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Abstract
Purpose of Review  To review the role of the immune cells and their interaction with cells found in gingiva, periodontal liga-
ment, and bone that leads to net bone loss in periodontitis or bone remodeling in orthodontic tooth movement.
Recent Findings  Periodontal disease is one of the most common oral diseases causing inflammation in the soft and hard tis-
sues of the periodontium and is initiated by bacteria that induce a host response. Although the innate and adaptive immune 
response function cooperatively to prevent bacterial dissemination, they also play a major role in gingival inflammation and 
destruction of the connective tissue, periodontal ligament, and alveolar bone characteristic of periodontitis. The inflamma-
tory response is triggered by bacteria or their products that bind to pattern recognition receptors that induce transcription 
factor activity to stimulate cytokine and chemokine expression. Epithelial, fibroblast/stromal, and resident leukocytes play a 
key role in initiating the host response and contribute to periodontal disease. Single-cell RNA-seq (scRNA-seq) experiments 
have added new insight into the roles of various cell types in the response to bacterial challenge. This response is modified 
by systemic conditions such as diabetes and smoking. In contrast to periodontitis, orthodontic tooth movement (OTM) is a 
sterile inflammatory response induced by mechanical force. Orthodontic force application stimulates acute inflammatory 
responses in the periodontal ligament and alveolar bone stimulated by cytokines and chemokines that produce bone resorption 
on the compression side. On the tension side, orthodontic forces induce the production of osteogenic factors, stimulating new 
bone formation. A number of different cell types, cytokines, and signaling/pathways are involved in this complex process.
Summary  Inflammatory and mechanical force-induced bone remodeling involves bone resorption and bone formation. The 
interaction of leukocytes with host stromal cells and osteoblastic cells plays a key role in both initiating the inflammatory 
events as well as inducing a cellular cascade that results in remodeling in orthodontic tooth movement or in tissue destruc-
tion in periodontitis.
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Osteoimmunology in Periodontitis

Periodontal disease results from inflammation triggered 
by a bacterial dysbiosis [1]. Periodontal disease, which 
includes gingivitis and periodontitis, is the sixth most com-
mon non-communicable disease worldwide [2]. Gingivitis 
represents a reversible inflammation of the gingiva that may 
subsequently lead to periodontitis. In contrast, periodontitis 
involves inflammation that leads to irreversible loss of bone 

and connective tissue that attaches to the tooth root or sur-
rounding bone. The host response to microbial dysbiosis is 
a key contributing factor that leads to tissue destruction [3]. 
Bone loss occurs through osteoclast activity and inhibition 
of bone coupling [4.••, 5].

Bacteria form on the oral mucosal surfaces and teeth. 
Defense against microorganisms comes from salivary macro-
molecules including mucins, antimicrobial peptides, salivary 
lectins, secretory IgA, and other molecules [6]. Microbes or 
their products bind to pattern recognition receptors found on 
keratinocytes, stromal cells (e.g., fibroblasts and mesenchymal 
progenitor cells), vascular cells, osteocytes, and a wide range 
of leukocytes. They include toll-like receptors, nucleotide-
binding oligomerization domain (NOD) proteins, complement 
receptor 3 (CR3), and a number of scavenger receptors [7]. 
Pattern recognition, cytokine, and chemokine receptors activate 
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pro-inflammatory signaling pathways and transcription factors 
in the cell types mentioned above to stimulate a response to 
microbial infection or injury-induced tissue perturbation. Clini-
cal studies with antibacterial agents provide concrete evidence 
that bacteria play a critical role in the initiation and progression 
of periodontal disease [8]. Studies with germ-free mice con-
firmed these results by establishing cause-and-effect relation-
ships: the transfer of bacteria from mice with periodontitis to 
healthy mice leads to the establishment of a dysbiotic environ-
ment and the initiation of the diseased phenotype [9•, 10••].

Innate and adaptive immune cells work together with resi-
dent epithelial cells and stromal cells to limit the invasion of 
periodontal tissues by microbes [11]. Innate immune cells pro-
duce chemokines, cytokines, and co-stimulatory factors. They 
also present antigens that upregulate the activation of adaptive 
immune cells and produce chemokines needed for homing to 
lymph nodes or sites of infection [12]. Both the innate and 
adaptive immune response have a role in protecting the host; 
however, they can also promote destructive inflammation [13].

The activation or upregulation of pro-inflammatory 
transcription factors induces the expression of cytokines, 
chemokines, enzymes that produce reactive oxygen species, 
prostaglandins, and degradative enzymes. Some of these 
pro-inflammatory transcription factors include nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-κB), 
interferon regulatory factors (IRF), signal transducers and 
activators of transcription (STAT), activator protein-1 (AP-
1), CCAAT Enhancer Binding Protein Beta (CEBPb), and 
forkhead box O1 (FOXO1) [5,14–16]. These transcription 
factors can induce the expression of proteins that produce 
prostaglandins or cytokines such as tumor necrosis factor 
(TNF), interleukin-1 (IL-1), IL-6, IL-17, and receptor acti-
vator of nuclear factor kappa-B ligand (RANKL) [14–16]. 
Each of these has been shown to contribute to periodon-
tal disease through cause-and-effect studies using specific 
inhibitors or gene deletion in animal models [5, 17].

In addition to specific cell types contributing to periodon-
tal disease, factors present in the interstitial fluid found in 
the gingiva can also play an important role. It is well known 
that proteases are important in the periodontal breakdown as 
described previously [18]. Similarly, it has been established 
that lipid-based mediators such as prostaglandins and leukot-
rienes contribute to periodontal breakdown, while other lipid 
mediators such as lipoxins and resolvins play an important 
protective role in resolving inflammation [14, 19]. Com-
plement, which is activated by multiple pathways, is also a 
key contributor to periodontal inflammation and periodon-
tal breakdown [20••]. A recent publication has identified 
genetic defects that lead to plasmin deficiency and an over-
abundance of fibrin as a contributor to abnormal inflam-
matory responses [21••]. Insufficient fibrinolysis leads to 
excess fibrin accumulation that activates neutrophils and 
upregulates oral mucosal inflammation and periodontitis.

