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rise to the enamel organ (epithelial component). The 
condensed dental mesenchyme is derived from cranial 
neural crest cells after their migration into the oral re-
gion of the first pharyngeal arch, and diversifies into 
dental papilla (DP) and dental follicle (DF) (mesen-
chymal components). DP gives rise to dental pulp and 
odontoblasts, whereas DF differentiates into periodon-
tal tissues including the periodontal ligament (PDL), 
cementum and alveolar bone.2-4

Tooth eruption refers to the movement of the tooth 
from its developmental location within the arch to its 
functional position in the oral cavity,2,5 a process that 
occurs concomitantly with root formation.6 The pro-
cess of tooth eruption can be divided into three distinct 
phases: pre-eruptive tooth movement (phase 1), erup-
tive tooth movement (phase 2) and post-eruptive tooth 
movement (phase 3).6 Pre-eruptive tooth movement is 
a series of intricate biological events that take place for 
the preparation of tooth emergence into the oral cav-
ity, which mainly consists of the early stages of tooth 
development until the onset of tooth root formation.6 
Eruptive tooth movement occurs accompanied by tooth 
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Tooth Root Development and Homeostasis during Eruptive 
and Post-eruptive Movement 
En Hui YAO1, Jia Hui DU1, Xin Quan JIANG1

Tooth eruption is the process whereby the developing tooth moves to its functional position 
in the occlusal plane and it occurs concomitantly with formation of the tooth root, which is a 
critical component of the tooth anchored to surrounding alveolar bone through the periodon-
tal ligament. Post-eruptive tooth movement ensues that once occlusion is achieved, the teeth 
maintain their alignment within the alveolar bone to facilitate proper bite function through 
periodontium remodelling. Tooth overeruption presents a clinically significant issue, yet the 
precise mechanisms by which alterations in occlusal forces are translated into periodontal 
remodelling remain largely unexplored. In this review, the present authors aim to outline the 
latest progress on the potential mechanisms governing tooth root formation and homeostasis 
during tooth eruptive and post-eruptive movement. Based on recent findings using various 
mouse models, we provide an overview of the collaborative intercellular interaction during root 

-
over, we summarise the potential mechanism underlying post-eruptive movement mainly in 
view of the responses of periodontal tissues to vertical mechanical stimuli. In sum, the precise 
regulatory mechanisms during tooth eruption throughout life will shed light on disease treat-
ment of tooth eruption defects and overeruption. 
Keywords: homeostasis, mechanotransduction, periodontium, tooth eruption, tooth root
Chin J Dent Res 2024;27(4):273–289; doi: 10.3290/j.cjdr.b5860254

The tooth, which comprises two functionally distinct 
components, the crown and the root, is critical for 
mastication, digestion and phonation.1,2 Tooth devel-
opment begins with the dental lamina and underlying 
dental mesenchyme, and involves sequential, recipro-
cal epithelial-mesenchymal interactions. The dental 
lamina derives from thickened oral epithelium, giving 
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root formation, and lasts until the tooth crown reaches 
the occlusal plane. This phase can be divided into two 
stages: intra- and supraosseous eruptive tooth move-
ment.6

root sheath (HERS), root dentine, the PDL, cementum, 
alveolar bone in the apical tooth region, and osteoclast-
mediated bone resorption of the cortical shell overlay-
ing the tooth crown for eruptive path formation, which 
jointly facilitate the emergence of the tooth into the 
oral cavity.5,7-9 Once the tooth reaches its occlusal pos-
ition, occlusal force starts to stimulate the continuous 
maturation of the periodontal attachment apparatus of 
the tooth.10 Physiological post-eruptive movement in a 
vertical direction happens throughout life, which com-
pensates for coronal wear and maintains the position 
of the tooth within the alveolar bone to achieve proper 
occlusion.10 Vertical post-eruptive movement leads to 
the concerning issue of tooth overeruption after the 
loss of the opposing occlusion.6,10,11 Post-eruptive tooth 

movement in a horizontal direction happens mainly 
due to adjacent tooth loss or under orthodontic force.12-

14 The potential mechanisms that govern tooth root 
formation and homeostasis during eruptive and post-
eruptive tooth movement remain largely unexplored. 

In this review, the present authors summarised 
the potential mechanisms underlying eruptive and 
post-eruptive tooth movement (Table 1), specifically 
highlighting the collaborative intercellular interaction 
involved in tooth eruption, including HERS, DP and DF 
(Fig 1). For post-eruptive tooth movement, we focused 
on the responses of periodontal tissues to vertical 
mechanical stimuli (Fig 2). Additionally, we described 
various mouse models used to study occlusal hypofunc-
tion or hyperfunction, including molar extraction,15-22 
dietary modifications,23-25 induction of masticatory 
muscle atrophy26,27 and the use of intraoral bite blocks 
or other devices (Table 2).16,28-31

Eruptive tooth movement

Pre-eruptive tooth movement consists of the early stages 
of tooth development until the onset of tooth root forma-
tion. The development of the tooth crown begins from 
the dental lamina, followed by a series of bud, cap and 
bell stages. At the interface between the dental epithe-
lium and mesenchyme, odontoblasts and ameloblasts 
differentiate to form dentine and enamel, respectively.32 

The process of tooth eruption can be regarded as the 
result of increments of basal tissue and subtractions 
of coronal tissue, which are mediated by intricated 
cellular interactions between HERS, DP, DF and so on 
(Table 1 and Fig 1).6,7,11,33-37 The increments mainly 
include root formation, PDL formation and osteogen-
esis in the root region, providing motive forces for cor-
onal eruption. Meanwhile, the decrement refers to the 
formation of the eruption pathway through osteoclastic 
activities above the tooth crown region. After the bone 
overlying the erupting tooth is resorbed, the reduced 
dental epithelium and the oral epithelium fuse, degen-
erate and form an epithelial canal through which the 
tooth erupts, thus preventing bleeding during supraos-
seous tooth eruption. Then the tooth gradually reaches 
its functional position and achieves occlusal contact 
with the opposite tooth.2,3

HERS

Tooth root initiation and shaping

Once crown formation is completed, epithelial cells 
of the inner and outer enamel epithelium proliferate 

 Cellular interactions during tooth eruption and 
tooth root formation. Coronal DF regulates osteoclastic bone 
resorption during eruptive tooth movement (a). The interaction 
between HERS and DP participates in tooth root formation (b). 
Basal DF regulates osteoblastic bone formation during eruptive 
tooth movement (c). 
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from the cervical loop of the enamel organ to form a 
double layer of cells known as HERS.2,38,39 HERS cells 
express strong epithelial cell markers Keratin 14 (K14) 
and E-cadherin.39,40 HERS elongates apically, acting as 
a template for root morphology and guiding the emer-
gence of multi-rooted structures in posterior teeth. It 
invaginates inwards towards the pulp at the location of 
future root furcation, thus forming multiple roots. Devi-
ations in this process lead to a variety of morphological 
root variances such as supernumerary roots, pyrami-
dal-shaped roots and taurodontism.41 For example, 
researchers found that loss of Wnt10a in the HERS, 
which is a ligand in canonical Wnt signalling, inhibits 
cell proliferation and horizontal elongation, leading to 
taurodontism with the absence of or apically located 
pulp floor and pulp chamber enlargement.42,43

Regulatory mechanism of HERS

The formation and function of HERS are regulated by 
multiple classical signalling pathways, such as sonic 

signalling pathways.44 Shh, a member of the vertebrate 
Hh family and expressed in the apical HERS, is crucial 

for epithelial-mesenchymal interactions at the root 
apex. Nakatomi et al45 identified Ptc1 as Shh target genes 
mainly expressed in DP adjacent to the HERS, whose 
loss leads to inhibited cell proliferation, root elongation 
and disturbed eruption in homozygous Ptcmes mutants 

root formation, is a key mediator of canonical Wnt sig-
nalling. Yang et al39 reported that the inactivation of 

due to premature disruption of HERS. In addition, it has 
been reported that loss of Wnt ligands results in a break-
down of the epithelial integrity of HERS with aberrant 
cellular projections.46

regulator for stem cell fate determination in many epi-
thelial tissues, such as the hair and intestine.47,48 BMP 
signalling is actively involved in regulating cell fate deci-
sions during the formation of HERS. Yang et al49 showed 
that cessation of the epithelium BMP signalling switches 
differentiation of crown epithelia into the root lineage, 
forming ectopic cementum-like structures using a Krt5-
rtTA;tetO-Cre;Alk3fl/fl mouse model. Li et al50 found that 
loss of Smad4 in the dental epithelium prolongs the 
maintenance of the cervical loop and molar crown de-
velopment through BMP-SMAD4-Shh signalling using a 
Krt14rtTA;tetO-Cre;Smad4fl/fl;Shhfl/fl mouse model. 

  Mechan-
isms of periodontium 
response to mechanic-
al stimuli. Hypo-loading 
leads to apical cellular 
cementum deposition, 
sparse and disorganised 
collagen fibres, enhanced 
osteogenic activity in the 
PDL-bone border with 
a gain in alveolar bone 
height, and aggravated 
osteoclast activity in alve-
olar bone marrow with 
progressive decrease 
in BV/TV and mineral 
density (a). Hyper-load-
ing leads to enhanced 
cementum hardness and 
resorption, thicker and 
stiffer collagen fibres and 
activated bone resorp-
tion, followed by a bone 
formation phase, leading 
ultimately to increased 
alveolar bone density 
(b). The dotted lines rep-
resent the normal tooth 
border.
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  Comparison between different models of occlusal hypofunction/ hyperfunction.

