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Abstract

The periodontal ligament (PDL) and alveolar bone are two critical tissues for understanding 

orthodontic tooth movement. The current literature is replete with descriptive studies of multiple 

cell types and their matrices in the PDL and alveolar bone, but is deficient with how stem/

progenitor cells differentiate into PDL and alveolar bone cells. Can one type of orthodontic force 

with a specific magnitude and frequency preferably activate osteoblasts, whereas another force 

type activates osteoclasts? This chapter will discuss the biology of not only mature cells and their 

matrices in the periodontal ligament and alveolar bone, but also stem/progenitor cells that 

differentiate into fibroblasts, osteoblasts and osteoclasts. Key advances in tooth movement rely on 

further understanding of osteoblast and fibroblast differentiation from mesenchymal stem/

progenitor cells, and osteoclastogenesis from the hematopoietic/monocyte lineage.
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1. Introduction

The alveolar bone, periodontal ligament (PDL) and cementum are intimately related 

structures in development and functions. Collectively, they form the periodontium that is of 

critical relevance not only to orthodontic tooth movement, but also periodontal disease. 

There are myriads of descriptive studies of multiple cell types and their gene expression 

profiles of the PDL and alveolar bone, often separately in orthodontics and periodontal 

research literatures. Matrix synthesis is another area of focus of numerous investigations of 

the PDL and alveolar bone. Far deficient is our understanding of how stem/progenitor cells 

differentiate into mature cells in the PDL and alveolar bone, including fibroblasts, 

osteoblasts and osteoclasts [1]. This deficiency applies to not only our understanding in 

homeostasis, but also as adaptive responses during tooth movement and periodontal disease.

*Jeremy J. Mao, DDS, PhD, Professor and Edwin S. Robinson Endowed Chair, Director, Center for Craniofacial Regeneration, 
Columbia University Medical Center, 630 W. 168 St. - PH7E - CDM, New York, NY 10032, Phone: 212-305-4475, Fax: 
212-342-0199, jmao@columbia.edu. 

HHS Public Access
Author manuscript
Front Oral Biol. Author manuscript; available in PMC 2017 January 01.

Published in final edited form as:

Front Oral Biol. 2016 ; 18: 1–8. doi:10.1159/000351894.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



This chapter focuses on three related topics: 1) fundamental cell and matrix structures of the 

PDL and alveolar bone, 2) PDL and alveolar bone remodeling during orthodontics tooth 

movement, and 3) how our understanding of PDL and alveolar bone stem/progenitor cells 

may help advance orthodontics. Orthodontic tooth movement is typically divided into three 

phases by clinical observation: the initial phase, the lag phase, and the post-lag phase [2]. 

The initial phase occurs 24 to 48 hours after force application. The lag phase lasts multiple 

days with little tooth movement. The post-lag phase is when clinically noticeable tooth 

movement is observed. Up to date, our understanding of how stem/progenitor cells are 

involved in orthodontic tooth movement remains at an infancy stage.

2. The Periodontal Ligament

The periodontal ligament (PDL) connects the cementum to the alveolar bone by bundles of 

type I collagen named Sharpey's fibers. The width of a periodontal ligament in homeostasis 

is ~0.15-0.38 mm, depending on the tooth type. The PDL has two primary functions: 1) to 

transmit and absorb mechanical stresses, and 2) to provide vascular supply and nutrients to 

the cementum, alveolar bone and the PDL itself [3]. The PDL is a connective tissue and 

shares certain similarities with tendons and other ligaments in the appendicular skeleton [4].

2.1 Cells

Fibroblasts constitute ~50-60% of the total PDL cellularity [5]. PDL fibroblasts consist of 

multiple subpopulations and thus are heterogeneous. PDL cells experience and respond to 

mechanical stresses [6], such as those in orthodontic tooth movement. Other PDL cells 

include macrophages, lymphocytes and endothelial cells that form the lining of blood 

vessels [7]. When forces are applied to the tooth, PDL fibroblasts react by activating stretch-

sensitive Ca2+-permeable channels and increase actin polymerization and yield a rapid and 

transient increase in c-fos expression that in turn stimulates their proliferation and 

differentiation [8]. Activated fibroblasts secrete plasminogen activator as well as its 

inhibitor, matrix metalloproteases and their inhibitors, cytokines (PGE-2) and Interleukin-6 

[9].

The PDL further consists of defense cells such as macrophages and mast cells. Epithelial 

remnants of Malassez are descents of dental epithelium cells in the PDL, following 

amelogenesis. In addition, osteoblasts, osteoclasts and cementoblasts are present in the PDL 

and participate in the homeostasis of the periodontium. The osteoblasts and osteoclasts 

reside in the PDL on the surface of lamina dura and in endosteal surfaces of the alveolar 

bone, and are also responsive to mechanical stresses.

