  Adaptation of the bone-PDL-

cementum complex due to reduced functional loads was identified by mapping changes 

in PDL-collagen orientation and birefringence using histochemistry and polarized light 

microscopy, bone and cementum morphology using micro X-ray computed tomography, 

mineralization of the PDL-cementum and PDL-bone interfaces by X-ray attenuation, and 

changes in microhardness of bone and cementum by microindentation. 
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Structurally altered PDL orientation, decreased PDL collagen birefringence, and 

decreased apical cementum resorption were observed with age.  In addition, a gradual 

increase in X-ray attenuation, owing to mineral differences, was observed at the PDL-

bone and PDL-cementum interfaces for both groups, but without significant differences 

in the gradients due to reduced functional loads.  Reduced functional loads resulted in 

significantly (p<0.05) lower microhardness of alveolar bone (0.93±0.16 GPa) and 

secondary cementum (0.803±0.13 GPa) compared to higher loads (1.10±0.17 GPa and 

0.940±0.15 GPa respectively) at fifteen weeks.  Based on the results from this study, 

occlusal loads differentially affect structural, compositional, and mechanical properties of 

local load-bearing sites of the bone-PDL-cementum complex, which could alter the 

overall biomechanical function of the dento-alveolar joint. 
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1. INTRODUCTION 

 

The unique anatomy of the dento-alveolar joint features two different hard 

tissues, cementum and alveolar bone, attached by the fibrous and vascularized 

periodontal ligament (PDL)1.  The general characteristics of cementum; a mineralized 

composite of fibrillar protein, apatite, and nonfibrillar protein, include a lamellar-like 

structure, with an inorganic range of 40-55% and organic range of 45-60%2.  Alveolar 

bone has a similar range of organic and inorganic material, however, the structure is 

very different from cementum.  Alveolar bone is vascularized, and goes through 

physiological remodeling and significant response to mechanical loads identified as 

modeling of bone3. 

The alveolar bone-PDL-tooth complex is a fibrous joint due to its dynamic nature, 

but unlike diarthroidal joints of the musculoskeletal system4, the dento-alveolar 

gomphosis joint has a limited range of motion5 during function.  The load distribution on 

the dento-alveolar complex is facilitated in part by PDL-bone and PDL-cementum 

attachment sites, and the interfaces where the soft tissue (PDL) meets the hard tissues 

(bone and cementum) to jointly serve the common function of mechanical stress 

dissipation6 caused by dynamic loads.  Over time, tissues, attachment sites, and 

interfaces adapt in ways identifiable by changes in physical and (bio)chemical properties 

in response to functional demands7 resulting in morphologically unique dental organs.  

Mechanical loading of the dento-alveolar complex causes localized biochemical 

changes, which in turn control resorption and apposition that allow macroscale structural 

changes8, a process which is fundamental to many aspects of dentistry, such as tooth 

eruption, orthodontic tooth movement, and tooth drift9.  The intricate process of 

converting mechanical energy (i.e. functional loads on the occlusal surface) to chemical 

signals within the site-specific regions of the PDL-bone and PDL-cementum attachment 
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sites, identified as mechanobiology, is currently under investigation using various animal 

models10, 11.  Elucidating mechanobiology by investigating the related biochemical events 

at the tissue-level and correlating them to changes in structure, chemical composition, 

and mechanical properties in tissues and their interfaces would provide a better 

understanding of load-mediated adaptation of the 3D bone-PDL-tooth complex. 

In order to investigate the load-mediated structural changes in human tissues 

and their interfaces, a systematic study using a rodent model is often employed.  

Previous studies12, 13 have shown that rats have a similar dental attachment apparatus 

as humans, and the tissues of the rat bone-PDL-cementum complex have been used to 

investigate load-mediated adaptation14-16.  Load-mediated adaptation of the bone-PDL-

tooth complex is investigated by changing the magnitude of occlusal loads using various 

models: hypo- and hyper-occlusion15, 17, unopposed teeth18, orthodontic forces19, and 

soft and hard diets20, 21.  Changes in the magnitude of occlusal loads due to hypo-

occlusion or substitution of a soft consistency diet reduces mechanical loading on 

molars14, resulting in load-mediated structural changes such as narrowed PDL space22, 

reduced volume, and reduced density of cortical and trabecular bone23.  In these studies, 

a confounding factor is physiological tooth drift, a well-documented phenomenon in both 

humans and rodents3, 24 that in and of itself could result in structural changes of the 

periodontal tissues.  Irrespective of direction and magnitude of load, physiological tooth 

drift of rat molars in a distal direction is a constant25, 26.  Previous studies have identified 

localized mineral resorption and deposition, and altered mineral densities as drift-

mediated adaptive structural changes of the bone-PDL-cementum complex12, 27.  Others 

have attributed altered glycosaminoglycan (GAG) levels and osteoclastic activity as drift-

mediated adaptive changes at a cellular level20.  However, there have been no studies 

relating the influence of reduced functional loads coupled with natural tooth-drift on 
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adaptation of bone-PDL-cementum complex from a materials and mechanistic 

perspective. 