Model Surgery Animal Age Site/methods Analysis time Phenotype

Hypo-
loading

Extraction

Swiss Webster mice 35 d Maxillary molars
6/21 d after 
surgery

Increased cellular cementum; larger cemen-
tocytes15

Gli1-CreER; tdT mice 4 wk
3 maxillary 
molars

14/30/60 d 
after surgery

Lower alveolar bone height (CEJ-ABC); 
lower bone density18

Lepr-CreER; tdT mice 6 wk
Maxillary first 
molar

14 d after sur-
gery

Impaired osteogenic differentiation of Lepr+ 
cells16

C57BL/6J mice 4 wk
3 maxillary 
molars

2/4/6 wk
Decrease in BV/TV and mineral density, 
bone resorption in the medullary space and 
PDL atrophy20

C57BL/6J mice 4 wk
3 maxillary 
molars

1/4/12 wk

Collagen disorder in PDL, enhanced osteo-
genic activity on the PDL–bone border, 
aggravated osteoclast activity in alveolar 
bone inner part, increase in alveolar bone 
height, gain in mandibular width17

Sprague-Dawley rats 5 wk
Mandibular 
molars

4 wk after sur-
gery

Active bone formation on the PDL–bone 
border, expansion in bone marrow and 
decrease in bone volume21

Sprague-Dawley rats; 
Piezo1-CreER; Rosa26-
Ai47 mice

6 wk 
(rats)

3 maxillary/man-
dibular molars

12 wk after 
surgery (rats); 
3 wk after sur-
gery (mice)

Decreased alveolar bone loss in the Piezo1 
activated group22

Diet
Axin2-CreER; R26RmT-

mG/+ mice
P15 Soft diet P15-65 PDL atrophy23

Sprague-Dawley rats 21 wk Soft diet 27 wk Higher and wider alveolar process25

Muscle atrophy 
(single side 
botulinum toxin 
[BTX] injection)

Sprague-Dawley rats 18 wk
Masseter and 
temporal muscles

4 wk after sur-
gery

Masseter and temporal muscle atrophy and 
alveolar bone loss in injected side26

New Zealand white 
rabbits

5 mo Masseter muscle
4/12 wk after 
surgery

Decreased bone volume in molar regions of 
both sides27

Devices

Mice 5 wk
Maxilary first 
molar (flatten 
cusps)

6 wk after sur-
gery

mx M1: elongation of both the mesial root 
and its surrounding alveolar bone; mn 
M1: overeruption of the mesial side of the 
tooth28

Wistar-strain rats 5 wk
Bite-raising appli-
ance

16 wk
Longer and narrower roots especially the 
mesial root, a decrease in root area and PDL 
thickness and area29

Hyper-
loading

Molar extraction
Axin2-CreER; R26RmT-

mG/+ mice
5 wk

Maxillary second 
and third molar

7/14/28/56 d 
after surgery

Increased collagen deposition, a thicker, 
stiffer PDL, activated bone resorption fol-
lowed by bone formation, leading ultimately 
to mineral apposition and increased alveolar 
bone density19

Diet
C57BL/6 J mice 3 wk Hard diet 14 wk

Osteocytes balanced the cytokine expres-
sion to enhance jaw bone formation24

Axin2-CreER; R26RmT-

mG/+ mice
P15 Hard diet P15-65

Mastication-induced strain maintained the 
PDL fibres23

Devices 

Lepr-CreER; tdT mice 6 wk
Maxillary first 
molar(adhere 
composite resin)

14 d after sur-
gery

Promoted osteogenic differentiation of 
Lepr+ cells16

Wistar rats/ddY mice
8 wk/ 

3 mx molars 
(bond stainless 
steel wire)

4–7 d after 
surgery

Upregulated expression of CCL2 in PDL, 
CCR2 in pre-osteoclasts, and tartrate-
resistant acidphosphatase-positive cells in 
alveolar bone31

CCL2-/- or CCR2-/- mice 5 wk
3 maxillary 
molars 

4–7 d after 
surgery

Increased expression of CCL3 and TRAP-
positive cells30

P, postnatal day.
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DP

Tooth root pulp and dentine formation

At the cap stage, the DP is formed underlying the invag-
inated dental lamina. Subsequently, DP cells develop 
into dental pulp cells and odontoblasts.2,51 It is well 
documented that stem cells that exist in the apical DP 
could contribute to tooth root formation.52 Using lin-
eage tracing mice models, researchers have validated 
that various markers can be utilised to identify stem 
cells in the DP in vivo, such as Wnt1,53 osterix (OSX),54 
Gli1,55 Axin256 57 
Recently, utilising single-cell transcriptome profiling of 
the mouse molar at postnatal day 3.5 (P3.5), Jing et al58 
revealed that apical DP cells (Aox3+/Tac1+) are progeni-
tor cells with a highly proliferative capacity and give rise 
to odontoblasts and the dental pulp lineage. 

Regulatory mechanism of DP

The development and differentiation of DP are regulated 
by multiple molecular factors. Nuclear factor I-C (NFIC) 
is a transcription factor (TF) that binds to DNA through 
CAATT-boxes. The function of NFIC during postnatal 
root development has been confirmed using the Nfic-/- 

mouse model, which exhibits short and malformed root 
morphology but displays normal crowns.59,60 Besides, 
Liu et al55 proved that Nfic regulates Hh signalling in 
the dental mesenchyme by upregulating Hhip, an Hh 
attenuator, thus contributing to apical DP growth and 
proper root formation. Zhang et al61 suggested that OSX, 
a mesenchymal TF involved in osteogenesis and odon-
togenesis, promotes odontoblast and cementoblast dif-
ferentiation and root elongation using a Col1-Cre;Osxfl/fl 

signalling activity in odontoblast-lineage cells is also 
indispensable for root formation. Root odontoblast dif-
ferentiation has been found to be impeded with dimin-

osteocalcin (OC) and dentine sialophosphoprotein 
(DSPP), leading to failed root formation with conditional 

62,63

Epigenetic regulation has also been implicated in 
the processes of root formation. EZH2, the catalytic 
subunit of the polycomb repressive complex 2, silences 
its target genes by generating the lysine 27 trimethyla-
tion epigenetic mark on histone H3.64 ARID1A contains 
a DNA-binding domain and mediates the chromatin 
remodelling function of the SWI/SNF complex, play-
ing a role in cell cycle regulation, metabolic repro-
gramming and epithelial-mesenchymal transition.65,66 

Jing et al67 revealed that the interplay between EZH2 
and ARID1A epigenetically modulates Cdkn2a (a cell 
cycle inhibitor) expression in the dental mesenchyme, 
influencing root patterning and growth through tar-
geted deletion of EZH2 in the dental mesenchyme 
using Osr2-Cre;Ezh2fl/fl mouse models. Using a Gli1-
CreER;Arid1afl/fl mouse model, Du et al68 showed that 
loss of ARID1A impairs the differentiation-associated 
cell cycle arrest of tooth root progenitors through Hh 
signalling regulation, leading to shortened roots and 
delayed eruption.

DF

Periodontal tissues and eruption pathway formation

The DF, outside both the enamel organ and DP, contrib-
utes to the periodontal attachment apparatus includ-
ing the cementum, PDL and alveolar bone.6 It has been 
demonstrated that distinct cellular domains within the 
DF function differently during tooth crown and root de-
velopment.8,35,58 It has been confirmed that the lateral 
and apical DF domains contain precursors that can dif-
ferentiate into PDL fibroblasts, cementoblasts and al-
veolar bone osteoblasts.6,58,69 Thus, the removal of the 
basal half of the DF results in no bone accrual and tooth 
eruption11, whereas coronal DF participates in the regu-
lation of osteoclastic bone resorption,8 and the removal 
of the coronal DF could result in failed alveolar bone 
resorption and tooth eruption.11

Regulatory mechanism of DF

Parathyroid hormone-related protein (PTHrP)-PTHrP 
receptor (PPR) autocrine signalling has been found 
to be critical for root formation and tooth eruption. 
PPR knockout in PTHrP+ DF cells was shown to cause 
failed tooth eruption, which may be induced by a lack 
of motive forces.7,69-71 In addition, it is reported that 
Igf1-Igf1r signalling mediates the cell-cell interaction 
between lateral and apical DF, which is crucial for PDL 
development, with its absence resulting in an enlarged 
PDL area but not affecting root length at P16.5 using 
Lepr-Cre;Igf1fl/fl and Slc1a3-CreER;Igf1rfl/fl mouse mod-
els where Igf1 and Igf1r  were specifically knocked out 
from the lateral and apical DF.58 In Osr2-Cre;Foxp4fl/fl 

mice, loss of Foxp4 in DF leads to an increased PDL area 
and diminished periostin expression, suggesting that 
the lineage contribution of the apical DF is regulated in 
part by Foxp4.58

The cellular expression of factors involved in bone 
remodelling varies within different DF domains and 
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stages, reflecting the coordination of osteogenesis and 
osteoclastogenesis during eruption.35,72 RUNX2 is a piv-
otal TF imperative for the differentiation of osteoblasts. 
RUNX2 mutations result in cleidocranial dysplasia 
(CCD), which impairs osteogenesis by inhibiting osteo-
blast-associated genes, including alkaline phosphatase 
(Alpl), Osx, OC and , thereby hindering alveolar 
bone formation, which functions as a motive force for 
tooth eruption.73,74 Tang et al75 identified that Nel-like 
molecule type 1 (Nell-1) protein is restricted to the 
odontoblasts and endothelial cells of blood vessels dur-
ing tooth eruption, and it has been revealed that Runx2 
directly regulates the expression of Nell-1 by binding to 
osteoblast-specific binding element 2 sites in the Nell-1 
promoter in vitro experiment.76,77 Thus, the Runx2/Nell-
1 axis in the basal DF may act as one of the key regula-
tory pathways during alveolar bone formation.8 BMP-2, 

notably expressed in the basal DF, correlating with the 
onset of alveolar bone formation at P3 and accelerated 
bone growth at P9 in the alveolar bony crypt of the man-
dibular first molar in rats.72,78 Yao et al72 established that 

with a more pronounced effect on BMP-2. 
Furthermore, the coronal DF plays a prominent role 

in modulating osteoclast activity through the upregu-
lation of receptor activator of nuclear factor kappa B 
ligand (RANKL) and downregulation of osteoprotegerin 
(OPG), thereby creating the eruption pathway.35,79-81 
The crucial modulation of DF on osteoclastogenesis 
shows two bursts in the rat mandibular molar develop-
ment model. At P3, it triggers a significant increase in 
osteoclast formation with the expression of chemotac-
tic protein-1 (MCP-1) and colony-stimulating factor-1 
(CSF-1) at peak levels, attracting osteoclast precursors 
and stimulating their differentiation.11,35,82 By P9-11, 

and vascular endothelial growth factor (VEGF) peak. 
VEGF can also recruit osteoclasts and upregulate RANK 
expression in endothelial cells and osteoclast precur-
sors, suggesting a role in osteoclastogenesis beyond 
recruiting precursors.83,84