Epithelial Barrier

The epithelial barrier is an essential line of defense 
against bacterial invasion. Epithelial cells produce anti-
bacterial defensins and possess intercellular connections 
that limit the penetration of bacteria [22, 23]. Epithelial 
cells release several cytokines including IL-1α, IL-1β, 
IL-6, IL-8, TNFα, and others, which are involved in the 
pathogenesis of periodontitis [24]. A homeostatic rela-
tionship generally exists between the epithelium and bac-
teria, which is made possible through the production of 
antibacterial factors by keratinocytes and the tendency of 
these cells to not “overreact” to bacteria present [24, 25]. 
The epithelial barrier is effective, in part, because it is 
continually shedding; therefore, it limits biofilm matura-
tion. Teeth are a prominent site of bacterial colonization 
because the tooth surface is non-shedding and does not 
produce antibacterial factors [26].

One of the first events to occur in periodontal disease is 
the loss of barrier function. Two recent publications [27••, 
28••] report changes in the transcriptomes of individual 
cell types in inflamed gingiva compared to healthy gin-
giva utilizing single-cell RNA-seq (scRNA-seq) (Table 1). 
Sharpe and colleagues identified ten subpopulations of 
epithelial cells from gingiva that presented as healthy 
[28••]. The subpopulations included two basal cell clus-
ters, three epithelial clusters expressing high transcript 
levels of cell cycle genes (indicating a high rate of prolif-
eration), one cluster expressing genes related to extracellu-
lar matrix organization and angiogenesis, and four distinct 
gingival epithelial subpopulations having transcriptomes 
related to immune regulation. These immune-regulating 
epithelial cells express factors involved in chronic inflam-
mation, which showed enrichment for B-lymphocyte 
receptor signaling and expression of factors that regulate 
neutrophils. In periodontitis, most epithelial subpopula-
tions were depleted, while immunity-related epithelial 
subpopulations were increased. Moutopolous and col-
leagues identified four epithelial subtypes in healthy oral 
mucosa: three types of keratinocytes and one cluster con-
sisting of melanocytes [27••]. The three keratinocyte sub-
populations were further categorized: a basal cell layer, 
a layer enriched in genes involved in cornification, and a 
layer with a gene expression profile consistent with inflam-
matory responses. The overall percent of epithelial cells 
decreased in periodontitis subjects with a shift to a more 
inflammatory state with upregulated pathways related to 
antimicrobial responses. Despite the difference in resolu-
tion of the epithelial subtypes, both publications agreed 
that there are epithelial subpopulations in gingiva that 
feature pro-inflammatory gene signatures and that there 
is a general loss of non-inflammatory epithelial cells with 
periodontal disease.
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Contribution of Stromal Cells in Periodontal Disease

Fibroblasts are known to be instrumental in establishing tis-
sue architecture and repair of damaged connective tissue. 
Fibroblasts are also crucial to the recognition of microbes: 
they express protease-activated receptors (PARs), nucleo-
tide-binding oligomerization domain (NODs), and extra-
cellular and intracellular toll-like receptors (TLRs) [29]. 
scRNA-seq analysis has provided a new understanding of 
the role of fibroblasts/stromal cells in gingival inflammation 
(Table 1). Sharpe and colleagues identified seven distinct 
fibroblast/stromal cell subpopulations [28••]. Three subpop-
ulations showed enrichment of genes related to the produc-
tion of extracellular matrix, one subpopulation of pericytes, 
and the other of myofibroblasts; two other fibroblast subpop-
ulations had an inflammatory profile. In periodontitis, there 
was a selective loss of stromal populations with a myofi-
broblast or pericyte phenotype and an increase in inflam-
matory fibroblasts. In the publication by Moutopolous and 
colleagues, five stromal cell subpopulations were identified 
[27••]. Two of the clusters had a transcriptome profile asso-
ciated with collagen synthesis and tissue remodeling. Three 
of the five had gene signatures related to immune function 
associated with leukocyte proliferation, granulocyte migra-
tion, and complement activation. Subjects with periodontitis 
had an overall decrease in fibroblast subpopulations but a 
specific increase in inflammatory fibroblast subpopulations. 
These sub-populations were enriched in transcripts that 
upregulate antimicrobial responses, cytokine biosynthesis, 

neutrophil recruitment (CXCL1, CXCL8), and chemokines 
known to attract other leukocytes. Thus, both papers identi-
fied a decrease in fibroblast numbers with periodontal dis-
ease, apart from an expansion of pro-inflammatory stromal 
cells in subjects with periodontitis.

Contribution of Innate Immune Response 
to Periodontal Inflammation

The innate immune response is mediated by leukocyte acti-
vation and the production of soluble antimicrobial factors, 
such as complement and defensins. Innate immune cells 
include myeloid innate immune cells (e.g., neutrophils, mac-
rophages, eosinophils, basophils, mast cells, and dendritic 
cells) and innate lymphocytic cells (e.g., γδT cells, NK cells, 
NK-T cells, and innate lymphoid cells (ILC) populations 
ILC1, ILC2, and ILC3). One of the first steps in the acti-
vation of the innate immune response is the production of 
chemokines that stimulate innate immune cells to migrate 
to the site of infection and upregulate antibacterial defense 
mechanisms [30]. A report using scRNA-seq analysis iden-
tified three myeloid immune cell subpopulations [28••] 
(Table 1). Dendritic cells (DCs) of myeloid origin, mast 
cells, and macrophages were all found in distinct clusters. 
However, there was no clear difference in the dendritic cell 
compartment during periodontal disease. Single-cell analy-
sis of neutrophils was not achieved due to technical reasons 
related to their high susceptibility to degradation/apopto-
sis during tissue digestion [28••]. In another publication, 

Table 1   Findings from two 
recent scRNA-seq publications 
in healthy and diseased gingiva 
[27••] and [28••]. Due to 
differences in resolution, the 
findings are not identical for 
each sub-type nor the change 
in periodontitis. For example, 
cycling basal cells were 
reported to be increased in 
the diseased state by Sharpe 
and colleagues only, and 
neutrophils were only detected 
by Moutopolous and colleagues. 
Additionally, Moutopolous and 
colleagues [27••] reported an 
increase in mast cells, while 
Sharpe and colleagues [28••] 
reported the opposite in the 
diseased state

Type Detected in healthy gingiva Change in periodontitis

Epithelial cells Epithelial stem cells Decrease
Basal cells Decrease
Cycling basal cells[28••] Increase[28••]
Regulate ECM organization and 

angiogenesis
Decrease

Melanocytes[27••] Decrease[27••]
Immune modulatory Increase

Mesenchymal stromal cells/fibroblasts Extracellular matrix-producing Decrease
Myofibroblast Decrease
Pericyte Decrease
Immune modulatory Increase

Innate immune cells Myeloid Dendritic cells Same
Mast cells Increase[27••]

Decrease[28••]
Macrophages Same
Neutrophils[27••] Increase[27••]

Lymphoid Natural killer cells Same
T cells Same[27••]

Decrease[28••]
B cells Significantly expanded
Plasma cells Significantly expanded
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myeloid immune cell populations were identified in four 
distinct populations: myeloid dendritic cells, macrophages, 
neutrophils, mast cells, and small populations of plasmacy-
toid DCs [27••]. In periodontitis, myeloid and granulocytes 
were present with an expansion of neutrophils.