The purpose of this study was to investigate adaptation of the bone-PDL-

cementum complex due to reduced occlusal loads while taking into account the natural 

distal drift of molars in rats.  In this study, the specific physico-chemical markers to 

identify spatiotemporal changes include:  structure, mineral composition, and mechanical 

properties of tissues and their binding interfaces within the bone-PDL-cementum 

complex in rats. 

 

2. MATERIALS AND METHODS 

 

2.1. Animals and Experimental Diet 

Fifty-six 6-week-old male Sprague-Dawley rats were obtained from Charles River 

Laboratories (Wilmington, MA) and housed at UCSF Animal Facilities.  Animal housing, 

care, and euthanasia protocol complied with the guidelines of the Institutional Animal 

Care and Use Committee of UCSF and the National Institutes of Health.  Rats were 

randomly allocated either to higher (N=32) or lower (N=24) functional load groups by 

feeding with either hard pellet or soft powder food.  All groups were fed nutritionally 

identical food (PicoLab 5058, LabDiet, PMI), which was delivered in hard pellet form to 

the higher functional load group, and soft powder form to the lower functional load group.  

The rats were allowed food and water ad libitum.  Time points were chosen to 

correspond with radiographic changes in bone mass and density and histologic changes 

in resorption activity reported by others in previous studies14, 18, 28, 29.  At the zero time 

point (age 6 weeks), eight rats (N=8) were sacrificed as controls, and considered to be in 

the higher functional load group as they are normally fed hard pellets from the time the 

pups are weaned.  At the subsequent time points: age eight weeks, age twelve weeks, 
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and age fifteen weeks, eight rats (N=8) from each group were sacrificed, and their 

mandibles immediately harvested for specimen preparation. 

 

2.2. Food Stiffness Testing 

Nutritionally identical hard (pellet form) and soft (powder form) rodent food 

(PicoLab 5058, LabDiet, PMI) was collected from the UCSF Animal Facilities and 

mechanically tested to assess the stiffness properties.  Stiffness is a mechanical 

property and is defined as the amount of force required to deform a material by one unit.  

Compression tests were conducted using a standard compression/tension materials 

testing system (Figure 1A, EnduraTec, Bose Electrofoce 3200 system, Minnetonka, MN) 

with 0.01mm and 0.1N displacement and load resolution, respectively, and 6.5mm and 

50N maximum displacement range and load capacity, respectively. Determination of 

hard food stiffness was achieved by compressively loading individual unconfined pellets 

(Figure 1B) at a rate of 0.01mm/s to an average maximum load of 43.5N. Soft food 

stiffness was determined by conducting bulk confined compression tests (Figure 1C), 

within a half-filled plastic container. Soft food was loaded at a rate of 0.1mm/s to an 

average maximum displacement of 5.52mm. Soft food was loaded at a faster rate to 

avoid particle flow that may result from lower loading rates.  Stiffness was determined by 

the slope of the linear portion of the load versus the displacement curve.  Mean stiffness 

of hard food was 150±15 N/mm.  Mean stiffness of soft food was 0.4±0.1 N/mm. 

 

2.3. Deparaffinized Sections for Histology 

The molar portions of the left half-mandibles (N=4) harvested at the different time 

points from each group were fixed in sodium phosphate-buffered (pH 7.0) 4% 

formaldehyde for 3 days.  The specimens were demineralized by immersing in 

Immunocal (Decal Chemical Corporation, Tallman, NY) formic acid solution for 4 
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weeks30.  The specimens were considered decalcified when addition of saturated 

ammonium oxalate to the solution failed to produce a precipitate31. 

The demineralized specimens were dehydrated using 80%, 95%, and 100% Flex 

alcohol (Richard-Allan Scientific, Kalamazoo, MI) and embedded in paraffin (Tissue 

Prep-II, Fisher Scientific, Fair Lawn, NJ).  5-6 µm thick sections from the paraffin block 

were taken using a rotary microtome (Reichert-Jung Biocut, Vienna, Austria) using 

disposable steel blades (TBF Inc., Shur/Sharp, Fisher Scientific, Fair Lawn, NJ). The 

paraffin serial sections were mounted on Superfrost Plus microscope slides (Fisher 

Scientific, Fair Lawn, NJ), deparaffinized with xylene then stained with either H&E or 

Picrosirius Red.  The stained tissues were characterized for structural orientation and 

integration of the PDL with bone and cementum, using a light microscope (BX 51, 

Olympus America Inc., San Diego, CA) and analyzed using Image Pro Plus v6.0 

software (Media Cybernetics Inc., Silver Springs, MD).  Polarized light was used to 

create a contrast, and identify direction due to the natural birefringence of the collagen in 

alveolar bone, PDL and cementum. 