Interaction between HERS, DP and DF

HERS, DP and DF interact closely during tooth root de-
velopment. In addition to its foundational role in root 
shaping, HERS also plays a vital role during the differ-
entiation of root odontoblasts in DP during root dentine 
formation.41 Mullen et al85 proved that HERS secretes 
laminin 5 to induce the growth, migration and differ-
entiation of dental mesenchymal cells in the DP. Huang 

et al59 demonstrated that tissue-specific knockout of 
Smad4
signalling, results in abnormal enamel and dentine for-
mation because of the absence of SMAD4-Shh-NFIC sig-
nalling. Yang et al39

in cell-cell adhesion of HERS to maintain its structural 
integrity as well as affect epithelial-mesenchymal tran-
sition (EMT), and also regulates the odontogenic dif-
ferentiation of DP through inducing the expression of 
morphogenetic regulators such as Osx and Nfic, using 
Shh-CreER;Ctnnbfl/fl;R26R mice. Zhang et al86 demon-
strated that HERS-derived exosome-like vesicles (ELVs-
H1) promote the migration and proliferation of DP cells 
and also induce odontogenic differentiation and activa-

Concurrently, HERS is also essential for the differ-
entiation of DF cells into periodontal tissues.87 PDL 
formation starts with the migrated DF cells in contact 
with the HERS between root dentine and alveolar bone, 
coinciding with the beginning of HERS perforation.80,88 
Luan et al89 demonstrated that although HERS itself did 
not produce cementum, its fenestration was an essen-
tial requirement for the onset of cementogenesis. This 

the absence rather than presence of HERS epithelial 
cells was critical for cementogenesis, but they did not 
exclude the possibility of HERS playing an inductive 
role during the initiation of acellular cementogen-
esis.89,90 Recently, some research has shown that HERS 
cells may have the capability to transform into PDL 
fibroblasts and cementoblasts in the development of 
the periodontal tissues.91,92 Although it is still ques-
tionable whether participation is autonomous or non-
autonomous, it is undeniable that HERS plays a crucial 
role in the formation of cementum. 

DF development could also be regulated by the adja-
cent apical DP. Lin et al93 proved that stem cells from 
apical DP (SCAPs)-secreted osteoglycin (OGN) inhibits 
the differentiation and maintains the stemness of DF 
stem cells (DFSCs) via the OGN-HH pathway during 
root development by employing a transwell coculture 
system. Meanwhile, partial SCAP differentiation mark-
ers were upregulated after DFSC coculture. They also 
demonstrated that OGN knockout leads to accelerated 
root elongation and dentine deposition from P0 to P30 
in Ogn–/– mice, probably due to upregulated HH signal-
ling in the apical DP and DF.93

The precise regulatory mechanism of tooth erup-
tion is widely debated. Tooth eruption and tooth root 
formation had been considered independent since 
teeth can emerge into the oral cavity without roots or 
PDL.94,95 Xu et al96 found that the absence of mem-
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brane-type matrix metalloproteinase 1 (MT1-MMP) in 
mesenchyme leads to malformed roots and decreased 
alveolar bone formation but with teeth erupted into the 
oral cavity. Cui et al97 identified deletion of PTH1R in 
Prx1+-progenitors results in delayed tooth eruption due 
to reduced alveolar bone formation despite unaffected 
molar root and PDL development. Controversy remains 
over the relationship between tooth root formation 
and tooth eruption, with some other studies support-
ing the idea that the processes of tooth eruption and 
root formation are intertwined.6,70 Tooth eruption is 
accompanied by root development and periodontal tis-
sue formation, and the direction of crown movement is 
consistent with that of root growth.11,70 In addition, in 
patients with primary failure of eruption (PFE), defect-
ive tooth eruption is likely to be caused by a lack of 
motive forces, as the eruption path is normal.70 

Post-eruptive tooth movement

Normal homeostasis

The tooth eruption process does not stop upon reach-
ing the occlusal plane but continues throughout life. In 
humans, mastication involves cyclic loading by forces 
ranging from tens to occasionally hundreds of Newtons 
on the teeth. With each chewing cycle, the teeth may 
move up to several tens of microns.98 In homeostasis, 
continuous remodelling and homeostasis of the cemen-
tum and PDL of the tooth root, as well as the alveolar 
bone, are sophisticatedly maintained (Table 1).6,10,99 

Cementum physiological apposition

Cementum is a mineralised tissue enveloping the roots 
of teeth, formed by cementoblasts, marked with ALPL, 
bone sialoprotein (BSP) and OC, and plays a key role in 
the periodontal attachment apparatus.2,100 Xie et al101 
identified that Axin2+ PDL cells are primary progenitor 
cell sources for cementum formation. Koehne et al102 
demonstrated that ribosomal S6 kinase RSK2 is a crit-
ical regulator of cementoblast function. They found 
cementum hypoplasia in Rsk2-deficient mice, which 
results in detachment and disorganisation of the PDL 
and is associated with significant alveolar bone loss with 
age.102 Cementocytes, the embedded cells within cellu-
lar cementum, exhibit mechanoresponsive properties 
in response to mechanical forces.103 Cellular cementum 
primarily exists on the cervical portions of the root, con-
tributing to tooth anchorage. It extends over the apical 
root dentine and facilitates continuous occlusal adjust-

ment. While similar to bone in composition, cementum 
is avascular, does not undergo physiological remodel-
ling and grows by continuous apposition throughout 
life.103,104 Boabaid et al105 demonstrated that cemento-
blasts inhibit osteoclast differentiation by producing 
and releasing OPG, suggesting that cementoblasts may 
play a role in maintaining lower levels of osteoclastic 
activity at the root surface compared to the adjacent 
alveolar bone in vitro research. Meanwhile, Nemoto 
et al106 reported that cementoblasts contribute to the 
recruitment of osteoclastic precursor cells through 
the upregulation of osteoclastogenesis associated 
chemokines/cytokines and RANKL through the TLR-2 
signalling pathway in response to Porphyromonas gin-
givalis lipopolysaccharide in vitro experiments.

Collagen organisation and maintenance in PDL

PDL is made up of collagen fibre bundles locat-
ed between the cementum and the inner wall of the 
alveolar bone.2,107 It functions not only as a cushion 
against masticatory pressure but also as a transducer 
that perceives physical signals and converts them into 
biological responses within the alveolar bone.20 Stem/
progenitor cells within the PDL termed PDLSCs, which 
can be marked with Axin2+,19,23 Gli1+18,108 and Lepr+ 
cells,16,109 have robust self-renewal and multilineage 
differentiation capacities and are critical for the mech-
anical response of periodontal tissue.16,18,109-111 PDL 
fibroblasts are spindle-shaped and elongated connective 
tissue cells derived from PDLSCs. They can play an essen-
tial role in the mechanical response through primary 
cilia, which are non-motile sensory organelles.112-115 
Koda et al113 reported that Mohawk homeobox ( ), 
a tendon-specific TF, regulates PDL homeostasis by 
upregulating the expression of collagens such as 
and , and suppressing osteogenic-related gene 
expression including Osx, Alpl and Runx2 in PDL fibro-
blasts. Small leucine-rich proteoglycans (SLRPs) are 
extracellular matrix molecules, suggested to regulate 
collagen organisation and cell signalling. Wang et al116 
demonstrated the importance of SLRPs in maintaining 

BMP signalling, matrix turnover and collagen organisa-
tion using a Bgn-/0Fmod-/- mouse model.  

The interaction between PDL fibroblasts and osteo-
clast precursors profoundly influences periodontal 
homeostasis. Various mechanical forces to PDL fibro-
blasts could alter their capacity to produce osteoclas-
togenesis-related molecules.112,117,118 Bloemen et al117 
reported a marked increase in the expression of inter-
cellular adhesion molecule-1 (ICAM-1) and osteoclas-
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well as a significant rise in osteoclast-like cell numbers 
in co-cultures of blood mononuclear cells (PBMCs) with 
human primary PDL fibroblasts, compared to PBMCs 
cultured alone. 

Continuation of remodelling in alveolar bone

Tooth roots are embedded in the alveolar bone by PDL 
and the alveolar bone continues remodelling in its phys-
iological state through coupled osteoclast-osteoblast 
actions.26,119,120 Osteocytes, the most abundant cells in 
bone, possess mechanosensing appendices stretching 
through bone canaliculi.121 These cells regulate local 
bone remodelling by directing osteoblast and osteoclast 
activity in response to mechanical stimuli.104 In addi-
tion, when stimulated by occlusal force, osteocytes have 
the capability to regulate periodontium tissue turnover 
by activating PDLSCs that surround the neurovascular 
bundle, contributing to periodontal homeostasis upon 
mechanical force,18,110,122-124 for example sclerostin 
(SOST)  from the osteocyte is a negative feedback regu-
lator for Gli1+ PDLSC activity.18 Yang et al22 identified 
Piezo1 as the pivotal mediator of occlusal force in osteo-
blasts, thereby sustaining alveolar bone homeostasis 
through the facilitation of osteogenesis and the orches-
tration of catabolic pathways via Fas ligand (FasL)-medi-
ated osteoclastic apoptosis.

Hypo-loading condition

It is common to employ an unopposed mouse molar 
model to investigate axial tooth movement. A hypofunc-
tional state leads to augmented area and thickness in 
apical regions, suggesting that apposition responds to 
occlusal load changes with neo-cementogenesis adapt-
ing to maintain occlusal height.15,125,126 Significant 
cementum formation is associated with elevated extra-
cellular matrix gene expression such as Col1, integrin 

 and osteonectin gene expression.15,125,126 The notable 
changes following the loss of an opposing tooth high-
light the significant role of cementum; however, the 
mechanisms by which cementum responds to altera-
tions in occlusal forces require further investigation.