PDL and alveolar bone readily remodel in homeostasis and orthodontic tooth movement. 

Osteoblasts in the PDL and alveolar bone are replaced every few months [10]. Most 

biological tissues adapt and self-renew, serving as an indication that there must be stem 

cells, which replenish and replace terminally differentiated cells that periodically undergo 

apoptosis. Stem cells are immature and unspecialized cells that can 1) self-renew and 2) 

undergo asymmetrical differentiation: producing precise copies of stem cells and at the same 

time differentiate into specialized cell types such as fibroblasts and osteoblasts. In a 

developing embryo, embryonic stem cells can differentiate into every single 200 types of 
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specialized cells in the body, and therefore, are called pluripotent stem cells [11]. In the 

adult, stem cells are likely more restricted and can differentiate into a limited number of cell 

types, but nonetheless, can replenish mature cells that are lost to apoptosis ([12]. Postnatal 

stem/progenitor cells are more restricted in the number of lineages that they can differentiate 

into. Typically, progenitor cells differentiate into only one type of mature cells during 

homeostasis.

There are two types of dental stem cells: epithelial stem cells and mesenchymal stem cells 

(MSCs) [13, 14]. Epithelial and mesenchymal stem cells intimately interact during tooth 

development: epithelial stem cells giving rise to ameloblasts, whereas mesenchymal stem 

cells differentiating into fibroblasts, odontoblasts, cementoblasts, osteoblasts, and perhaps 

other cells in the periodontal ligament [15].

Periodontal ligament cells have been studied for decades, due to their significance in 

periodontal disease and also orthodontic tooth movement. Dental follicle cells, which 

originate from neural crest derived mesenchyme, differentiate into cells that form the 

periodontium and are present in the developing tooth germ prior to root formation [16]. 

Among fibroblast-like cells in the periodontal ligament, stem/progenitor cells have been 

identified [17]. Typically, soft tissue is scraped from the root of an extracted tooth and 

enzyme-digested to release a small number of cells. Morphologically, it is impossible to 

separate PDL fibroblasts from PDL stem/progenitor cells. Nonetheless, certain PDL cells 

yield progenies upon single cell colony assay and can differentiate into multiple cell lineages 

in vitro. In chemically defined culture conditions, specific PDL cells differentiate into 

cementoblast-like cells, adipocytes, and collagen-forming cells. When transplanted into 

immune-compromised rodents, PDL fibroblast-like cells generated a cementum/PDL-like 

structure [17]. To date, little is known how PDL stem/progenitor cells respond to mechanical 

forces such as those in orthodontic tooth movement.

2.2 Fibrous matrix

Collagen fibers, reticulin fibers and oxytalan fibers form the PDL fibrous matrix. Collagen 

accounts for over 90% PDL fibers. Type I collagen fibers in the PDL are 45-55 nm in 

diameter and have somewhat uniform morphology [18]. PDL fiber bundles are arranged in 

directions that reflect their functional properties. PDL collagen fibers grow separately from 

bone and cementum surfaces, and gradually elongate and approximate each other [19].

Upon application of orthodontic forces, PDL nerve fibers release calcitonin gene related 

peptide (CGRP) and substance P [20]. CGRP and substance P serve as vasodilators and 

stimulate plasma extravasation and leukocyte migration. CGRP has been shown to induce 

bone formation through stimulation of osteoblasts and inhibition of osteoclast activity [21].

3. The Alveolar Bone

A better name for the alveolar bone is dental bone or tooth bone, for tooth loss leads to 

disappearance of the alveolar bone. Although the bulk of the alveolar bone is trabecular 

bone, it does contain a plate of compact bone adjacent to the periodontal ligament called the 

lamina dura. The PDL pierces through the lamina dura and anchors to the alveolar bone, 
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with the other end connected to the cementum [22]. The inner (lingual) and outer (labial) 

cortical plates are also composed of compact bone.

Alveolar bone is a mineralized connective tissue and consists of mineral tissue, organic 

matrix and water. In the alveolar bone, 23% is mineralized tissue; 37% is the organic matrix 

which mostly is collagen, and the other 40% is water [23].

3.1 Cells

Multiple cell types are responsible for the homeostasis and functions of the alveolar bone. 

The most obvious cell types are osteoblasts, osteocytes and osteoclasts. However, other cell 

types are also important, including adipocytes, endothelial cells that form the lining of blood 

vessels and immune competent cells such as macrophages.

Osteoblasts are mononucleated and specialized cells that are responsible for bone 

apposition. Osteoblasts and fibroblasts share a key functional similarity in that they both 

synthesize type I collagen matrix. Osteoblasts, however, distinguish from fibroblasts by 

expressing Cbfa1 or Run×2 that is a master switch for the differentiation of stem/progenitor 

cells into osteoblasts [24]. Although myriad genes control the complex process of 

osteogenesis, Cbfa1 or Run×2 is the earliest transcriptional factor and signals the initiation 

of bone formation [25]. Other osteogenesis genes include bone morphogenetic proteins 

(BMPs), transforming growth factor-beta (TGF-β), Indian hedgehog and ostrix [26-29]. 