 

2.4. Specimen Preparation for Micro X-Ray Computed Tomography (Micro XCT) 

The molar portions of the left mandibles (N=4) from each group were fixed in 

sodium phosphate-buffered (pH 7.0) 4% formaldehyde for 3 days.  All specimens were 

thoroughly rinsed, stored, and imaged in 70% ethanol.  The tungsten anode setting was 

75 keV with a power of 6W using a 4x magnification (Micro XCT, Xradia Inc., Concord, 

CA).  Computed tompography (CT) was used to study the 3D structure of bone-PDL-

cementum complex and allowed selection of virtual parallel slices spaced by 1µm in 

different planes (Figure 2), thus illustrating the structure of tissues and their interfaces.  

Each specimen was scanned with identical experimental parameters, then reconstructed 

in 3D (Figure 2A) and viewed with identical contrast and brightness settings to identify 
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spatiotemporal trends in X-ray attenuation. The longitudinal sectioning planes in the 

buccal-lingual (coronal sections, Figure 2B) and mesial-distal (sagittal sections, Figure 

2C) directions for each specimen was oriented to bisect the distal root of the second 

mandibular molar, as indentified by the apical orifice, followed by serial virtual sectioning 

within 0.5mm.  Additionally, using transverse sections from occlusal to apical regions of 

the distal root of the second molar (Figure 2D) for each specimen, twelve radial 

measurements were taken from the PDL space 80µm into both the alveolar bone and 

the secondary cementum at regular intervals around the perimeter of the root, and 

analyzed using ImageJ32 to plot intensity, which is representative of x-ray attenuation of 

alveolar bone and secondary cementum, as a function of distance from the PDL space. 

 

2.5. Ultrasectioned specimens for microindentation 

The molar portions of the right mandibles (N=4) were first sectioned mesio-

distally to isolate the distal root of the second molar, then bucco-lingually to bisect the 

root using a diamond wafering blade and a low-speed saw (Isomet, Buehler, Lake Bluff, 

IL) under wet conditions.  The specimens were glued to AFM steel stubs (Ted Pella, Inc., 

CA) using epoxy for ultrasectioning with an ultramicrotome.  A diamond knife (MicroStar 

Technologies, Huntsville, TX) was used to perform final sectioning by removing 300nm 

thin sections33. The sectioned surface of the remaining block was characterized using a 

light microscope.  Ultrasectioning resulted in a relatively flat surface with low roughness 

permitting orthogonality between tip and specimen; a necessary criterion for 

indentation33. 

 

2.6. Microhardness of ultrasectioned specimens 

Microindentation on mineralized tissues using ultrasectioned blocks (N=4) was 

performed under dry conditions with the use of a microindenter (Buehler Ltd., Lake Bluff, 
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IL) and a Knoop diamond indenter (Buehler Ltd., Lake Bluff, IL).  Each specimen was 

indented in cementum and alveolar bone, with approximately 15 and 30 indents in each 

tissue.  The distance between any two indents was chosen as per ASTM standard34.  

Microindentation was performed using a normal load of 10g force, and the long diagonal 

of each indent was immediately measured with the use of a light microscope with Image-

Pro data acquisition software (Media Cybernetics, Inc., Bethesda, MD).  The Knoop 

microhardness (HK) values of respective regions were determined with the use of the 

following equation: HK = (0.014229*P)/D2 where “P” is the normal load in Newtons (N) 

and “D” is the length of the long diagonal in millimeters (mm)34.  Statistically significant 

differences between groups were determined using Student’s t-test with a 95% 

confidence interval. 

 

3. RESULTS 

 

The tissues of the bone-PDL-cementum complex in a rat mandible have a 

complex architecture, and the morphology of each molar (and the corresponding PDL 

and alveolar bone) is unique.  The distal root of the 2nd mandibular molar, M2/D, is an 

ideal biomechanical model for the adaptive changes investigated in this study.  For 

orientation, Figure 2 shows Micro XCT images of M2/D reconstructed in 3D, along with 

2D slices through the root of M2/D.  Results are divided into sections demonstrating that 

reduced mechanical loading caused: 1) changes in PDL collagen fiber organization; 2) 

altered spatial distribution of resorption in cementum; 3) altered spatial distribution of 

modeling in alveolar bone; 4) changes in mineralization of alveolar bone and cementum 

at the bone-PDL and PDL-cementum interfaces; 5) changes in the mechanical hardness 

of bone and cementum. 
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3.1. Changes in PDL collagen fiber organization 

Light microscope images of M2 at 10x are shown in Figure 3, each with an inset 

illustrating the appearance of the bone-PDL-cementum complex in the apical region at 

the distal attachment sites using polarized light microscopy (PLM).  Polarized 

microscopy of picrosirius red stained sections of M2/D reveal distinct differences 

between the PDL collagen fibers with lower loads compared to higher loads.  PDL 

collagen fibers subjected to lower loads were weakly birefringent (Figures 3A, 3B), with a 

disorganized, lower intensity, and patchy appearance, suggesting collagen degredation.  