The collagen fibre density within the PDL decreases 
with compromised structural integrity under a hypo-
functional state.17,23 PDL-associated protein-1 (PLAP-
1)/asporin is an extracellular proteoglycan uniquely 
localized in the PDL. Chen et al17 demonstrated that 
unloading reduces PLAP-1 levels in PDL fibroblasts sig-
nificantly, resulting in inhibited Col1 expression while 
promoting the expression of Osx and OC, thereby sup-

pressing collagen synthesis and inducing osteogenesis. 
Bardet-Biedl syndrome 7 (BBS7) is an indispensable 
constituent of a protein complex named the BBSome, 
and plays a crucial role in ciliogenesis and regulating 
Shh signalling activity.127-129 Chang et al130 found 
that the expression of BBS7 is downregulated in PDL of 
unopposed teeth in vivo and in vitro, and they reported 
that occlusal force influences the expression of BBS7 
to mediate Shh signaling activity, which is vital for cell 
migration and thus maintaining proper PDL homeo-
stasis. In a recent study, CD31+ Endomucin+ type H 
endothelium, especially abundant at the root furcation 
regions, plays a pivotal role in mechanotransduction 

SLIT3 signalling axis.20 Following occlusal unloading, 
the density of type H vasculature and coupled OSX+ 
osteoprogenitors decline significantly.20 Gli1+ PDLSCs, 
predominantly localised within the apical PDL space 
and surrounding the neurovascular bundle, are respon-
sible for periodontal tissue turnover and damage repair. 
Men et al18 demonstrated that unloading inhibits 
Gli1+ PDLSC activation by upregulating SOST secreted 
by osteocytes in alveolar bone. Zhang et al16 proved 
that Lepr+ PDLSCs, located in the perivascular niche, 
are reduced significantly in hypo-loading, resulting in 
impaired osteogenic differentiation through Piezo1-
mediated mechanosensing in the periodontium.

However, opinions differ on the issue of bone mass 
in unloading models, with some stating that there is an 
increase and others a decrease. This disagreement may 
be due to the different detective sites in the alveolar 
bone and measurement methods. For the resorption 
or formation of alveolar bone, the PDL–bone border is 
characterised by enhanced osteogenic activity, whereas 
the medullary space of the alveolar bone is typical of 
aggravated osteoclast activity, which contributes to a 
progressive decrease in volume fraction (bone volume/
total volume index, BV/TV) and mineral density.17,20,21 
Regarding alveolar bone height, two kinds of measure-
ments yield divergent outcomes: the distance from the 
cementoenamel junction to the alveolar bone crest 
(CEJ-ABC) indicates an increase, suggesting bone loss 
in the unloading model,18 while the distance from the 
mandibular canal level to the alveolar bone beneath 
the root furcation, defined as mandibular height, also 
shows an increase, suggesting bone formation in the 
unloading model.17 Current studies mainly focus on 
the effect of osteocytes and PDL on alveolar bone in the 
presence of disrupted homeostasis. Studies revealing 
the molecular mechanisms of how these phenotypes 
are formed remain scarce, especially regarding how 
osteoclasts accumulate in hypo-loading.
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Hyper-loading condition

Trauma from occlusion can be initiated when the mag-
nitude of forces exceeds the adaptive capacity of peri-
odontal supporting tissues (primary trauma) or when 
the adaptive threshold is compromised, rendering the 
remaining tissues incapable of withstanding physiologi-
cal occlusal forces (secondary trauma).131 Clinically, 
premature occlusal contacts and lateral displacement 
of abutment teeth in partial dentures lead to excessive 
force application on periodontal tissues. Nonaxial forces 
(lateral or horizontal and torque or rotational) are more 
likely to damage periodontal tissues compared to axial 
forces.131 Consequently, research focuses primarily on 
orthodontic movement rather than vertical movement. 
Xu et al19 developed a finite element (FE) model and an 
in vivo murine model by extracting the maxillary sec-
ond molar (mxM2) and maxillary third molar (mxM3), 
thereby directing the total force onto the mandibular 
first molar (mnM1). This study aimed to analyse stress 
distributions within the periodontium under normal 
and hyper-occlusion conditions. The results indicated 
that compressive strains are present in all three peri-
odontal tissues, with strain magnitudes increasing four-
fold under hyper-loading conditions.19

Niver et al132 noted that excessive loading signifi-
cantly enhances cementum hardness while promoting 
apical cementum resorption. Wang et al133 demon-
strated that force-loaded cementocytes modulate osteo-
clastogenesis and osteoclastic root resorption through 
cell-to-cell communication via the Sphingosine-1-
phosphate (S1P)/S1PR1/Rac1 pathway. 

Hyper-loading leads to increased collagen deposition 
and a thicker, stiffer PDL.19,23 Utilising FE modelling, it 
was illustrated that occlusal hyper-loading could lead to 
mitotically active Axin2+ PDLSCs in stressed PDL areas, 
resulting in collagen increase and a stiffer PDL adapted 
to increased load finally using Axin2-CreER;R26RmTmG/+ 
mice.19,23 Besides, it has also been found that the 
declined adaptive function of the PDL to masticatory 
force during aging might be relative to the diminished 
number of the Axin2+ PDLSCs.23 Lepr+ PDLSCs are sus-
tained as a quiescent population but can be activated 
by mechanical stimulation. Zhang et al16 proved that 
hyper-loading promotes Lepr+ PDLSCs osteogenic dif-
ferentiation through Piezo1-mediated mechanosensing 
in the periodontium.

Hyper-loading activates bone resorption, the peak of 
which is followed by a bone formation phase partly due 
to the responses of Wnt-responsive stem/progenitor 
cells in the alveolar bone, leading ultimately to an accel-

erated rate of mineral apposition and an increase in 
alveolar bone density.19 Kanzaki et al118 observed that 
vertical compressive forces on PDL fibroblasts, dose- 
and time-dependently upregulates RANKL expression 
via increased prostaglandin E2 (PGE2) production, lea-
ding to a notable rise in osteoclast-like cell formation in 
vitro. Goto et al30,31 demonstrated that hyper-occlusion 
elevates C-C chemokine ligand (CCL) 2 expression in 
PDL, enhancing chemotaxis and osteoclastogenesis and 
synergistic function of CCL3 and CCL2 in mechanical 
stress-dependent alveolar bone destruction.

In summary, unloading leads to tooth elongation 
by apical cellular cementum deposition; sparse and 
disorganised collagen fibres in the PDL; enhanced 
osteogenic activity in the PDL-bone border with a gain 
in alveolar bone height; and aggravated osteoclast activ-
ity in alveolar bone marrow with a progressive decrease 
in BV/TV and mineral density. On the other hand, 
hyper-loading leads to enhanced cementum hardness 
and resorption; thicker and stiffer collagen fibres in 
the PDL; and activated bone resorption, followed by a 
bone formation phase, leading ultimately to increased 
alveolar bone density. 

Conclusion and prospects

In this review, we systemically summarised the cel-
lular interaction and molecular mechanism that play 
key roles in regulating tooth root development and 
homeostasis in the tooth eruption and post-eruption 
stages mainly based on the mice models. In summary, 
following the formation of the tooth crown, eruption 
commences, characterised by axial movement and 
initiation of root development until the tooth reaches 
its final position in the oral cavity in contact with the 
opposing tooth. This process involves cellular interac-
tions within the HERS, DP and DF that govern the de-
velopment of the tooth crown, root, periodontal tissues 
and osteogenic and osteoblastic activity, thus contrib-
uting to tooth eruption. Even after a tooth attains its 
functional position, eruptive movement persists due 
to the remodelling of cementum, PDL and alveolar 
bone, which are essential for maintaining periodon-
tium homeostasis. Mechanical stimuli, such as occlu-
sal hypofunction, or hyperfunction, can disrupt this 
homeostasis, and potentially lead to overeruption or 
occlusal trauma. To understand the cellular mechan-
ism mediating the post-eruptive tooth movement under 
hypo-loading and hyper-loading conditions, we sum-
marized the advanced findings in recent studies using 
the transgenic rodent molar models.  
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Although transgenic rodent molar models are useful 
tool for studying the mechanisms of tooth eruption, 
additional large animal models and human subjects are 
needed to determine the mechanism underlying these 
phenotypes in the future. For example, the miniature 
pig model has a diphyodont dentition similar to that of 
humans. Using a miniature pig model, Wu et al134,135 
validated that tooth eruption could release the accu-
mulated mechanical stress inside the mandible, and 
the permanent tooth did not develop until the prima-
ryd tooth began to erupt. Using FE analysis models of 
human teeth, Sarrafpour et al136,137 proposed that both 
eruptive and post-eruptive tooth movements result 
from bone remodelling in the bony crypt and lamina 
dura, driven by biomechanical forces. These new find-
ings enrich knowledge relating to tooth development 
and eruption and suggest the significance of interdis-
ciplinary methods, such as biomechanical models, in 
achieving a more comprehensive understanding of 
tooth development and maintenance mechanisms.

Eruption disorders are commonly observed in the 
human population, presenting as either isolated con-
ditions or part of complex syndromes, and invariably 
lead to impaired mastication, speech, facial aesthetics 
and social interaction.4,74 Delayed tooth eruption (DTE), 
the most frequent deviation from normal eruption tim-
ing, occurs when a tooth emerges into the oral cavity 
at a time that diverges significantly from established 
norms for various races, ethnicities and sexes.138 DTE 
may signal a systemic condition such as cleidocranial 
dysplasia (CDD) or reflect altered craniofacial physiol-
ogy, such as physical obstruction due to premature loss 
of primary teeth.138,139 Surgical exposure combined 
with orthodontic intervention is the predominant treat-
ment approach. In orthodontic therapy, the technique 
of removing impediments and exposing the crown is 
termed fenestration. By affixing a bracket to the tooth 
surface at the exposed “window” and employing ortho-
dontic traction, the impacted tooth can gradually return 
to the normal dental arch, thereby restoring func-
tion.140 Conventional surgery, which involves direct tis-
sue cutting with a surgical blade, often results in bleed-
ing, infection and postoperative trauma. Consequently, 
the development of early molecular diagnosis and a 
therapeutic strategy for eruption disorders are crucial 
and advantageous for affected populations.

Furthermore, it has been reported that up to 31% 
of adults with occlusal disharmony or bruxism suf-
fer from disrupted periodontal equilibrium due to 
irregular force loading.131 When teeth are no longer 
in occlusal contact, such as after the extraction of an 
opposing tooth, the balance of forces is disrupted, 

leading to overeruption, which can cause occlusal 
interferences and malocclusion, posing challenges for 
restoration.141 Lindskog-Stokland et al14 observed that 
both unopposed and opposed teeth exhibit overerup-
tion over a 12-year period, with statistically significant 
greater overeruption in unopposed teeth. Craddock and 
Youngson142 noted that 83% of unopposed teeth are 
prone to overeruption of up to 5.39 mm. Over-erupted 
teeth necessitate treatment with an orthodontic intru-
sive force, which is typically generated through the 
elastic deformation of the archwire.143 This treatment 
poses a significant clinical challenge due to its require-
ment for high technical precision and potential side 
effects, including root resorption and reactive loading 
on anchorage teeth. 