Neutrophils are abundant in periodontal tissue. The bal-
ance between neutrophils and the microbial community 
is essential to periodontal homeostasis [31]. Neutrophils 
have multiple functions that play a role in anti-microbial 
defense: respiratory burst, phagocytosis, degranulation, and 
formation of neutrophil extracellular traps (NET) [4••, 31]. 
An imbalance of neutrophil deficiency or excess can lead 
to periodontal disease [4••]. Transcription factors such as 
NF-kB and FOXO1 regulate neutrophil function via multiple 
pathways. Normal neutrophil function is needed to protect 
the host from bacteria. For instance, there is a reduced abil-
ity to clear bacteria or increased periodontitis when neu-
trophil function is disrupted by deletion of FOXO1 (which 
is needed for neutrophil chemotaxis and phagocytosis) and 
when neutrophil recruitment is blocked by leukocyte adhe-
sion deficiency [4, 32].

Macrophages defend against bacterial infection, have anti-
gen presentation properties, and participate in the up- and 
downregulation of inflammation. The process of resolving 
inflammation paves the way for tissue repair [33]. Periodon-
titis is initially associated with enhanced pro-inflammatory 
M1 macrophage phenotypes followed by the presence of 
M2 macrophages [34]. Thus, the early development of peri-
odontal tissue infiltration by macrophages is characterized 
by pro-inflammatory changes. In later phases, the resolu-
tion of inflammation is mediated by Th2, Treg lymphocytes, 
and M2 macrophages [34]. The fact that active periodontal 
tissue destruction is resolved but leaves a deep pocket sup-
ports the concept that deep pocket depth does not indicate 
an active disease process. Similarly, bacteria obtained from 
deep pockets are not necessarily indicative of active disease.

Classic antigen-presenting cells (dendritic cells) have 
important functions in maintaining health in periodontal tis-
sues [35]. Bacteria and their byproducts activate DCs, which 
in turn modify the host response by stimulating lympho-
cyte polarization and activity [36]. Activated DCs may pro-
mote periodontal disease through activation of Th1 or Th17 
responses or reduce inflammation via induction of Treg 
subsets. Immature DCs may also form osteoclasts [37•]. 
An increased susceptibility to periodontitis was previously 
shown with lineage-specific deletion of the transcription fac-
tor FOXO1 in DCs as they are involved in the homing of 
regional lymph nodes and activating lymphocytes [38, 39].

Innate lymphocytes such as natural killer (NK) cells 
and natural killer T cells (NK-T cells) play important 
roles in maintaining oral tissue homeostasis and can also 
initiate a destructive cascade through the production of 

pro-inflammatory mediators [40, 41•]. NK cells directly kill 
pathogens through the secretion of perforin and granzymes. 
Dendritic cell crosstalk with NK cells leads to the secretion 
of IL-12 by dendritic cells and interferon gamma from NK 
cells, which can lead to macrophage and T cell activation as 
well as destructive inflammation [42, 43]. Innate lymphoid 
cells (ILCs) maintain tissue integrity; during inflammation 
and pathological conditions, they participate in pathogen 
clearance and tissue remodeling. ILCs are divided into three 
major subsets: ILC1, ILC2, and ILC3. These “helper-like” 
innate lymphocyte subsets are considered to be the counter-
parts of Th1, Th2, and Th17 cells, respectively, because they 
are functionally similar to their T-helper counterparts. ILC1s 
require the transcription factor T-bet for development and 
produce interferon gamma [44]. ILC2s are similar to Th2 
lymphocytes and depend on TGFβ and transcription fac-
tor GATA-3 for development and activation [42, 43]. ILC2s 
secrete IL-4, IL-10, and IL-13. ILC3s require the transcrip-
tion factor RORγt for induction and produce IL-17A, IL-22, 
and GM-CSF [45]. GATA-3 is also critical in the induction 
and maintenance of ILC3s. Both Th2 and ILC2 cells have 
the plasticity and potential to differentiate into IL-17A-pro-
ducing Th17 or ILC3-like cells, respectively [46]. ILC1 and 
ILC3 from periodontitis patients produce more IL-17A and 
IFN-γ than those from healthy subjects [47]. Understanding 
the specific mechanisms, function, and plasticity of ILCs is 
an important future goal of periodontal research.

Contribution of Adaptive Immune Response 
to Periodontal Inflammation

The adaptive immune system consists of a diverse set of 
lymphoid cells that maintain homeostasis in the periodon-
tium and respond to microbial perturbation. They include 
a number of T-helper cells including T-helper subsets, 
CD4+ T cells, CD8+ T cells, follicular T cells, B cells, and 
plasma cells [48]. Sharpe and colleagues identified four 
lymphoid immune cell populations in the gingiva by sin-
gle-cell RNAseq [28••] (Table 1). B cells were shown in 
three distinct sub-populations characteristic of follicular, 
IgG-producing plasma B cells, and memory B cells. T cells 
were resolved to only one cluster, although multiple T-cell 
populations exist in the gingiva [36]. In health, low numbers 
of follicular and plasma B cells and a progressive increase 
in these B cells were found with periodontal disease. 
Meanwhile, memory B cells and T cells showed a distinct 
decrease in disease. Moutopolous and colleagues found that 
T cells were subclustered into CD4+, Th17, mucosal-associ-
ated invariant T cells (MAIT), CD8+, γδT, Treg, and NK/T 
cells [27••]. They also observed a small population of B and 
plasma cells in health. In periodontal disease, T cells were 
the major lymphocyte population, followed by B and plasma 
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cells. Plasma cells were significantly expanded in periodon-
titis compared to health. Albeit, these two groups reported 
differences in lymphocyte subsets, they found increases in 
lymphocytes in specimens obtained from patients with peri-
odontitis compared to health.