PDL collagen fibers subjected to higher loads demonstrated demonstrate a strong 

birefringence (Figures 3C, 3D), with a well oriented, organized, and bright appearance, 

suggesting well-maintained collagen structure. 

 

3.2. Altered distribution of cementum resorption 

3D reconstructions of the M2/D region subjected to lower and higher occlusal 

loads demonstrate pitting on the distal root surface, characteristic of resorption activity at 

the PDL-cementum attachment site.  Analysis of reconstructed 3D and 2D slices 

revealed a regional pattern of resorption in cementum.  A representative 2D slice of 

M2/D shown in Figure 4A illustrates the affected regions: the coronal region (CR) in red 

with only primary cementum, the mid-root region (MR) in purple spanning the transition 

between primary and secondary cementum, and the apical region (AR) in blue with only 

secondary cementum. 

Extensive resorption was observed in the CR and MR regions (Figure 4B, 

highlighted in red and purple respectively) at all time points in rats subjected to lower 

occlusal loads.  Apposition of secondary cementum is seen with age as expected35, but 

cementum resorption in the AR region decreased over time in rats subjected to lower 

occlusal loads. 
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In rats subjected to higher occlusal loads (Figure 4C), the distribution of 

cementum resorption in the CR and MR regions is similar at all time points to those 

subjected to lower occlusal loads.  Also, secondary cementum apposition occurred with 

age.  However, in contrast to those with lower occlusal loads, resorption in the AR region 

(highlighted in blue, Figure 4C) is markedly increased over time. 

 

3.3. Altered distribution of alveolar bone modeling activity 

 Alveolar bone opposing resorbed cementum demonstrated cement (reversal) 

lines, characteristic of coincident modeling activity in bone.  Analysis of H&E stained light 

microscope images of M2/D showed a distribution of cement lines (Figure 5) 

corresponding to regional patterns of cementum resorption identified in Figure 4.  In rats 

subjected to lower occlusal loads (Figure 5B), cement lines in alveolar bone increase 

with age, especially in the CR region opposing areas of primary cementum resorption.  

In rats subjected to higher occlusal loads (Figure 5C), cement lines in alveolar bone 

increase with age, especially in the AR region opposing areas of secondary cementum 

resorption. 

 

3.4. Mineral gradients at the PDL-alveolar bone and PDL-cementum interfaces 

 High-resolution tomography of the M2/D region revealed a gradient in X-ray 

attenuation of alveolar bone at the PDL-bone interface, and in the secondary cementum 

at the PDL-cementum interface, for both lower and higher occlusal loads all time points 

(Figure 6).  Representative 3D reconstructions (Figure 6) demonstrate the anatomical 

locations along the M2/D root where the intensity gradients were measured on the 2D 

slices.  For each 2D slice, the intensity at the PDL-bone and PDL-cementum interfaces 

was measured, and then plotted as a function of distance (Figure 6) from the PDL 

space.  Measurements were made to avoid cortical bone and endosteal and/or other 
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vascular spaces.  For the PDL-bone and PDL-secondary cementum interfaces, the 

intensity plots in Figure 6 consistently demonstrated a gradual increase in the first 25µm 

from the PDL space.  The changes in intensity correspond to changes in X-ray 

attenuation due to variations in mineral content within the alveolar bone and secondary 

cementum.  The results in Figure 6 show that the first 25µm near the PDL-bone and 

PDL-cementum attachment sites are less mineralized than the bulk tissues. 

 

3.4. Mechanical properties of bulk secondary cementum and alveolar bone 

 The bulk tissue microhardness values were evaluated to distinguish significant 

differences between dissimilar tissues and changes within a tissue due to potential 

adaptation.  Microhardness technique is not sensitive enough to detect heterogeneity 

within a tissue due to the size of the probe.  Techniques such as nanoindentation should 

be implemented to identify tissue heterogeneity.  Thus, care was taken to perform 

microindentation (Figure 7C) in bulk tissue, avoiding indentation at the edges. 

Knoop hardness of bone increased with age, from 0.64±0.14 GPa at 6 weeks to 

1.1±0.17 GPa in the higher load group and 0.93±0.16 GPa in the lower load group at 15 

weeks (Figure 7).  An increasing trend in hardness was observed in bone in the bone-

PDL-cementum complex subjected to higher occlusal loads compared to the lower 

occlusal load group at all experimental time points (8, 12, and 15 weeks).  Additionally, 

bone subjected to higher occlusal loads was significantly harder (p<0.05) at the 12-week 

(1.0±0.19 GPa) and 15-week (1.1±0.17 GPa) experimental time points than bone 

subjected to lower occlusal loads (0.89±0.18 GPa and 0.93±0.16 GPa respectively). 

Knoop hardness of cementum also increased with age, from 0.51±0.11 GPa at 6 

weeks to 0.94±0.15 GPa in the higher load group and 0.80±0.13 GPa in the lower load 

group at 15 weeks (Figure 7).  An increasing trend in hardness was observed in bone in 

the bone-PDL-cementum complex subjected to higher occlusal loads compared to the 
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lower occlusal load group at all experimental time points (8, 12, and 15 weeks).  