A detailed understanding of the molecular and 
cellular mechanisms underlying tooth eruption and 
overeruption in pathological states is essential not only 
for elucidating these biological processes but also for 
guiding potential clinical interventions. Enhancing 
comprehension of dental tissue development, disease 
and dental stem cell biology is crucial for establishing 
a robust foundation for future strategies and clinical 
therapies in dental medicine. 
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more severe, and the cost of care rises. Therefore, it is 
crucial to detect and identify pathogens early and adopt 
effective management to reduce the negative impacts 
of the disease. Currently, tissue biopsy remains the gold 
standard for diagnosing various diseases, including 
oral lesions. However, oral mucosal diseases, especially 
those with a high incidence rate, are not always homo-
geneous. This lack of homogeneity poses a serious chal-
lenge to the diagnostic accuracy of biopsy specimens 
due to the limited sample size. For instance, the process 
of carcinogenesis among different sites of oral leuco-
plakia (OLC) often varies greatly. During the lengthy 
carcinogenesis from OLC to oral cancer, it is difficult 
to decide when the biopsy specimen should be taken, 
since it is unavoidable and associated with invasion, 
pain and wounds.3 In addition, accurately harvesting 
lesions for biopsy becomes even more frustrating when 
they are located in deep tissues, such as salivary gland 
tumours. This difficulty further hampers the early diag-
nosis of oral diseases. To address this issue, it is crucial 
to develop detection methods that enable early diagno-
sis of oral diseases in a convenient, minimally invasive, 
highly sensitive and selective manner. These methods 
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The Application of Salivary Exosomes in the Diagnosis of 
Oral Disease 
Ming Yang YU1#, Xing Chi LIU1#, Zi Li YU1,2, Jun JIA1,2

overall health. Due to the constant exposure of saliva to oral diseases, the former plays a vital 
role in their diagnosis and monitoring. Exosomes, nanosized bilayer lipid encapsulated nan-
ovesicles, are widely present in saliva and can be released by any type of cell. Exosomes inherit 
features from their mother cells in both physiological and pathological conditions. The molecu-
lar characteristics and expression levels of exosomes depend on their cellular origin, and they 
can directly reflect the physiological state of the body and cells. This makes salivary exosomes 
a promising source for early detection and monitoring of oral diseases. As a result, researchers 
have been exploring the potential use of exosomes as biomarkers for diagnosing and predicting 
various oral diseases. This review provides an overview of the composition, separation and func-
tion of salivary exosomes. It also discusses their potential as diagnostic and prognostic markers 

diseases, hand-foot-mouth disease and oral squamous cell carcinoma. By studying salivary 
exosomes, researchers hope to improve the early detection and monitoring of oral diseases, lea-
ding to better outcomes for patients.
Keywords: diagnosis, liquid biopsy, oral disease, prediction, salivary exosomes 
Chin J Dent Res 2024;27(4):291–301; doi: 10.3290/j.cjdr.b5860259

According to the latest Global Burden of Disease (GBD) 
study, 74.6% of the global population suffer from oral 
diseases,1 which means they rank in the top 10 leading 
causes of years lived with disability globally.2 Early 
detection of oral disease greatly increases the likelihood 
of successful treatment. Conversely, when treatment is 
delayed or inaccessible, there is a lower chance of sur-
vival, the problems associated with treatment become 
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should aim to overcome the limitations of traditional 
biopsy techniques and provide health care profession-
als with reliable tools to detect and diagnose oral diseas-
es at an early stage. This, in turn, would improve patient 
outcomes, reduce the invasiveness of diagnostic pro-
cedures and enhance overall convenience for patients.

Taking a liquid biopsy specimen holds great poten-
tial in overcoming the limitations of tissue-based biop-
sy specimens for early lesion identification, disease 
detection and the prediction of progression in oral 
mucosal diseases. It offers an alternative method for 
tumour monitoring without the need for repeated 
surgical biopsy specimens, minimising the associated 
risks and invasiveness. Among the various options for 
liquid biopsy specimens, blood is the most tested in 
clinical settings, as it contains extensive health-related 
information. However, in the case of oral diseases, 
saliva was believed to be superior to blood as a liquid 
biopsy tool.4 Saliva is a complex mixture of fluids pri-
marily secreted by the major salivary glands (parotid, 
submandibular and sublingual) as well as numerous 
minor salivary glands.5 Lesions in the oral cavity are 
constantly immersed in saliva and engage in unin-
terrupted exchange of substances with it. The saliva 
contains various bioinformation molecules, including 
RNA, DNA, proteins and metabolites, which can reflect 
the relevant stage of oral disease. This characteristic of 
saliva offers the potential for early diagnosis and moni-
toring of various oral diseases. The exchange of bioin-
formation molecules between lesions and saliva allows 
for the detection of specific molecules or biomarkers 
that are indicative of the presence and progression of 
oral diseases. By analysing these molecules in saliva, 
researchers can gain valuable insights into the molecu-
lar changes associated with different stages of oral 
diseases. The availability of these biomarkers in saliva 
opens possibilities for the early diagnosis, monitoring 
and management of oral diseases. It offers a non-inva-
sive and convenient approach, eliminating the need for 
invasive biopsy specimens in many cases. This can lead 
to earlier detection and intervention and personalised 
treatment strategies for individuals with oral diseases.6

Exosomes are nanosized bilayer lipid-coated nano-
vesicles that are released by all types of cells and 
widely present in saliva.7 It is widely accepted that 
exosomes carry various bioactive molecules that are 
detected in their parental cell.8 Most importantly, the 
molecular profiles of exosomes vary with cellular 
and tissue origins. Thus, the molecular profiles of 
exosomes can well recapitulate their parental cells. 
This is also the theoretical basis of exosome-based 
liquid biopsy specimens. In recent years, interest has 

increased among research scholars regarding explor-
ation of the potential of exosomes as biomarkers for 
the diagnosis and prediction of oral diseases. Previous 
studies have shown promising results regarding the 
use of salivary exosomes as biomarkers in oral cancer 
patients. Zhong et al9 observed that the levels of saliv-
ary exosomes are significantly increased in individu-
als with oral cancer compared to healthy individuals.  
Furthermore, the elevated levels of salivary exosomes 
have been found to correlate with the prognosis, stag-
ing and clinical outcomes of oral cancer patients.9 The 
present authors have also designed a wedge-shaped and 
high magnetic field gradient-mediated chip to realise 
the one-step detection of multiple salivary exosome–
based biomarkers to differentiate oral cancer from oral 
ulcers.10 The aforementioned studies have provided 
compelling evidence for the significant potential of sal-
ivary exosomes as diagnostic and prognostic biomark-
ers in various oral diseases. 

In this comprehensive review, the authors summarise 
recent studies focusing on salivary exosomes, including 
their composition, separation techniques and functional 
roles. They also explore and discuss the application 
potential of salivary exosomes as diagnostic and prog-
nostic markers in a range of oral diseases, including 

disease, foot, and mouth disease, and oral squamous 
cell carcinoma (Fig 1). In summary, the comprehensive 
review of these studies confirms the substantial applica-
tion potential of salivary exosomes as diagnostic and 
prognostic markers in various oral diseases. The charac-
terisation of exosomal cargo and their correlation with 
disease status may lead to improved diagnostic accuracy, 
personalised treatment approaches and better patient 
outcomes. Further research in this field is warranted to 
fully exploit the clinical potential of salivary exosomes in 
oral disease management.

Overview of salivary exosomes

Characteristics of salivary exosomes

Salivary exosomes are usually defined as nanovesicles 
that are secreted by oral epithelial cells. Many studies 
have identified their size range of 30 to 150 nm and 
cup-shape morphology though advanced microscopy 
techniques such as field emission scanning electron 
microscopy (FESEM) and atomic force microscopy 
(AFM).11-13 As in other exosomes from body fluids, saliv-
ary exosomes are also enriched in components, includ-
ing proteins, RNA, microRNAs (miRNAs), enzymes and 
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lipids.14 The differential expression of these proteins 
can help distinguish salivary exosomes from other 
types of exosomes. Salivary exosomes can be catego-
rised into two types according to their size and protein 
features.15 Salivary exosome I is slightly larger than exo-
some II. Until now, 101 proteins for exosomes have been 
detected in salivary exosome I, whereas 154 have been 
found in exosome II. The most common proteins are 
Alix, TSG101, HSP70, CD81, CD63, IgA and pIgR. Ap-
proximately 40% of them belong to a family of secretory 
proteins. Notably, unlike exosomes derived from other 
sources such as plasma or tissues, CD81 is accepted 
as more representative marker for salivary exosomes 
than CD63. In addition, aquaporin-5, associated with 
salivary secretion, has been identified to exist in saliv-
ary exosomes. The differential expression of the above 
proteins can distinguish salivary exosomes from other 
exosomes.15,16

Many different proteins, thought to be involved in 
intracellular communication, have been identified in 
exosomes. Tetraspanins are a family of membrane pro-
teins that play a crucial role in various cellular processes. 
They are involved in cellular migration, adhesion, prolif-
eration and immune response.14 Tetraspanins, such as 
CD9 CD63 and CD81, are particularly rich in exosomes 
and have been found to be important for the formation 
and function of some exosomes.17 These proteins help 

in the organisation and biogenesis of exosomes, as well 
as in sorting specific cargo molecules into exosomes. 
In terms of cellular migration, tetraspanins have been 
involved in processes such as cell adhesion, migration 
and invasion. In addition, tetraspanins are involved 
in cellular proliferation. They can regulate cell cycle 
progression, cell growth and cell survival through vari-
ous signalling pathways.18 The abundance of tetraspa-
nins in exosomes indicates their active role in mediat-
ing intercellular communication through exosomes.19 
Some scholars have studied human saliva and identified 
exosomes according to their size and protein character-
istics. So far, the most common proteins identified are 
Alix, TSG101 and HSP.15 The presence of these proteins 
suggests that salivary exosomes originate from circulat-
ing lymphocytes and intravascular fluids.14 Additionally, 
exosomes carry different types of RNA, which can be 
used to identify mutations associated with malignancy 
in related cells. A study successfully isolated miRNAs 
(e.g., miR-125a, miR-200a, miR-31 and miR-17-92) from 
salivary exosomes, confirming that the composition of 
the exosome is a reflection of the physiological state.20 
As mentioned earlier, exosomes can be regarded as 
biomarkers for diagnosing and predicting different dis-
eases, thereby greatly facilitating the advancement of 
disease diagnosis and therapeutic strategies through 
improved accuracy and efficiency.