T lymphocytes (T cells) can be distinguished by the 
presence of αβ or γδ T cell receptors on the cell surface. 
Antigen presentation to αβ CD4+ T-cells drives their dif-
ferentiation into several subsets, such as Th1, Th2, Th9, 
Th17, T follicular helper (Tfh), and regulatory T cells 
(Treg) [48, 49]. Cytokines, such as IL-1 produced by 
Th1 cells and IL-17A by Th17 cells, stimulate RANKL 
expression in a number of cell types including periodontal 
ligament cells and osteocytes [49]. Osteoclastogenesis is 
regulated by a cytokine network that includes RANKL, 
IL-6, TNFα, IL-1β, and lipid mediators (e.g., PGE2) [48]. 
On the other hand, cytokines such as TGF-β and IL-10 are 
produced by Tregs, to promote resolution and prevent bone 
destruction in periodontal diseases [48].

B lymphocytes (B cells) are part of the humoral compo-
nent of the adaptive immune system and are specialized in 
secreting antibodies. B cells can also present antigens and 
enhance inflammation through the production of cytokines 
and opsonization [30, 49]. B cells produce RANKL that 
stimulates osteoclast formation and bone loss. Therefore, 
the proinflammatory and pro-osteoclastogenic effects 
of B cells can increase the RANKL/OPG ratio [30]. On 
the other hand, the deficiency of B cells in periodontitis 
murine models results in increased severity of alveolar 
bone loss, which is associated with upregulated RANKL 
expression [50]. However, it has also been reported that 
IgD-deficient mice have reduced numbers of activated B 
cells with less bone resorption [51•].

Bone and Periodontitis

Bone resorption in normal circumstances is closely followed 
by osteoblast-mediated bone formation in a process referred 
to as bone coupling. Ideally, the amount of new bone is equal 
to the amount of bone resorbed, resulting in no net bone 
loss. The process of bone formation involves mesenchymal 
stem cells (MSC), also known as mesenchymal stromal cells, 
and cell-signaling pathways such as TGF-β1, BMP, IGF-1, 
PDGF, FGF, and Wnt signaling, which then drives prolif-
eration of MSC and/or differentiation into osteoblasts [52]. 
When the number or activity of osteoblasts is insufficient, 
the resorbed bone is incompletely replaced, and uncoupling 
occurs. This leads to net bone loss and the formation of oste-
olytic lesions. Thus, a key feature of periodontitis is insuf-
ficient bone coupling [53]. The impact of inflammation of 
the periodontium and bone cells is summarized in (Fig. 1).

Osteoclasts are multinucleated bone-resorbing cells 
derived from hematopoietic stem cells and crucial to nor-
mal skeletal development and homeostasis [54]. Differ-
entiation to multinucleated osteoclasts requires RANKL, 
which is encoded by the Tnfsf11 gene [55, 56]. RANKL is 
expressed by PDL cells, osteoblasts, and osteocytes [57]; 
lineage-specific deletion of RANKL in these cells inhibits 
periodontitis [58••]. Bone resorption is reduced by osteo-
protegerin (OPG), a RANKL decoy receptor. Treatment of 
periodontal disease results in a reduced RANKL/OPG ratio, 
consistent with diminished bone resorption [59].

Osteoblasts are derived from pluripotential precursor 
cells. Osteoblasts produce osteoid, the organic matrix of 
bone, which becomes calcified to form bone [60]. Osteo-
cytes are derived from the osteoblasts that are trapped in 
the bone matrix. Osteocytes account for 90–95% of all bone 

Fig. 1   Impact of inflammation 
of the periodontium. Inflamma-
tion inhibits osteogenic tran-
scription factors, growth factors, 
and bone matrix production 
of osteoblast. Simultaneously, 
inflammation stimulates inhibi-
tors which block osteogenic 
signaling or stimulates apopto-
sis of bone cells [69–71]
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cells and can regulate bone homeostasis by coordinating the 
interaction of osteoclasts and osteoblasts [61, 62]. Osteo-
cytes express a number of factors that can promote bone 
formation. They include chemokines, prostaglandins, and 
growth factors: BMPs, TGF-β, fibroblast growth factor-2 
(FGF-2), and insulin-like growth factor-1 (IGF-1) [63]. 
Inflammation has a significant effect on osteoblasts and 
osteocytes. For example, TNF inhibits the bone-forming 
function of osteoblasts and the differentiation of osteoblasts 
from precursor cells. TNF can limit bone formation by the 
production of sclerostin and Dkk1, which inhibits the Wnt 
pathway [64]. Osteocytes can also contribute to bone resorp-
tion through the production of RANKL, TNFα, IL-1β, IL-6, 
and M-CSF [65]. In experimental periodontitis, RANKL 
ablation in osteocytes inhibits osteoclastogenesis and bone 
loss, demonstrating that osteocytes are an important source 
of RANKL in periodontitis [57].

PDL cells exhibit similarities to tendon cells and imma-
ture mesenchymal cells with some osteoblastic characteris-
tics as demonstrated by the expression of a 2.3-kb regula-
tory unit of Col1α1 [66, 67]. Bacterial dysbiosis in mice 
stimulates NF-kB expression in PDL fibroblasts, which 
stimulates the production of chemokines and RANKL to 
enhance inflammation and bone loss [66]. The periodon-
tal ligament contains MSC that can differentiate into peri-
odontal ligament fibroblasts, cementoblasts, or osteoblasts. 
TGF-β1 is a key mediator of this differentiation [67]. Thus, 
MSC in the PDL can differentiate into cells that produce 
cementum, PDL, or bone. They can also produce mediators 
that regulate inflammation in a positive or negative direction 
and can promote bone resorption through the production of 
RANKL [66]. A recent study examined PDL cells by single-
cell RNA-seq [68]. Two transcription factors distinguished 
different PDL fibroblast populations: Scx (scleraxis) and 
Mkx (mohawk homeobox), which are found in tendon cells. 
Scx + PDL cells are located in the central part of the PDL and 
produce collagen. Mkx+ cells are seen throughout the PDL 
and produce oxytalan fibers and proteoglycan [68].