Additionally, bone subjected to higher occlusal loads was significantly harder (p<0.05) at 

the 12-week (0.90±0.15 GPa) and 15-week (0.94±0.15 GPa) experimental time points 

than bone subjected to lower occlusal loads (0.78±0.15 GPa and 0.80±0.13 GPa 

respectively). 

 

4. DISCUSSION 

 

Functional loading on the bone-PDL-tooth complex of a molar is predominantly 

due to mastication of food.  In addition to nutritional composition, the physical 

characteristics of food such as hardness, elasticity/plasticity, and particle size36 change 

the magnitudes and velocities of masticatory forces, and thus are significant factors in 

modulating functional loads.  In this study, modulation of functional load was 

accomplished by changing the hardness of nutritionally equivalent food37: a hard pellet 

diet with a higher compressive strength, compared to a soft powder diet with negligible 

compressive strength.  Consequently, in this study, rats on a hard pellet diet 

experienced higher functional loads, while those fed a soft, powdered diet experienced 

lower functional loads (Figure 1).  Subsequently, adaptation due to higher and lower 

loads was investigated by spatial and temporal mapping of physico-chemical properties, 

which included structure, mineral gradients, and hardness changes of bone and 

cementum and their attachments sites, PDL-bone and PDL-cementum.  Spatial and 

temporal changes in structure were evaluated using 2D reconstructed virtual slices from 

tomography, 3D reconstructed volumes, and conventional histology.  Picrosirius red 

staining was used to enhance the innate collagen birefringence within tissues, a marker 

for collagen structural integrity.  X-ray attenuation gradients of hard tissue directly 

adjacent (within 80µm) to the PDL-bone and PDL-cementum attachment sites were 
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analyzed using the 2D reconstructed slices to identify relative changes in local mineral 

density.  Temporal changes in microhardness of cementum and bone were used to 

identify changes in load-bearing characteristics. 

It is known that the tissues of the rat bone-PDL-cementum complex have a 

complex architecture, and the morphology of each molar (and the corresponding PDL 

and alveolar bone) is unique, including an increased angulation of the distal roots of 

molars within the alveolus of the mandible and maxilla38.  Despite the inter-anatomic 

variation in physical characteristics of molars and the corresponding alveolar socket, 

innate adaptation on the mesial and distal sides of each root of each molar occurs due to 

distally directed tooth drift in rats39.  Innate distal root angulation compounded with distal 

drift40 resulting in resorption of the cementum and adjacent bone on the distal side of all 

roots in rat molars41 was also reported when subjected to higher occlusal forces from a 

hard pellet diet16. 

The data presented in this study focuses on the distal root of the second 

mandibular molar, M2/D (Figure 2) from both higher and lower occlusal load groups.  

Biomechanically, M2/D experiences occlusal-apical forces from functional loading, and 

mesial-distal forces from the 1st molar (M1) and the 3rd molar (M3).  Hence, the 

compound effects of reduced masticatory forces, multi-directional forces from M1 and 

M3, and naturally occurring distal drift forces in rat molars can be investigated using the 

distal root of M2, the most biomechanically representative site in the area of interest.  

Specifically, the coronal, mid-root, and apical anatomical locations were chosen, as 

these are speculated to be the local weight-bearing sites along the root length, due to 

differences in PDL-orientation, cementum type, and observed spatial adaptations of the 

bone-PDL-cementum complex to date11, 42, 43. 

 Identified structural changes in this study include 1) the loss of birefringence and 

directionality of PDL (Figure 3), and 2) varied cementum resorption (Figure 4) and 



13 

alveolar bone modeling (Figure 5) patterns in the coronal, middle, and apical regions of 

the root between experimental groups.  The chain of events following the observed 

adaptation at the three potential load-bearing sites of the bone-PDL-cementum complex 

can be explained as follows: 

 The decreased magnitude of functional load using the soft, powdered diet could 

decrease the turnover rate of collagen in the PDL due to decreased tooth movement 

relative to bone44.  Constant PDL turnover rate is necessary to maintain its inherent 

structural and mechanical integrity.  A decrease and/or loss of occlusal function 

demonstrated atrophy of the PDL, and was related to a loss in lower and higher 

molecular weight proteoglycans responsible for the structural maintenance and 

mechanical integrity of the PDL45-53.  The innervated PDL contains vasculature, various 

types of collagen (including types I, III, V, VI, and XII) and several noncollagenous 

proteins that contribute to the chemically bound fluid, maintenance of hydrostatic 

pressure, and the load dissipating characteristics43, 54.  However, the PDL matrix is 

degraded when the PDL structure is broken down, including the molecular structure of 

collagen, as a result of decreased turnover due to inadequate loading11, 55.  A strong PDL 

birefringence was observed in all three anatomical locations of the complex subjected to 

higher loads (Figures 3C and 3D), while a patchy, diffuse birefringence was observed in 