 Exosomes as a new 
target for liquid biopsy. 
Exosomes are rich in body flu-
ids and are closely related to 
disease occurrence, progres-
sion and metastasis. They 
are also rich in components, 
various proteins, enzymes, 
lipids and genetic factors. 
Traditional and advanced 
techniques have been used 
to isolate exosomes from 
a variety of body fluids and 
detect exosomes. Exosomes 
play an active role in coagu-
lation and immune response, 
and can be used as biomark-
ers to provide novel strate-
gies for disease inference, 
prediction of progression 
and prognostic monitoring.
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Separation of salivary exosomes

Salivary exosomes can be isolated in various ways, 
according to their physical and chemical properties. 
Both glandular and whole saliva can be used as excellent 
sources for separating salivary exosomes. The possible 
influence on classification by contamination of normal 
cells must be considered in whole saliva; glandular sal-
iva is obviously more suitable for exosome isolation.21 
At present, there are two commonly used methods of 
isolating the salivary exosomes: ultracentrifugation and 
chemical precipitation.22 Different forms of separation 
have their own unique limitations. Ultracentrifugation 
is time-consuming and yields low recovery, whereas 
chemical precipitation operation is simple but yields a 
low purity; these methods are limited by specific con-
ditions.23 It is important to consider these limitations 
when choosing a separation method and to explore 
alternative techniques based on the specific require-
ments of the experiment or application in question. 
Therefore, separation technologies that require higher 
accuracy, lower loss, lower cost and less time spent must 
be explored. In a particular study, salivary exosomes 
were separated using differential centrifugation.24 The 
researchers then measured the mid-infrared absorb-
ance spectra of these exosomes and machine learn-
ing technology was utilised to establish a discriminant 
model based on the absorbance data.25 By training the 
machine learning model on known patterns and char-
acteristics of protein, lipid and nucleic acid changes in 
exosomes, it was able to accurately classify and detect 
these changes in the salivary exosomes being analysed. 
This highlights the potential for using such methods in 
studying disease biomarkers, diagnostics, and moni-
toring changes in biological samples. Beyond that, the 
researchers also used density gradient centrifugation,26 
immunoaffinity capture,27 size exclusion chromatogra-
phy28 and polymer-based precipitation29 to try to isolate 
salivary exosomes precisely. Researchers are continu-
ing their efforts to find efficient and precise methods 
for isolating salivary exosomes.

Function of salivary exosomes

Given the role of other exosomes in diagnosing and 
treating diseases, salivary exosomes may have similar 
diagnostic and therapeutic potential.4 Exosomes can 
cross epithelial barriers,29 and blood and saliva are 
exchanged for DNA, RNA, proteins, metabolites and 
microbiota. These can be used as diagnostic evidence 
of disease. Particularly in the diagnosis and treatment 
of malignant tumours, salivary exosomes may serve as 

biomarkers.30 They also have various functions. Salivary 
exosomes have been shown to shorten coagulation time 
and achieve haemostasis through the participation of 
tissue factors in the initial stage of blood coagulation.31 

humoral immune response.22 Minor variations in saliv-
ary exosomes can also be used to diagnose various oral 
diseases, including periodontitis,32 oral lichen planus,33 
oral squamous cell carcinoma and some oral precancer-
ous lesions.34

Exosomes in oral disease

Potential role of exosomes in periodontitis

Periodontitis is a chronic inflammatory disease char-
acterised by an imbalance of the periodontal biofilm 
caused by plaque buildup.35 Patients usually present 
local or total oral irreversible periodontal membrane 
damage, periodontal pocket deepening, alveolar bone 
absorption and other symptoms, which eventually lead 
to tooth loosening and loss, masticatory dysfunction 
and even arch defects.36 Early detection and appropri-
ate management are crucial to prevent the progression 
of periodontitis and mitigate its consequences. Thus, 
given the irreversible nature of periodontitis, the de-
velopment of reliable tests for early detection of both 
periodontitis and periimplantitis is subject to signifi-
cant focus in current research.37 Salivary exosomes 
have been shown to be biomarkers for early detection 
and timely prevention of periodontitis. The disease was 
shown to lead to a significant increase in the secretion 
of certain components of exosomes by comparing the 
protein profiles of exosomes from healthy donors and 
patients with periodontitis and gingivitis.38 In addition, 
the high specificity and sensitivity of global 5mC hyper-
methylation in salivary exosomes can differentiate 
periodontitis patients from healthy control subjects.38 
Researchers successfully isolated exosomal mRNA 
from the saliva samples of 61 patients and 30 controls 
for comparison. The results revealed that compared to 
the control group, the expression of PD-L1 was signifi-
cantly elevated in patients with periodontitis, and there 
were significant differences in salivary exosomal PD-L1 
mRNA levels among different stages of periodontitis.39 
In one study, researchers discovered that out of the ten 
mature miRNAs found in saliva, only three (hsa-miR-
140-5p, hsa-miR-146a-5p and hsa-miR-628-5p) exhibited 
a significant increase within the exosomes of individu-
als with periodontitis when compared to the healthy 
control group.33 These miRNAs have demonstrated con-
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siderable potential in accurately identifying periodon-
titis and can be employed for diagnostic purposes.40 Sal-
ivary exosomes miR-25-3p were significantly enriched 
in periodontitis patients with type 2 diabetes.41 Interest-
ingly, in patients with periodontitis, a notable reduction 
in the levels of CD9 and CD18 exosome-related tetraspa-
nins was observed. These decreases exhibited a negative 
correlation with clinical measurements.42,43

syndrome

disease that primarily affects female patients. It is con-
sidered one of the three most prevalent autoimmune 
disorders. Patients with this condition often experience 
symptoms such as dry mouth and dry eyes, which re-
sult from the focal infiltration of lymphocytes into the 
exocrine glands.44,45 While the exact principles and 
mechanisms of action are yet to be fully understood, 
experimental studies have shown that exosomes play a 
role in both regulating and dysregulating the immune 
system.46 Autoimmune responses targeting Ro/SSA and 
La/SSB antigens are significant in pSS. Salivary gland 
epithelial cells (SGECs) are crucial in initiating and facil-
itating the local immune response.47,48 SGECs can also 
mediate the exposure of Ro/SSA and La/SSB autoanti-
gens to the immune system, increase the apoptosis of 
apoptotic bodies, regulate the release of autoantigens 
and promote the secretion of exosomes containing 
autoantigens (Fig 2). Studies have reported the isolation 
and detection of APMAP, GNA13 and WDR1 in saliva-
derived exosomes, as well as APEX1, PRDX3 and CPNE1 
in tear-derived exosomes from patients with pSS.49-51 
These proteins are the components that exhibit the 
greatest deviation in biological replicates when com-
pared to the control group. These exosomal components 
hold promise as potential biomarkers for early diagno-
sis and subsequent treatment of pSS, thereby enhancing 
diagnostic accuracy.49

The Epstein-Barr virus (EBV) has been found to be 
another critical factor in the pathogenesis of pSS, with 
a strong salivary gland homogeneity and the ability 
to infect B cells preferentially.52 EBV-miR-BART13-3p, 
a specific microRNA derived from the EBV, has been 
found to be present in both EBV-infected B cells and 
epithelial cells in saliva. The levels of this microRNA 
were significantly higher in individuals infected with 
EBV compared to those who were not.53 This exosome 
directly targets the mechanism that interacts with mol-
ecule 1 (STM1) to regulate and influence Ca2+ entry 
into SOCE channels, leading to SOCE loss and Ca2+-

dependent NFAT activation, ultimately affecting the 
salivary function of pSS.44

Potential role of exosomes in oral mucosal disease

The oral mucosa is in prolonged contact with saliva in the 
mouth. It is reasonable to assume that the development 
of oral mucosal diseases can impact the secretion and 
composition of salivary exosomes. Salivary exosomes 
hold potential as biomarkers for various types of oral 
mucosal diseases and can contribute to their diagnosis 
and subsequent treatment.

Exosomes in leucoplakia

“white plaque of questionable risk having excluded (oth-
er) known diseases or disorders that carry no increased 
risk for cancer” is known as leucoplakia.54 Leucoplakia 
is a typical precancerous lesion of the mouth. Risk fac-
tors include smoking, heavy alcohol consumption and 
areca chewing. There is no significant sex difference 
with regard to its incidence.55-57 Experimental studies 
in oral medicine and research are continuously con-
ducted to enhance the convenience and accuracy of 
diagnostic methods used in clinical practice.58-61 These 
studies aim to develop and refine techniques that can 
detect the early stages of malignant transformation in 
oral leucoplakia, as well as identify potential indica-

  Schematic representation of the development and regu-
lation of local autoimmune responses in pSS. In inflamed sal-
ivary tissues, exposure to danger signals or apoptosis-inducing 
factors prompts salivary gland epithelial cells (SGECs) to pres-
ent Ro/SSA and La/SSB to the immune system, and these anti-
gens are released into the microenvironment via exosomes 
or apoptotic bodies. This progress increases the apoptosis of 
apoptotic bodies, regulates the release of autoantigens and 
promotes the secretion of exosomes containing autoantigens.
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tors of early oral malignancies.58-61 One study referred 
to the OncAlert oral cancer rapid test, where saliva was 
collected and tested to compare pan-CD44 and total pro-
tein expression in patients with oral leucoplakia and an 
average healthy population.62 Elevated levels of SolCD44 
and complete protein have been observed in the saliva of 
patients diagnosed with oral leucoplakia, and these levels 
tend to increase with the severity of the clinical pattern 
of leucoplakia. These findings indicate that SolCD44 and 
complete protein could potentially serve as biomarkers 
for leucoplakia, as they show statistical differences in 
their expression between individuals with the disease 
and healthy individuals.49 It is important to note that 
further research and validation studies are required to 
confirm the specificity and sensitivity of SolCD44 and 
complete protein as biomarkers for leucoplakia. Some 
findings suggest that the delivery of microRNAs through 
exosomes can modulate the inflammatory response, 
inhibit cell proliferation, suppress angiogenesis and 
induce apoptosis.63 This approach holds promise as a 
potential novel treatment for precancerous lesions such 
as oral leucoplakia. By targeting specific pathways and 
mechanisms, exosomal-delivered microRNAs have the 
potential to offer new therapeutic options for managing 
precancerous conditions. 