The Impact of Diabetes on Periodontal Disease

Diabetes has a significant effect on the periodontium. 
Diabetes can be classified into type 1 diabetes, which is 
typically due to autoimmune β-cell destruction leading 
to insulin deficiency, or type 2 diabetes, which is due to 
insulin resistance and most often but not always linked to 
obesity [72]. A positive bidirectional association between 
periodontal disease and diabetes mellitus has been estab-
lished—both conditions affect each other [73,74•]; the 
treatment of one can reduce the risk of the other [74•]. The 
pathogenesis of the two diseases involves chronic inflam-
mation; diabetes can enhance periodontal inflammation 
and periodontal dysbiosis, which subsequently leads to 

periodontal tissue destruction [75, 76]. Diabetes contrib-
utes to the formation of a pathogenic oral microbiota. This 
was demonstrated by a transfer of bacteria from diabetic 
mice to germ-free recipients compared to a transfer of 
bacteria from normoglycemic to germ-free mice [10••]. 
Periodontal tissue destruction is linked to diabetes through 
several potential pathogenic mechanisms. For example, 
diabetes increases inflammation, leads to increased expres-
sion and activity of proteolytic enzymes, inhibits repair 
mechanisms, increases death of stromal cells (e.g., MSC, 
fibroblasts, and osteoblasts), and reduces coupled bone 
formation [77–80].

Studies in experimental periodontitis have revealed that 
diabetes enhances RANKL expression in osteocytes and 
PDL cells, increases periodontal bone resorption, and inter-
feres with the resolution of periodontal inflammation [58••, 
66•]. In periodontitis, diabetic animals have difficulty down-
regulating inflammation, which contributes to prolonged 
osteoclastogenesis, bone resorption, and interference with 
coupled bone formation [78, 79]. Diabetes causes a reduc-
tion in the number of bone-lining cells, osteoblasts, and PDL 
cells by increasing their apoptosis [80]. Moreover, TNFα 
mediates diabetes-enhanced apoptosis of matrix-producing 
cells and impairs diabetic healing. However, TNF inhibitors, 
significantly reduce death of matrix producing cells during 
the resolution of inflammation to reduce periodontitis [81].

The Impact of Smoking on Periodontal Disease

Smoking is a major risk factor for periodontal disease, 
affecting its prevalence, severity, progression, and treatment 
[82]. Epidemiological studies consistently show a signifi-
cantly higher risk for periodontal disease in smokers com-
pared to non-smokers, which is proportional to the duration 
and amount of smoking [83–85]. Several mechanisms have 
been proposed. Smoking is thought to alter the oral micro-
biota, which may accelerate periodontitis [86]. Smokers with 
periodontitis have increased bacterial anaerobes compared 
to non-smokers. Tobacco smoke may interfere with the 
effectiveness of neutrophils [84]. Smoking increases oxida-
tive stress by enhancing the production of radical oxygen 
species (ROS) [87] and increases the RANKL/OPG ratio 
[88]. Smoking reduces osteoclast apoptosis, which increases 
osteoclast numbers and bone resorption [89]. This is mecha-
nistically due to smoking-reduced activation of caspase 3 in 
osteoclasts or their precursors. In contrast to the effect on 
osteoclasts, smoking promotes osteoblast and osteoblast pre-
cursor apoptosis [88, 90]. This is significant since smoking 
reduces bone coupling leading to reduced repair of osteo-
lytic lesions, in part, by upregulating sclerostin and DKK1 
[88]. This finding is supported by observations that smoking 
reduces bone formation in fracture healing [90].
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Osteoimmunology in Orthodontic Tooth 
Movement

In contrast to periodontitis, which is a bacteria-induced 
inflammatory response, orthodontic tooth movement 
(OTM) is a sterile inflammatory response induced by 
tissue damage from mechanical force. Orthodontic bone 
remodeling involves both bone resorption by osteoclasts 
and new bone formation by osteoblasts in response to com-
pression and tension respectively [91–93]. Upregulation of 
innate and adaptive immunity in the bone remodeling plays 
an essential role [94••]. Immune cells that participate in 
OTM include neutrophils, monocytes/macrophages, NK 
cells, T cells, and B cells [91–93, 94••, 95]. During OTM, 
the process of how cells transmit mechanical forces and 
produce biological responses is important for bone remod-
eling [96]. However, the precise mechanosensing mecha-
nisms remain unclear.

OTM is mainly divided into three consecutive stages 
including initial, lag or arrest, acceleration and linear 
phases [97, 98••, 99]. Initially, mechanical force induces 
tooth displacement that distorts the interstitial space 
within the PDL and alveolar bone [95, 99]. Mechanical 
loading triggers an acute inflammatory response within 
hours of force application, stimulating PDL cells and 
immune cells to release inflammatory mediators, recruit 
leukocytes including osteoclasts precursors, and stimulate 
osteoclastogenesis. This phase lasts up to 3 days in mice. 
PDL fibroblasts are mechanosensing cells responsible for 
the complex immune response associated with the initia-
tion of bone remodeling [100]. Neutrophils are among the 
first-recruited cells and release chemotactic mediators that 
recruit other granulocytes, monocytes, and macrophages 
[101]. Most immune cells are highly active during the ini-
tial phase. Due to the occlusion of blood vessels by heavy 
orthodontic forces, the periodontal tissue becomes necrotic 
on the compression side during the lag or arrest phase, 
which occurs between 3 and 7 days after orthodontic load-
ing and lasts from 7 to 14 days or more in mice and up to 
30 days in humans [102, 103]. Bone resorption on the com-
pression side is a rate-limiting step of orthodontic tooth 
movement. Macrophages remove necrotic tissue, facilitat-
ing tooth movement [104]. In addition to bone resorption, 
the new bone formation is also evident during the late 
stages of the lag phase. During some parts of the lag phase 
and the acceleration and linear phases, the number of pro-
inflammatory innate immune cells decrease, but remain 
higher than normal, indicating maintained inflammation 
[105]. At these phases of OTM, the balance between the 
innate and the adaptive immune system shifts towards the 
adaptive immune system, which is evident with an increase 

in T and B cells as well as the upregulation of related path-
ways. T and B cells produce proinflammatory cytokines 
and RANKL, facilitating bone resorption [94••, 106]. Fol-
lowing the three stages of active tooth movement, there 
is a decrease in immune cells. This resolution of inflam-
mation is necessary to return to tissue homeostasis, avoid 
further tissue damage, and allow for bone formation to 
persist until bone remodeling is complete. A recent study 
examined the differentially expressed genes on days 1, 3, 
7, and 14 during OTM in mice [94••]. On day 3, genes 
related to tissue degradation, phagocytosis, and innate and 
adaptive immune system responses peaked and declined 
by day 14. In contrast, expression of genes related to cell 
proliferation and migration, cytoskeletal rearrangement, 
tissue homeostasis, and angiogenesis initially decreased, 
but increased at day 14.