PDL subjected to lower functional loads (Figures 3A and 3B).  Fundamentally, 

enhancement of birefringence can only be observed when the picrosirius red molecules 

are bound to oriented, highly organized collagen molecules56.  In comparison with the 

higher intensity birefringence of PDL, the lower intensity, diffuse birefringence can be 

related to degraded PDL in the bone-PDL-cementum complex due to lower occlusal 

loads.  Aberrations to functional loads can change the physiological programming of the 

PDL cells, altering the biochemical events and changing the structural and mechanical 
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integrity of the PDL matrix, redefining the related local events of the bone-PDL-

cementum complex and overall functional biomechanics. 

 Functional loads on the PDL are distributed from the coronal to the apical aspect 

of the bone-PDL-cementum complex42, 43, 57.  Based on current dogma, coronal, 

acellular, primary cementum is responsible for tooth attachment, while apical, cellular, 

secondary cementum is responsible for resisting functional loads5.  The observed local 

changes in cementum, corresponding bone, and the PDL could be a necessary adaptive 

response to preserve the functional mechanics of the dento-alveolar joint, by forming 

local load-bearing sites within the bone-PDL-cementum complex of molar teeth. 

Local load distribution sites are often broadly categorized as tension and 

compression sites due to widening and narrowing of the PDL-space within the bone-

PDL-cementum complex54.  From a pure biomechanics perspective, the functional loads 

on a tooth define the 3D spatial relationship of the tooth with the alveolar bone and the 

resulting tension and compression sites in the complex.  In this study, as lower loads 

decreased the PDL integrity and its load distributing characteristics, the 

mechanobiological events at the PDL-cementum and PDL-bone attachment sites were 

compromised, resulting in resorption of bone and primary cementum of the distal root.  

This observation was consistent, but to a lesser degree, within the bone-PDL-cementum 

complex subjected to higher loads.  Rather, higher occlusal loads transmit greater force 

to the apical region of the root, and as a result increased secondary cementum 

resorption was observed.  While secondary cementum resorption in teeth subjected to 

lower loads was observed at earlier time points, the resorption decreased over time 

(Figure 4B), indicating the effects of the reduced functional loads apically on the bone-

PDL-cementum complex.  Over time, reduced functional loads suppress activity of the 

masticatory muscles, decrease load across the facial skeleton, diminish apically directed 

compressive forces36, and result in decreased secondary cementum resorption. 
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 In a load-mediated bone-PDL-cementum complex, resorption sites in both 

humans and rats are a result of narrowed PDL-space in compression zones, while bone 

growth and cementum apposition are indicative of widened PDL-space in tension 

zones9, 18, 19.  In this study, resorption sites were consistently observed in the coronal, 

middle, and apical regions of the distal side of M2/D in six-week-old rats, considered to 

be subjected to higher occlusal loads.  However, when subjected to lower loads over 

time, the degree of resorption and resorption patterns were altered at the load-bearing 

sites.  This observation could be a result of adaptation of the bone-PDL-cementum 

complex that had been accustomed to higher loads, suddenly “forced” to accommodate 

a minimal load.  Furthermore, the effects of reduced load are more evident with time, as 

changes in resorption patterns in the twelve- and fifteen-week groups (Figure 4B) are 

more distinct.  Hence, these results can be considered necessary, local adaptations of 

the bone-PDL-cementum complex to accommodate decreased functional loads. 

It should be noted that, common to both groups are resorption related events in 

cementum and bone due to distal drift of rat molars; an innate programmed event in rats.  

Accounting for the aforementioned loss in the structural integrity of PDL, adaptation due 

to innate distal drift of rat molars together with reduced functional loads should explain 

the temporal effects:  1) decreased coronal and apical resorption in bone-PDL-

cementum complex subjected to higher loads, and 2) a decrease in apical resorption 

when subjected to lower loads. 

Despite the consistent observation of resorption pits, a constant gradient in 

mineral profile was maintained both spatially and temporally (Figure 6) at the PDL-bone 

and PDL-cementum interfaces subjected to higher and lower functional loads.  Physical 

and chemical gradients are naturally found between dissimilar materials in the structure 

of a load bearing tooth, such as enamel and dentin, and cementum and dentin58-60, 

where they are thought to distribute functional loads.  This unique and well-defined 
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characteristic provides an optimum biomechanical function for a tooth by eliminating 

discontinuities within the system.  Simultaneously, the PDL continues to experience 

forces due to tension and compression events at its attachment sites with bone and 

cementum.  These mechanically related events modulate the biochemical expressions 

through site-specific cells, which act as transducers to increase or decrease expression 

of biomolecules that promote or inhibit biomineralization.  In this study, higher loads 

resulted in increased hydrostatic pressure within the endosteal and trabecular spaces, 

resulting in adaptation of alveolar bone identified by reversal lines in Figure 5.  