Exosomes in oral lichen planus

Oral lichen planus (OLP) is an idiopathic inflammatory 
mucosal form of autoimmune disease.64 Its exact patho-
genesis is not known. OLP lesions often involve the oral 
mucosa, tongue and gums, and the intraoral lesions 
always show a bilateral symmetrical distribution. Clinic-
ally, six types of OLP, namely reticular, papular, plaque-
like, atrophic/erosive, ulcerative and bullous, can be iden-
tified.65 Recent studies have indicated that microRNAs 
present in salivary exosomes may play a role in the devel-
opment and progression of OLP.33,66 One study found that 
salivary exosomes obtained from OLP patients exhibit-
ed significantly higher levels of miR-4484 compared to 
healthy individuals.33 Another study found that salivary 
exosomes from OLP patients showed notably higher lev-
els of miR-21 and substantially lower levels of miR-125a.67 
Additionally, an increase in miR-31 levels was observed in 
saliva from OLP patients with developmental abnormali-
ties, but this pattern was not observed in patients with 
non-developmental abnormalities in OLP. These findings 
indicate that salivary exosomes have the potential to serve 
as biomarkers for diagnosing OLP, predicting prognostic 
outcomes and more.67 Further research is needed to fully 
understand the diagnostic and prognostic implications of 
these specific microRNAs in OLP. MicroRNAs have been 

shown to be closely associated with cytokines in a variety 
of inflammation-related diseases, suggesting that in OLP, 
these specific microRNAs have the potential to contribute 
to the pathogenesis of OLP and may also participate in the 
regulation of inflammatory processes within the body. 

Exosomes in hand, foot and mouth disease

Hand, foot and mouth disease (HFMD) is an acute 
viral infection, and the two most common pathogens 
are human enterovirus 71 (EV71) and coxsackievirus 
A16 (CVA16), which account for more than 70% of out-
breaks.68,69 It has also been reported that coxsackievi-
rus A10 can lead to the occurrence of HFMD infection, 
which needs to be taken seriously.70 Jia et al71 verified 
that miRNAs (miR-671-5p, miR-16-5p and miR-150-3p) 
were significantly abnormally expressed in the serum 
exosomes of patients by testing the blood of children 
with HFMD compared to healthy children, suggesting 
that exosomes could be used as potential biomarkers for 
HFMD. Similar exosomal changes in saliva need to be 
confirmed by further experiments; miR-16-5p expres-
sion in exosomes was found to be especially higher, and 
miR-671-5p and miR-150-3p levels in exosomes were par-
ticularly lower than those in healthy children.71 In their 
study, Jia et al71 demonstrated significant dysregulation 
of specific microRNAs (miR-671-5p, miR-16-5p and miR-
150-3p) in serum exosomes of patients with HFMD when 
compared to healthy children. These observations high-
light the potential diagnostic value of these microRNAs 
in HFMD; however, further experiments are required 
to validate whether similar exosomal changes occur in 
saliva.

Potential role of exosomes in oral squamous cell 
carcinoma

Head and neck tumours are the sixth most common 
malignancy globally, with more than 500,000 patients 
diagnosed each year. Approximately 30% of head and 
neck cancers are oral cancers.72 Lip and oral cancers 
accounted for around 354,000 new cases and over 
177,000 deaths in 2018 alone.73 Saliva plays a crucial role 
as the first line of defence against oral cancer due to its 
composition of various enzymes, proteins and immuno-
globulins. Studies have confirmed that saliva contains 
high levels of immunoglobulins that are involved in the 
immune regulation of the body and exhibit promising 
anti-inflammatory effects.15,50 Immunoglobulins, also 
known as antibodies, are produced by immune cells in 
response to foreign substances and play a significant 
role in the immune response. In the case of oral cancer, 
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the presence of high levels of immunoglobulins in saliva 
suggests that they may contribute to the immune sur-
veillance and defence mechanisms against cancer cells 
in the oral cavity. The anti-inflammatory effects of saliva 
have been observed and acknowledged. Inflammation 
is closely linked to the development and progression 
of cancer. By having a good anti-inflammatory effect, 
saliva may help prevent or reduce the inflammatory 
processes that can contribute to the initiation or growth 
of oral cancer cells.15 By comparing the morphological 
and molecular characteristics of salivary exosomes in 
oral cancer patients and healthy subjects, a group of 
researchers found significant differences between the 
two, confirming that salivary exosomes also possess the 
potential to become biomarkers in oral cancer patients 
involved in diagnosis and later treatment.74

By processing the corresponding saliva samples using 
ultracentrifugation, it was observed that exosomes 
isolated from saliva samples of head and neck cancer 

to those isolated from healthy patients.75 Furthermore, 
the levels of these components were associated with 
tumour staging.75 miRNA-365 has been noticed and 
studied as a potential biomarker for oral squamous 
cell carcinoma (OSCC). miRNA-365 can be detected as 
significantly elevated in different oral cancer cell lines 
in culture, and the expression level varies among cell 
lines. This implies that miRNA-365 has the potential 
for differential diagnosis of oral cancer and its pheno-
type.34,76 OSCC accounts for over 95% of oral cancer 
cases. A study conducted on head and neck squamous 
cell carcinoma (HNSCC) discovered that using circulat-
ing tumour DNA (ctDNA) extracted from oral saliva as 
a biomarker resulted in a 100% positive rate for early 
tumour diagnosis, and this diagnostic rate was sig-
nificantly higher compared to blood tests.77 A group 
of researchers compared salivary exosomes from oral 
cancer patients and healthy controls by quantitative 
real-time polymerase chain reaction (qRT-PCR) and 
found that increased miR-31 expression could promote 
exosome-mediated miR-29a-3p expression by regulat-
ing the macrophage SOCS1/STA T6 signalling pathway. 
miR-125a and miR-200a expression decreased, and 
miRNA expression was reduced after tumour resec-
tion.78 This experimental result demonstrated that 
salivary exosomes may be used not only for early diag-
nosis of oral cancer, but also for prognostic monitoring 
of tumours. 

In a study comparing oral saliva samples from pa-
tients with OSCC and healthy individuals, research-
ers found that the size and concentration of OSCC-
derived exosomes were significantly higher than those 

in the healthy group.79 Additionally, there was a notable 
decrease in the expression of a molecule called CD82 in 
OSCC patients, and several miRNAs including miR-412-
3p, miR-512-3p, miR-27a-3p, miR-373-3p and miR-494-
3p were upregulated in OSCC patients compared to the 
healthy group.79 Interestingly, OSCC patients exhibited 
the specific expression of miR-302b-3p and miR-517b-
3p, which was not observed in the healthy group (Fig 3). 
The role of biomarkers in salivary exosomes in oral dis-
ease diagnosis is summarised in Table 1. 

Recent advancements in saliva biopsy techniques 
have led to the development of innovative methods 
such as Fourier-transform infrared-based salivary exo-
some spectroscopy.80 This technique has shown prom-
ising potential in distinguishing OSCC from healthy 
individuals. With a sensitivity of 100% and a specificity 
of 89%, it effectively detects the specific mid-infrared 
spectral features of OSCC salivary exosomes. Changes 
in salivary exosomal proteins, lipids and nucleic acids 
in OSCC patients contribute to these discernible differ-
ences. Furthermore, researchers have explored com-
bining exosome technology with nanoplatforms, such 
as microfluidics, flow cytometry and electrochemical 
analysis, to add a new dimension to cancer diagnosis.81

Conclusion

In recent years, research has focused on studying the 
role of salivary exosomes in oral diseases like periodon-
titis, oral lichen planus and oral precancerous lesions. 
Salivary exosomes have shown potential as biomarkers 

  Schematic diagram of the proposed mechanism. 
Through the separation and detection of salivary exosomes, 
a significant decrease in CD82 expression29 and upregulation 
of miR-412-3p, miR512-3p, miR-27a-3p, miR-373-3p and miR-
494-3p occurred in OSCC patients. Salivary exosomal miR-31 
is a potential novel diagnostic biomarker for OSCC. Exosomal 
miR-31 promotes exosome-mediated miR-29a-3p expression 
by regulating the macrophage SOCS1/STA T6 signalling path-
way.
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for noninvasive disease diagnosis and predicting thera-
peutic response. Salivary exosomes can also be used to 
monitor disease progression and treatment response. 
However, more research is needed to understand their 
regulation and specific roles in recipient cells. Despite 
the enormous diagnostic and therapeutic potential of 
salivary exosomes in oral diseases, there are still nu-
merous limitations in their actual clinical application.    
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  The role of RNA, DNA, and protein in salivary exosomes in the diagnosis of oral disease.