Bone is a dynamic tissue and constantly remodels by osteoblasts and osteoclasts, the two of 

which function by cross talk and signaling [25]. The number of osteoblasts decreases with 

age, affecting the balance of bone deposition and resorption and potentially leading to 

osteoporosis [30].

Mesenchymal stem/progenitor cells have been isolated from jaw bones of both humans and 

rodents [31-33]. Stem/progenitor cells from the jaw bone were clonogenic and had potent 

osteogenic potential in vitro and in vivo [33]. Compared with iliac crest cells, mandibular 

mesenchymal stem/progenitor cells appear to proliferate rapidly with delayed senescence, 

express robust alkaline phosphatase and accumulate more calcium in vitro [31]. Specifically, 

mesenchymal stem/progenitor cells from long bones yield greater bone marrow area than 

mandibular mesenchymal stem/progenitor cells when transplanted heterotopically in vivo 

[32].

Osteocyte is the most numerous cells in mature bone, and can live as long as the organism 

itself [34]. Osteocytes are derived from functional osteoblasts that are embedded in 

mineralized bone in the process of bone apposition. The space that an osteocyte occupies is 

called a lacuna. Hydroxyapatite, calcium carbonate and calcium phosphate is deposited 

around osteocytes [35, 36].

Whereas osteoblasts (and osteocytes) derive from the mesenchymal/mesodermal lineage, 

osteoclasts originate from an entirely different source: the hematopoietic/monocyte lineage 

[37, 38]. Osteoclasts are formed by the fusion of multiple monocytes, and therefore, are 

multi-nucleated [39, 40]. Their unique properties include adherence to endosteal bone 

surfaces, and secret acid and lytic enzymes that destroy mineral and protein structures. An 
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array of transcription factors controls osteoclast differentiation [40]. Osteoclasts are 

characterized by robust expression of tartrate resistant acid phosphatase (TRAP), specified 

osteoprotegerin (OPG), cathepsin K, and chloride channel 7 (ClCN7) [41]. OPG blocks 

nuclear factor kappa B (RANK) and RANK ligand (RANKL) docking; cathepsin K destroys 

bone matrix proteins, whereas chloride channel 7 maintains osteoclast neutrality by shuffling 

chloride ions through the cell membrane. RANKL, a key regulator of osteoclast function 

[39, 40], is synthesized by osteoblasts and promotes osteoclast differentiation, suggesting 

that osteoblasts control osteoclast differentiation, but not function [42].

3.2 Matrix proteins

In the alveolar bone, the most abundant extracellular matrix (ECM) component is collagen 

type I [43]. In addition, alveolar bone contains non-collagenous proteins such as osteocalcin, 

osteopontin, osteonectin, bone sialoprotein and fibronectin as well as proteoglycans 

including lumican, fibromodulin, decorin, biglycan and versican. Osteocalcin acts as a 

hormone and causes pancreatic beta cells to release more insulin, and at the same time 

directs adipocytes to release adiponectin, which increases sensitivity to insulin [44]. 

Osteopontin is a phosphorylated, sialic acid containing glycoprotein that can be extracted 

from the mineralized bone matrix. Matrix metalloproteinase-1, 2 [43, 45] and cathepsin [46, 

47] are considered to be particularly important in bone resorption. They cleave type I 

collagen most efficiently within the triple-helical body of the native conformation and is 

active at neutral pH, whereas cathepsin K degrades type I collagen in a similar manner but is 

active at low pH in the acidic microenvironment beneath the ruffled border of osteoclasts 

[48].

4. PDL and alveolar bone resorption and remodeling

Can one type of force with a specific magnitude and frequency preferably activate 

osteoblasts, whereas another force type preferably activates osteoclasts [49]. One can only 

begin to address a question such as this by understanding how stem/progenitor cells in the 

PDL and alveolar differentiate into mature cells, including fibroblasts, osteoblasts, 

osteoclasts and endothelial cells. Two interrelated processes in orthodontic tooth movement 

are deflection (bending) of the alveolar bone and remodeling of the periodontium: the 

periodontal ligament, alveolar bone and cementum [50]. In the “pressure-tension theory”, 

the PDL senses a change in mechanical forces or stresses. The theory proposes that PDL 

progenitor cells differentiate into compression-associated osteoclasts and tension-associated 

osteoblasts, causing bone resorption and apposition, respectively [51]. The following 

biological processes are proposed on the compression side: disturbance of blood flow in the 

compressed PDL, cell death in the compressed area of the PDL (hyalinization), resorption of 

the hyalinized tissue by macrophages, and undermining bone resorption by osteoclasts 

beside the hyalinized tissue. It is proposed that tooth movement follows the completion of 

these processes on the compression side, but not before.