Additionally, in regions of bone modeling activity subjected to higher loads, concentric 

cement lines were observed.  Although not shown in detail here, these concentric lines 

bordered trabecular spaces or foramina in the alveolar bone, and in some cases the 

lines appeared to meet, closing the space completely55, 61-66.  At the later time points, 

less adaptation was observed in the bone-PDL-cementum complexes subjected to lower 

loads (Figures 4 and 5); however, no significant differences were observed in the 

mineral gradient at the PDL-bone and PDL-cementum interface sites (Figure 6).  Some 

possible explanations for the lack of differences in mineral gradients between groups: 1) 

The lower magnification at which the mineral changes were documented was accurate 

only for macro-scale events, and not sensitive to the micro-scale events within the 

mineralized tissues.  2) In order to compare the gradient in cementum to that in alveolar 

bone, equal distances of 80 µm from the PDL attachment site into the respective hard 

tissues were measured.  In the younger groups, the thin layer of secondary cementum 

limited mineral gradient measurements to the first 80µm from the PDL-bone and PDL-

cementum attachment sites, and thus this method could not detect any changes in the 

surrounding bone.  3) The reduction in functional loads could only have a moderate 

effect on bone and cementum mineral concentrations and may be confirmed by 

extending the study to later time points.  Regardless, from a materials and mechanics 
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perspective, the locally identified gradual increase in mineral at the PDL-bone and PDL-

cementum interfaces serves to accommodate functional loads. 

 Although no difference was observed in x-ray attenuation, a significant increase 

in the hardness values (Figure 7) of cementum and bone was observed with age in both 

groups.  During development, an increase in hardness with age is expected within 

groups, however the significant increase in hardness between groups at the 12 and 15 

week time points can be related to the maintenance of the ‘quality’ of bone and 

cementum.  Functional mineralization is best understood by investigating load-resisting 

characteristics of composite matrices (like bone and cementum) while accounting for the 

interaction of mineral inside and outside the collagen fibrils that form the tissue 

scaffold67.  However, a compromised mineral-collagen interaction commonly observed in 

inadequately loaded mineralized tissue could compromise the overall ‘quality’ of the 

mineralized tissue68.  This could explain the significantly greater hardness (Figure 7) of 

bone and cementum subjected to higher loads when compared to inadequately loaded 

bone and cementum.  Deviation from normal function changes the mechanical stress 

patterns within the bone-PDL-cementum complex at the local load-bearing sites of the 

PDL-bone and PDL-cementum interfaces; thus compromising mechanobiology and 

affecting modeling and remodeling related events55 necessary to maintain optimum 

function. 

 Summarizing the observations of this study with a biomechanical model (Figure 

8), the reduced functional loads can cause a decrease in tooth rotation, lateral loads, 

and different stress states within the bone-PDL-cementum complex.  As with any multi-

rooted tooth, the molar could pivot or rotate using the inter-radicular bone as a fulcrum57, 

and alter localized widening and narrowing of the PDL-space.  This in turn could result in 

altered tension and compression of the PDL at the PDL-bone and PDL-cementum 

attachment sites, and the observed patterns identified as adaptation. 
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 In conclusion, diet consistency affects the functional occlusal loads experienced 

by the bone-PDL-cementum complex of the dento-alveolar joint.  Lower forces may not 

be sufficient to maintain tissue homeostasis, and could precipitate degradation of 

collagen organization in the PDL, alter the distribution of stress-induced resorption, and 

result in lower ‘quality’ bone and cementum.  From a clinical perspective, this study 

provides insights into modulation of load on the bone-PDL-cementum complex to 

improve tooth function impaired due to periodontal disease or non-physiological loads 

such as those involved in orthodontics and prosthodontics. 
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Figure 1. A) Compression testing system.  B) Individual unconfined hard pellets were 

compressively loaded to determine hard food stiffness.  C) Powdered soft food was 

confined within a hard plastic container and compressively loaded to determine soft food 

stiffness.  D) Stiffness of the hard food (HF 1-3) and soft food (SF 1-3) was determined 

by the slope of the linear portion of the load versus the displacement curve.  Mean 

stiffness of hard food: 150±15N/mm.  Mean stiffness of soft food: 0.4±0.1N/mm. 
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Figure 2. A) 3D reconstruction of mandibular molar region.  B-D) Reconstructed 2D 

slices representing buccal-lingual, mesial-distal, and occusal-apical planes respectively.  