Contribution of Innate Immune Response 
to Orthodontic Tooth Movement

Initiation of the innate immune response is marked by the 
rapidly infiltrating neutrophils. Their primary function is 
to secrete various mediators that amplify the inflammatory 
response and recruit leukocytes such as monocytes and mac-
rophages that clear debris. Neutrophils release myeloper-
oxidase, which exacerbates the inflammatory response and 
leads to necrosis of the surrounding tissue [107]. In normal 
conditions, immune cells present in the PDL, as shown in 
murine studies, are primarily monocytes and neutrophils 
[103]. Both cells accumulate in the PDL during OTM. In 
humans, neutrophils increase in both the gingival crev-
icular fluid and saliva of orthodontic patients at 2 h after 
orthodontic force loading [101]. Monocytes are attracted to 
the injured tissue by chemotactic mediators produced from 
neutrophils and other cell types [98••]. Monocytic precur-
sors can differentiate into macrophages and dendritic cells, 
which function in phagocytosis, antigen presentation, and 
differentiation into osteoclasts [108]. Neutrophils and mono-
cytes are highly active in the initial phase within 3 days after 
orthodontic loading and maintain upregulated during acute 
inflammation [98••, 105].

The role of macrophages in OTM has been well studied, 
reaching their peak on day 7 in OTM animal studies. Their 
main functions include inflammation (M1 phenotype) and 
regeneration (M2 phenotype) [98••, 109]. Polarized mac-
rophages exhibit a range of activation states and can be identi-
fied by the molecules they express [110]. During inflammation, 
M1 macrophages promote the proinflammatory phase, while 
M2 macrophages promote the anti-inflammatory/tissue repair 
phase of the immune response [110]. During OTM, M1 mac-
rophages are the predominant subtype [110], which promotes 
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bone resorption during the initial stage of OTM [110, 111]. 
The number of CD68 + iNOS + M1 macrophages significantly 
increases on day 3 and peaks on day 7 on the compression side. 
In contrast, the number of CD68 + CD163 + M2 macrophages 
increases on the compression side 3 days after orthodontic 
force removal using an orthodontic retention mouse model 
[111]. The rapid increase of osteoclasts in the PDL is due to 
the differentiation of macrophages, likely the M1 phenotype, 
in the presence of RANKL and M-CSF [94••, 108, 112–114]. 
In rats, M2 macrophages appear in the later stages at 21 days 
following OTM, signifying their importance in bone formation 
[109]. Human osteoblasts co-cultured with either M1 or M2 
macrophages for 2 weeks show that M2 macrophages promote 
osteogenesis, compared to M1 macrophages which downregu-
late osteogenesis [115]. Deletion of monocyte/macrophages 
significantly blocks OTM and reduces osteoclast formation 
with decreased expression of TNFα [110]. Systemic transfu-
sion of M1 macrophages promotes bone resorption and OTM, 
whereas M2 macrophage transfusion has no significant effect 
on OTM [110]. Activators of M1 macrophages, such as TNFα 
and IFNγ, are released by monocytes, macrophages, NK cells, 
and Th1 cells [113]. Although IFNγ directly inhibits osteo-
clastogenesis, it indirectly stimulates osteoclast formation by 
increasing the production of proinflammatory cytokine and 
RANKL [116–118].

NK cells control tumors and microbial infections by kill-
ing aberrant cells and secreting various cytokines such as 
IFNγ, TNFα, IL-5, IL-13, and GM-CSF. The number of NK 
cells significantly increases in the PDL during OTM [94••, 
119]. Evidence that NK cells are functionally significant is 
shown by significantly reduced tooth movement in NK cell-
deleted mice compared to WT mice. In addition, the cross-
talk between NK cells and DCs is crucial during the early 
stages of the immune response [94••, 120]. DCs present 
the antigen to lymphocytes and trigger adaptive immunity. 
In addition, monocytic DC precursor can differentiate into 
osteoclasts in the presence of RANKL and M-CSF. In rat 
OTM, dendritic-like cells are observed in the PDL via an 
immunohistochemical stain with a CD11b antibody [121].

During the initiation of the innate immune response, the 
cells typically associated with allergic responses, including 
mast cells, eosinophils, and basophils, participate early during 
the initial phase of bone resorption in OTM [94••, 122]. They 
produce histamine, cause vasodilation, increase permeability 
for leukocytes, and release the proinflammatory cytokines and 
RANKL [123], stimulating bone resorption. In particular, the 
number of mast cells stained with toluidine blue decreases 
on both compression and tension sides 15 min after ortho-
dontic loading while basophils increase throughout the initial 
phase [124]. This signifies a quick degranulation in response 
to mechanical force. In rats, mast cells in the periodontium 
produce cytokines such as TNFα, IL-6, and IL-1β, which are 
potent inducers of bone resorption [125].

Contribution of Adaptive Immune Response 
to Orthodontic Tooth Movement

During OTM, classical αβ T lymphocytes are upregulated, as 
reflected by the proliferation of CD4 + T cells and increased 
cytokine production [94••, 112]. Th1 cells produce proin-
flammatory cytokines such as TNFα and IL-1, inducing bone 
resorption. Orthodontic force–induced alveolar bone remod-
eling increases the ratio of CD4 + /CD3 + cells and Th1 cells 
in the local bone marrow in mice [113]. Th17 cells produce 
IL-17A, a potent stimulator of RANKL expression [126]. IL-6 
and IL-17 have a positive-feedback loop, maintaining high 
amounts of these cytokines, which favors osteoclastogenesis 
in response to orthodontic forces [127]. T cell-deletion sig-
nificantly inhibits OTM with less osteoclast formation and 
reduced expression of TNFα and IFNγ compared with WT 
mice, which is reversed by T cell transfer [113]. However, 
another study reports that the deletion of CD4+ and CD8+ T 
cells has no impact on OTM, questioning the roles of T cells 
in OTM [128]. A recent study found that γδT cells increased 
during the lag phase and are essential for OTM [98••, 103]. 
Deletion of γδT cells in mice reduced IL-17A and RANKL 
expression, monocyte and neutrophil recruitment, osteoclast 
formation, and OTM distance [103]. It should be noted that 
in mice γδT cells are a predominant source of IL-17A in the 
oral cavity, while in humans Th17 cells are the predominant 
source. Excessive production of IL-6 and IL-17 could poten-
tially lead to root resorption [129]. Treg cells increase during 
the lag phase and potentially lead to the resolution of inflam-
mation and bone formation by suppressing the activity of Th1 
and Th17 cells [130, 131]. Furthermore, T cells are affected by 
mechanical forces, which modulate the activation and function 
of T cells [132].