On the tension side, it is proposed that the periodontium, including the PDL, alveolar bone 

and cementum remodels and undergoes bone apposition. Osteoblasts differentiate from 

mesenchymal stem/progenitor cells. Mature osteoblasts form the osteoid or type I collagen 
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matrix, which is followed by mineralization [52]. Endothelial nitric oxide synthase (eNOS) 

mediates bone formation on the tension side of orthodontic forces [53].

Force magnitude has been associated with biological events, although most of these 

associations are conjectures. “Direct resorption” is associated with light force application, 

tissue and cell preservation, and vascular potency. “Indirect resorption” and hyalinization are 

associated with heavy forces that cause crushing injury to PDL tissues, cell death, 

hemostasis, and cell-free PDL and adjacent alveolar bone zones [54]. Mechanical forces 

often cause hyalinization leading to necrosis in the PDL and lead to delayed bone resorption. 

Hyalinization occurs in the PDL and is proposed to indicate hyaline-like tissue formation 

that no longer has normal tissue architecture. Macrophages are responsible for removing the 

hyalinized tissues prior to which little tooth movement occurs [55]. Extracellular matrix and 

cell distortion causes structural and functional changes in cell membrane, and cytoskeletal 

proteins. At the same time, numerous submembrane proteins associate in cellular focal 

adhesions. These complex structural or functional adaptations will transmit signals to the 

cytoplasm and mediate cell adhesion by integrin activation [56].

Alveolar bone resorption occurs on the compression side during tooth movement. Bone 

resorption occurs through osteoclastic activity, thus creating irregular cavities in bone that 

later will be filled by newly formed bone owing to osteoblast activity. Two processes 

involved in bone resorption are the dissolution of minerals and the degradation of the organ 

matrix, which consists of type I collagen. These processes are driven by enzymes, including 

matrix metalloproteinase and lysosome cysteine proteinases [48]. Orthodontic forces result 

in the deformation of blood vessels and disarrangement of surrounding tissues. 

Subsequently, blood flow and periodontal tissue adapt to the compression force, or when 

they fail, are responsible for cell death and tissue necrosis [57].

The rate of orthodontic tooth movement is affected by multiple factors such as the 

magnitude, frequency, and duration of mechanical forces that are applied to the teeth or 

bone. Mechanical forces change vascularity and blood flow, resulting in the synthesis and 

release of molecules such as neurotransmitters, cytokines, growth factors, colony-

stimulating factors that regulate leucocyte, macrophage, and monocyte lines [58, 59].

Protein phosphorylation mediated by protein kinase enzymes is critical to the understanding 

of orthodontic tooth movement [56, 60, 61]. Cytoplasmic signaling proteins Hh, sonic 

hedge-hog, the TGF-β superfamily, and many transcriptional factors and ions (Ca++, PO3−) 

enhance or suppress gene expression. Matrix metalloproteinases (MMP) is an indispensable 

enzyme in bone remodeling. MMP-2 protein is induced by compression and increases 

significantly in a time-dependent fashion, reaching a peak after eight hours of force 

application. On the tension side, MMP-2 significantly increases after one hour of force 

application but gradually returns to baseline within eight hours [62]. The cleavages of 

procollagen yields procollagen type I C-terminal propeptide (PICP) and procollagen type I 

N-terminal propeptide (PINP) that may serve as bone formation markers [63]. Normal 

chloride channels play a key role in osteoclastic alveolar bone resorption in orthodontic 

tooth movement [40]. Cystic fibrosis, a pathological bone condition is characterized by 
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mutated cellular chloride channels encoded by polymorphic nucleotide sequences in the 

ClCN7 gene [50].

5. Summary

The periodontal ligament and alveolar bone are a functional unit and undergo robust 

remodeling in orthodontic tooth movement. Complex molecular signaling is responsible for 

transducing mechanical stresses to biochemical events with a net result of bone apposition 

and/or bone resorption. Despite our improved understanding of mechanical and biochemical 

signaling mechanisms, how mechanical stresses regulate the differentiation of stem/

progenitor cells into osteoblast lineage and osteoclast lineage is largely unknown. An 

improved understanding of osteoblast differentiation from mesenchymal stem/progenitor 

cells and osteoclastogenesis from the hematopoietic/monocyte lineage is essential to 

advance orthodontics. Design of orthodontic force systems has been largely empirical since 

the Angle era. The orthodontics community is now equipped with tools to begin advancing 

the understanding of orthodontic tooth movement via cellular and molecular events, 

including how stem cells differentiate into osteoblasts and osteoclasts.
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