Scale bar = 1mm 
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Figure 3.  Light microscope images of M2 at 10x, stained with H&E to illustrate the 

variations in PDL orientation.  Each inset is a polarized light image of a representative 

bone-PDL-cementum attachment site of M2/D at 40x , stained with Picrosirius Red for 

detection of collagen fiber birefringence.  A,B) Lower loads may lead to less organized 

PDL collagen fibrils, resulting in a patchy, dim appearance of the PDL.  C,D) Higher 

loads maintain well-organized healthy PDL collagen fibrils, resulting in a distinct, bright 

appearance of the PDL.  AB = alveolar bone, Cem = cementum, Den = dentin, PDL = 

periodontal ligament.  Scale bars = 100 µm, inset scale bars = 50 µm 
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Figure 4. A) Diagram illustrating the observed regions of resorption on a representative 

mandibular second molar mesial-distal 2D slice:  The coronal region (CR), all primary 

cementum, in red, the mid-root region (MR), spanning the interface of the primary and 

secondary cementum, in purple, and the apical region (AR), all secondary cementum, in 

blue.  B,C) Areas of resorption were identified qualitatively, and colored according to 

region in both mesial-distal 2D reconstructed slices and corresponding 3D 

reconstructions for all groups.  Extensive resorption can be observed in the CR and MR 

regions for all groups.  However, in the lower functional load groups (B) there is little or 

no resorption in the AR region compared to the higher functional load groups (C). 
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Figure 5. A) Diagram illustrating the observed regions of resorption on a representative 

mandibular second molar mesial-distal 2D slice:  The coronal region (CR), all primary 

cementum, in red, the mid-root region (MR), spanning the interface of the primary and 

secondary cementum, in purple, and the apical region (AR), all secondary cementum, in 

blue.  B,C) Light microscope images of M2/D at 20x, stained with H&E to illustrate the 

variations in cement lines in alveolar bone.  B) Cement lines (black arrows) increase with 

age, especially in the CR region opposing areas of primary cementum resorption (white 

arrows). C)  Cement lines (black arrows) increase with age, especially in the AR region 

opposing areas of secondary cementum resorption (white arrows).  AB = alveolar bone, 

Cem = cementum, PDL = periodontal ligament.  Scale bars = 100 µm 
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Figure 6.  Intensity gradient (normalized) due to X-ray atttenuation in alveolar bone near 

the bone-PDL interface for both higher and lower functional load groups at all time 

points, and in the secondary cementum near the cementum-PDL interface for both 

higher and lower functional load groups at all time points in the apical region (secondary 

cementum is localized to the apical 1/3 of the root).  The 6 week higher load group data 

was duplicated in the lower load plot for ease of comparison.  For all time points and 

locations, the intensity sharply increases in the first 25µm from the PDL space, 

corresponding to a mineralization gradient at this interface.  However, there were no 

statistically significant differences between the higher and lower load groups. 
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Figure 7.  A) Mean hardness values of alveolar bone determined by microindentation for 

higher load and lower load groups at each time point.  Range of hardness values are 

represented by gray lines above (maximum) and below (minimum).  At all experimental 

time points (8, 12, and 15 weeks) bone hardness in the higher load group was greater 

than in the lower load group.  Asterisks indicate statistical significance (p<0.05) between 

groups at the 12 and 15 week time points.  B) Mean hardness values of secondary 

cementum determined by microindentation for higher load and lower load groups at each 

time point. Range of hardness values are represented by gray lines above (maximum) 

and below (minimum).  At all experimental time points (8,12, and 15 weeks) cementum 

hardness in the higher load group was greater than in the lower load group.  Asterisks 

indicate statistical significance (p<0.05) between groups at the 12 and 15 week time 

points.  C) Light microscope images illustrate microindents in alveolar bone (AB) and 

secondary cementum (CEM).  PDL = Periodontal Ligament, DEN = Dentin.  Scale bar = 

100µm
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Figure 8.  Schematic diagram of the directional forces acting on the second mandibular 

rat molar and a model for the load-mediated adaptation of the hard and soft tissues.  A) 

The hard pellet diet provides a high functional load and apically directed forces in 

addition to the distally directed forces of tooth drift.  Together, these forces also cause 

the tooth to rotate, with the inter-radicular bone as the fulcrum point (*).  B) The rotation 

redirects the apical and distal forces, causing regional PDL compression between the 

alveolar bone and the tooth and resulting in resorption in the coronal, midroot, and apical 

regions. C) Continued function results in combined rotational, apical, and distal forces, 

causing compression of the PDL, resorption, and a combined tipping and translating 

movement of the tooth.  D) The soft, powdered diet decreases the functional load, so 

that the distally directed forces of tooth drift dictate tooth movement.  The anatomy of the 

inter-radicular bone also creates a fulcrum point (*) around which some rotational 

movement is seen.  E) The distal tooth drift together with some rotation causes regional 

PDL compression between the alveolar bone and the coronal portion of the tooth, 

resulting in resorption.  F) In the absence of substantive functional loading, the rotational 

force on the tooth is minimized, and little compressive force acts on the apical portion of 

the root.  Meanwhile, subsequent tooth drift acts to translate the tooth distally, causing 

regional PDL compression between the alveolar bone and the tooth in the coronal and 

midroot regions. En = Enamel, Den = Dentin, Cem = Secondary Cementum, PDL = 

Periodontal Ligament, AB = Alveolar Bone. 
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