OTM involves the upregulation of B cell signaling through 
three phases [91, 94••]. B cells release IL-6, IL-12, GM-CSF, 
and RANKL, which promote osteoclastogenesis [105, 133]. 
In mice, B cells are observed as early as 3 days after ortho-
dontic loading and B cell-deletion reduces the OTM rate by 
28% [119]. B cells contribute to both bone resorption and 
anti-inflammation during OTM [94••, 103]. B cells indirectly 
promote bone resorption by the production of IL-12, which 
induces Th1 cells to release IL-1 and TNFα [134]. In addition, 
the B cell numbers significantly increased after 14 days, while 
other immune cells such as neutrophils, monocytes, and γδT, 
and CD4+ T cells significantly decreased [103]. The roles of 
immune cells in OTM are summarized in Table 2.

Immune Cells and Bone Formation

On the tension side, new bone is formed as a result of applied 
forces during OTM. Contrary to the multiple roles of immune 
cells in bone resorption on the compression side, studies 
related to the function of immune cells in new bone formation 
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are sparse. The anti-inflammatory M2 macrophage is a pivotal 
immune cell for the cessation of bone resorption and initiation 
of tissue repair [111]. As an essential regulator of the wound 
healing process, M2 macrophages produce anti-inflammatory 
cytokines such as TGF-β and IL-10, promoting osteoblas-
togenesis [141]. Treg cells reduce progressive inflammatory 
responses by inhibiting Th1 and Th17 cells and facilitating 
new bone formation [131]. B cells release IL-10 and TGF-β. 
IL-10 reduces the production of RANKL, upregulates OPG 
in osteoblasts, and inhibits osteoclast differentiation. On the 
other hand, TGF-β attracts osteoblast precursors, induces 
proliferation and chemotaxis of PDL cells, and upregulates 
collagen 1 gene and tissue inhibitors of metalloproteinases 
(TIMPs) [161]. Moreover, B cell-deleted mice present with 
lower bone formation and less OPG expression, supporting 
the role of B cell in bone formation [162].

Contribution of PDL Cells, Osteoblasts, 
and Osteocytes to Bone Resorption in OTM

Periodontal ligament stem cells (PDLSCs) are a sub-
population of mesenchymal stem cells (MSCs) resid-
ing in the PDL that have the potential for self-renewal, 
proliferation, and multilineage differentiation [163, 
164]. The roles of PDLSCs in response to mechani-
cal force have been examined in in vitro and in vivo 
studies, which support their involvement in alveolar 
bone remodeling [164–166]. Static compression alters 
the morphology and differentiation of PDLSCs [91, 
167]. Upon compression, hPDLSCs express signifi-
cantly   reduced amounts of type I collagen (Col-I), 
altering formation of the periodontal ligament [168]. 
After mechanical force  withdrawal, reduced colla-
gen expression recovers, which is regulated by TGF-
β. Under compression, hPDLSCs present increased 
osteogenic differentiation at 1  h, but shortly  after 
present significantly increased RANKL/OPG ratio 
and decreased ALP activity at 12 h [165]. In OTM rat 
models, the number of PDLSCs, identified by Nestin 
and PDGFRα, gradually increase until day 3 and then 
decrease on day 7 on both compression and tension 
sides, demonstrating their participation in early OTM 
phases [165]. Interestingly, PDLSC-deletion blocks 
OTM by 60% and osteoclastogenesis by 80% in trans-
genic mice [169]. PDLSCs are also mechanosensing 
cells in the PDL via activation of Yes-associated pro-
tein (YAP) [170]. During OTM, YAP expression is sig-
nificantly increased on the compression and tension 
side with nuclear translocation [171, 172]. In line with 
this finding, YAP deletion in PDLSCs significantly 
decreases OTM and osteoclast formation on the com-
pression side [169].

PDL fibroblasts represent 50–60% of PDL cells, main-
tain tissue homeostasis, and are the primary mechanosensi-
tive cells in PDL [173–175]. Interestingly, PDL fibroblasts 
express the alkaline phosphatase, osteocalcin, and positive 
Von Kossa staining to show bone mineralization in com-
mon with osteoblasts [66, 176]. Upon compression, they 
upregulate the RANKL mRNA and protein expression and 
regulate the extracellular matrix via the MMP-8/TIMP-1 
ratio [177–180]. Expression of MMP-1, -8, and -13, which 
are the collagenase group of MMP, is upregulated on the 
compression side in the rat OTM model [181]. MMP-8 is 
expressed from days 2 to 7 and MMP-13 from days 2 to 4 
after orthodontic loading. Both increased expression levels 
returns to basal levels by day 14. Furthermore, recent stud-
ies have supported an important role of PDL fibroblasts and 
osteoblast lineage cells as a main source of RANKL during 
OTM via NF-Kb regulation [93, 173].

Osteoblasts are bone-building cells derived from mes-
enchymal progenitor cells and produce PGE, M-CSF, 
RANKL, OPG, and BMP, regulating both catabolic and 
anabolic responses in OTM [182–184]. RANKL expres-
sion in osteoblasts is stimulated by PGE2, vitamin D3, 
PTH, IL-1, IL-6, IL-11, IL-17, and TNFα [185]. Using a 
mouse OTM organ culture model, Uribe et al. found that 
the expression of 3.6-kb Col1 and bone sialoprotein (BSP), 
early osteoblastic markers, decreased on the compression 
side following 6 h of OTM [186]. Later, at the linear and 
acceleration phase, osteoblast-related pathways were upreg-
ulated [94••]. Levels of IL-1, IL-16, and IFNγ decreased 
while levels of IL-10 and TGFβ further increased [94••].

Osteocytes are the most abundant cells in bone tissue and 
individually reside in lacunae [100]. They express M-CSF, 
RANKL, OPG, and sclerostin, affecting both osteoblasts 
and osteoclasts during OTM [187–189]. Osteocytes strongly 
express MMP-13 at days 2 and 4 on the compression side, 
which returns to normal levels by day 14 in the rat OTM 
model [181]. Osteocyte damage results in an increased 
production of M-CSF and RANKL, stimulating osteoclast 
formation in vitro and in vivo [190, 191]. Microdamage in 
bone during OTM affects RANKL expression, causing a 
peak osteocyte apoptosis at 24 h in mice OTM model [192]. 
RANKL contained in apoptotic bodies can induce osteoclast 
formation. The role of osteocytes as an important source of 
RANKL during OTM has been examined using transgenic 
mice [187–189]. Osteocyte ablation mice present a significant 
reduction of osteoclast formation and OTM by 60% and 50% 
respectively [189]. Lineage-specific RANKL deletion in oste-
ocytes blocks OTM by 40% and osteoclastogenesis by 60% 
compared with control mice [188]. In addition, osteocytes 
are the only cells to secrete sclerostin, which stimulates bone 
resorption and inhibits bone formation [193, 194]. Sclerostin 
also stimulates RANKL expression by osteocytes [195, 196]. 
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Osteocytes are the main mechanosensing cells in bone and 
have several features that participate in mechanotransduction 
including cytoskeletons, dendritic processes, primary cilia, 
focal adhesion, gap junction, ion channels, and cell surface 
receptors such as integrins [197]. A recent study examined 
the effect of IFT80 in osteocytes during OTM, which is essen-
tial for cilia formation and function [198]. Primary cilia are 
considered the mechanosensory structure in bone, cartilage, 
and kidney. Deletion of IFT80 in osteoblasts, chondrocytes, 
and osteocytes leads to the decreased number of cilia. How-
ever, the cilia in osteocytes did not significantly impact the 
mechanical force-induced bone remodeling, which presents 
similar OTM distance, osteoclastogenesis, and expression of 
RANKL or sclerostin in IFT80-deletion mice compared to 
WT mice [198]. This suggests other possible mechanosensory 
systems in osteocytes and anatomic limitations to cilia deflec-
tion in osteocytes in vivo [199, 200].

Contribution of PDL Cells, Osteoblasts, 
and Osteocytes to Bone Formation in OTM

Bone formation is delayed during the initial OTM phase 
due to the predominant proinflammatory markers such 
as TNFα, which inhibit the expression of Runx2 [185]. 
On the tension side, PDL fibers are stretched and induce 
bone deposition. Upon tensional strain in vitro, PDLSCs 
significantly upregulate the mRNA and protein expres-
sion of Runx2, osterix, and Satb2 [201]. The magnitude 
of tension differentially regulates osteogenic and osteo-
clastic responses, with excessive tension upregulating 
PDLSCs to stimulate osteoclast differentiation. Similar 
to the compression side, expressions of YAP and TAZ are 
significantly increased on the tension side with nuclear 
translocation [171, 172]. In addition, YAP deletion in 
PDLSCs reduces Runx2 expression on the tension side 
[169].

PDL fibroblasts produce Runx2 and OPG in response to 
tensional force [178–180]. A recent study investigated the 
relationship between the platelet-derived growth factor-
BB (PDGF-BB) and PDL fibroblasts on the tension side 
during OTM. PDGF-BB level was significantly enhanced 
in PDL fibroblasts on the tension side, activating JAK2/
STAT3 signals in bone formation during OTM [174]. The 
inhibitor treatment for PDGFRβ and JAK-STAT signals 
attenuated OTM with downregulated osteogenic differen-
tiation and bone generation on the tension side. In addi-
tion, the expression of the collagenase such as MMP-8 and 
MMP-13 is upregulated on the tension side in a rat OTM 
model in vivo and in vitro [181]. In humans, the mRNA 
expression of MMP-1 and TIMP-1 increases in the PDL 
on the tension side [202].

Using a mouse OTM organ culture model, Uribe et al. found that 
the expression of 3.6-kb Col1 and bone sialoprotein (BSP), early 

osteoblastic markers, increased on the tension side following 6 h of 
OTM [186]. OTM mice model demonstrated that an expression of 
alpha-smooth muscle actin (α‐SMA), a reliable marker of osteopro-
genitor cells, peaked at 2 days while an expression of osteopontin 
and osteocalcin, markers for osteoid mineralization, peaked at day 
4 on the tension side [203]. The levels of TGF-β, responsible for 
differentiation of osteoblast precursors, increased on the tension side 
after 3 days in mice OTM model [204]. The expression of MMP-13 
mRNA and protein levels was highly expressed in osteoblasts in 
response to tensile strain in vitro [205, 206].

In response to mechanical strain, osteocytes produce 
NO and PGE2 within seconds to minutes [207]. Osteo-
cyte-derived NO promotes osteoblast differentiation and 
bone formation in vitro and in vivo. In addition, sclerostin 
expression by mature osteocytes was immediately reduced 
and maintained at low levels on the tension side, nullifying 
their inhibitory effect on bone formation [193]. Interestingly, 
lineage-specific RANKL deletion in osteocytes had signifi-
cantly decreased the osteoblast number on the tension side 
compared with control mice, suggesting the possible bone 
coupling mechanism [188]. The expression of MMP-8 in 
osteocytes increased on days 4 and 7 after orthodontic load-
ing on the tension side using a rat OTM model [181].

The presence of multiple cells on the compression and 
tension sides during OTM is described in Fig. 2.

Conclusion

Inflammatory and mechanical force-induced bone remodeling 
involves bone resorption and bone formation. A number of cell 
types are involved in both processes. In particular, the important 
role of immune cells in bone remodeling developed the concept 
of “osteoimmunology” or “immunorthodontics.” Periodontal 
disease is classically destructive to the periodontium by the host 
response to bacteria. This review thoroughly examined the ways 
in which the host response contributes to periodontal disease. 
The host response is evident with the healthy epithelial barrier 
being armed with immune cells to defend against microbes. 
When periodontal disease is initiated, this barrier is breached. 
The inflammatory osteoimmune nature of periodontitis results 
in affecting the behavior of bone cells driving the bone coupling 
cycle either towards or away from bone formation/resorption. 
This relationship is evident in the cause-and-effect studies cov-
ered in this review. However, questions regarding how these pro-
cesses are initiated, why inflammation is causing aggressive host 
response, and how to control it are still unknown. Understanding 
the communication between periodontal disease contributing 
cells and bone cells in both health and disease is vital in order to 
reveal new insights on how to ultimately treat and prevent peri-
odontal disease. OTM is a highly coordinated process in which 
various cells such as immune, bone and PDL cells, cytokines, 
and signals/pathway are involved. To date, a number of OTM 
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studies have focused on bone resorption, which is considered 
a rate-limiting step. The bone formation itself on the tension 
side cannot promote the OTM velocity while their effects are 
more critical in the late phase of OTM. Understanding cellular 
and molecular targets in OTM can benefit our daily orthodontic 
practice by applying our knowledge to accelerate tooth move-
ment or prevent orthodontic relapse.
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