Class Exosome biomarker Type of disease Description References

RNA

PD-L1 mRNA Periodontitis
Significantly elevated in patients with periodontitis and expres-
sion levels vary when different stages of periodontitis are clas-
sified

39

PD-L1 mRNA Head and neck cancer
PD-L1 is highly expressed in saliva samples from patients, and 
the levels of these components were associated with tumour 
staging

75

hsa-miR-140-5p,  
hsa-miR-146a-5p, 
hsa-miR-628-5p

Periodontitis
Exhibited a significant increase within the exosomes of individu-
als with periodontitis

40

miR-25-3p Periodontitis
Significantly enriched in periodontitis patients with type 2 dia-
betes

41

 EBV-miR-BART13-3p Sjögren’s syndrome
Higher in individuals infected with EBV compared to those who 
were not

53

mRNA Leucoplakia
The delivery of microRNAs through exosomes can modulate the 
inflammatory response, inhibit cell proliferation, suppress angio-
genesis, and induce apoptosis

63

miR-4484 OLP
Salivary exosomes obtained from OLP patients exhibited signifi-
cantly higher levels of miR-4484 compared to healthy individuals

33

miR-21 OLP Notably higher levels of miR-21 from OLP patients 67
miR-125a OLP Substantially lower levels of miR-125a from OLP patients 67

miRNA-365 OSCC
Can be detected as significantly elevated in different oral cancer 
cell lines in culture, and the expression level varies among cell 
lines

34,75

miR-125a, miR-200a OSCC
miR-125a, miR-200a expression decreased, and miRNA expres-
sion was reduced after tumour resection

34,82

miR-412-3p, miR-512-
3p, miR-27a-3p, miR-
373-3p, miR-494-3p

OSCC Upregulated in OSCC patients compared to the healthy group 79

miR-302b-3p, miR-
517b-3p

OSCC Specific expression in patients’ salivary exosomes 79

DNA ctDNA OSCC

Using circulating tumour DNA (ctDNA) extracted from oral saliva 
as a biomarker resulted in a 100% positive rate for early tumour 
diagnosis which was significantly higher compared to blood 
tests

77

Protein
CD82 OSCC

Notable decrease in the expression of a molecule called CD82 in 
OSCC patients

79

CD9\CD18 Periodontitis
A notable reduction in the levels of CD9 and CD18 exosome-
related tetraspanins was observed

42,43
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as fibrous callus formation, bony callus formation and 
bony callus remodelling and restructuring to promote 
bone tissue regeneration, intramembranous ossifica-
tion involves direct ossification of the bone gap and 
reconstruction of the Haversian system, enabling the 
direct connection of the two ends of the fractured bone 
and thereby restoring the mechanical continuity of the 
skeleton.2,3

For most of the bone healing process, one of the 
most important events is the recruitment of osteo-
progenitor cells to the injury site to then differenti-
ate into osteoblasts; these newly formed osteoblasts 
then secrete calcium phosphate salts to facilitate bone 
regeneration.4 More specifically, the earliest form of 
calcium phosphate salt is an amorphous precursor 
called amorphous calcium phosphate (ACP), which is 
conveyed to the cell membrane before being released 
into the extracellular matrix via exocytosis.4-6 Once 
delivered into the collagen matrix outside the cell, ACP 
can further convert into octacalcium phosphate and 
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Differentiation
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Objective: To assess the role of microtubule acetylation in the transportation of amorphous cal-
cium phosphate (ACP)-containing vesicles that mediate the osteogenic differentiation process 

Methods: 
plasmids for an in vitro model. The microtubule acetylation-related protein levels were detected 
by western blots. The microtubule acetylation and the secretion rate of extracellular ACP-
containing vesicles were observed with immunofluorescence and live cell fluorescence imaging. 
The secretion of ACP was observed by transmission electron microscopy. The mineralised nodule 
formation was stained with Alizarin Red S staining and observed by microscopy.
Results: 

the key reason for the increased transportation rate of ACP-containing vesicles and enhanced 
osteogenic differentiation, as both were blocked after SIRT2-mediated microtubule acetylation 
inhibition. 
Conclusion: 
vesicles, and ultimately promotes the osteogenic differentiation process.
Keywords: biomineralization, intracellular transport, microtubule acetylation, osteogenic 
differentiation
Chin J Dent Res 2024;27(4):303–310; doi: 10.3290/j.cjdr.b5860280

During bone tissue healing, mineralisation is a highly 
prevalent and tightly regulated process. Abnormalities 
in this process can result in severe pathological condi-
tions such as osteoporosis, osteoarthritis, osteogenesis 

1 Currently, bone heal-
ing is classified into two categories: intramembranous 
ossification and endochondral ossification. Unlike 
endochondral ossification, which involves stages such 
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subsequently undergo hydrolysis to form hydroxyapa-
tite, the primary mineral component found in mature 
bone,7 ultimately facilitating collagen fibre mineralisa-
tion. While mechanisms for mineralisation of collagen 
fibres have been established, numerous unanswered 
questions persist regarding the generation and trans-
portation of ACP precursors to extracellular sites for 
mineralisation that require urgent clarification.

A substantial body of research has revealed the pres-
ence of mineral particles within intracellular vesicles 
of osteoblasts (also named matrix vesicles). These 
particles are synthesised within the cells and subse-
quently discharged into the extracellular environment 
via exocytosis.8-10 The aforementioned studies suggest 
that after the intracellular synthesis of mineral precur-
sor ACP, it is primarily localised to organelles such 
as mitochondria and autophagosomes, and is then 
transported to the extracellular matrix (ECM) utilising 
a microtubule-mediated transport system to trigger 
collagen mineralisation.5,8 As a major constituent of 
the cellular cytoskeleton, microtubules participate in 
types of biological process, which exhibit a dynamic 
nature that enables constant switching between growth 
and shrinkage, facilitating exploration and sensing of 
intracellular space. The stringent modulation of their 
dynamics is vital for microtubule structure and func-
tion. Notably, it has been demonstrated that alterations 
in the structural stability of the microtubule system 
have a direct impact on bone formation.11-13

Tubulin post-translational modifications (PTMs) 
regulate microtubule properties and functions, attract-
ing increased attention as the discovery of many more 
enzymes  has enabled the functions of these rarely 
studied modifications to be determined.10,14 While 
most known PTMs function on the outer surface of 

lysine 40 (K40) has been identified as a modification 
occurring on the inner surface, within the lumen of 
the microtubule.15 Recent studies have pointed out that 
acetylation, as a type of post-translational modification 
in the microtubule system, plays an important role in 
regulating microtubule function.16 More importantly, 
some studies illustrate that microtubule acetylation 
has various effects on biomineralisation depending on 
the tissue type. For example, Li et al17 reported that 
promoting alpha-tubulin acetylation may contribute 
to interstitial mineral deposition for renal tubular epi-
thelial; however, for the odontogenesis process, Zhan 
et al18 did not find evidence of microtubule acetylation 
involvement in the differentiation of odontoblasts. In 
this study, the authors focused on biomineralisation 
related to osteogenic differentiation and paid closer 

attention to the level of microtubule acetylation within 
this process. The results showed that microtubule acet-
ylation plays a role in the early stages of osteogenic dif-
ferentiation in bone mesenchymal stem cells (BMSCs), 
whereas its significance diminishes in the later stages.

Therefore, this study constructed a BMSC osteogenic 
differentiation model and aimed to investigate the 
role of microtubule acetylation in biomineralisation 
and elucidate its internal mechanism in depth, and 
the results provide ideas for the development of new 
therapeutic strategies for regulating osteogenesis in 
the future.

Materials and methods

Chemicals

medium were purchased from Gibco (Thermo Fisher 

was purchased from Abclonal (Woburn, MA, USA). Anti-
-

chased from Proteintech (Chicago, IL, USA). Fluo-3 AM 
and Hoechst 33342 were purchased from Invitrogen 
(Thermo Fisher Scientific).

Cell culture

Rat BMSCs were purchased from Cyagen (Guangzhou, 

medium supplemented with 10% foetal bovine serum. 
The culture medium was changed every 3 days. In vitro 
osteogenic differentiation was performed using the pre-
pared osteoblast-inducing conditional media.

Plasmid construction and transfection

The SIRT2 overexpression plasmids were constructed 
from Vigenebio (Rockville, MD, USA) and prepared in 
growth medium and transfected utilising Lipofectamine 
2000 (Thermo Fisher Scientific) according to the manu-

Cell fluorescence imaging for microtubule acetylation

After treatment of nontransfected or SIRT2 overexpress-
ing plasmid-transfected BMSCs, the cells were incubated 

-
ing secondary antibody (dilution 1:100). Cellular fluor-
escence was observed using confocal microscopy (Leica, 
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Wetzlar, Germany) and analysed in Image-Pro Plus 6.0 
software (Media Cybernetics, Rockville, MD, USA).

Western blot analysis

Cells were extracted and lysed, and the total proteins 
were collected. Then, the samples were heated at 100°C 
for 5 minutes for protein denaturation. 10 μg protein 
was separated by electrophoresis on a 10% sodium 
dodecyl sulphate (SDS) polyacrylamide gel. The separat-
ed proteins were transferred to a polyvinylidene fluor-
ide (PVDF) membrane. The membranes were blocked 
and incubated with a specific antibody and correspond-
ing secondary antibody. The protein band was obtained 
using enhanced chemiluminescence (ECL) reagent 
(Meilunbio, Dalian, China) and analysed in ImageJ 
(National Institutes of Health, Bethesda, MD, USA).

RT-qPCR

Cells were extracted and lysed, and the total RNA 
were obtained. Then, cDNA was acquired from total 
RNA using Evo M-MLV RT Master Mix (Accurate Biol-
ogy, Changsha, China). The target genes, SIRT2, were 
detected and analysed through real-time fluorescence 
quantitative polymerase chain reaction (RT-qPCR) 
(LightCycler 96 Instrument, Roche, Basel, Switzerland). 
The mRNA expression levels of SIRT2 were normalized 
to those of GAPDH. The SIRT2 primer sequences were 
as follows: Forward Primer: CACGGCACCTTCTACACAT-
CAC, Reverse Primer: CACGGCACCTTCTACACATCAC. 
GAPDH primer sequence: Forward Primer: GACATGC-
CGCCTGGAGAAAC, Reverse Primer: AGCCCAGGATGC-
CCTTTAGT.

Alizarin red S staining

After 4 weeks of osteogenic differentiation using 
osteogenic induction medium, the BMSCs were fixed 
with 4% paraformaldehyde for 30 to 45 minutes, then 
treated with alizarin red S solutions (KeyGEN, Nan-
jing, China). The osteogenic differentiation status was 
observed through microscopy (Zeiss, Stereo Lumar 
V12, Oberkochen, Germany), and the alizarin red was 
further extracted with cetylpyridinium chloride and 
detected using a spectrophotometer at an absorbance 
value of 562 nm. 

Alkaline phosphatase (ALP) enzyme assay

The ALP activity was detected using an Alkaline Phos-
phatase Assay Kit (Beyotime, Shanghai, China), and the 

experiments were carried out in accordance with the 

Live cell fluorescence imaging for evaluating the 
transportation speed of Ca2+ containing vesicles

The cells were seeded in 24-well plates. After treatment 
with or without the SIRT2 overexpression plasmid, the 
cells were washed gently three times and stained with 
Fluo-3 AM (100 nM) (Thermo Fisher Scientific) at 37°C 
for 30 minutes. Cellular fluorescence was observed and 
captured in real time by confocal microscopy (Leica) 
and analysed using Image-Pro Plus 6.0 software.

Before TEM to observe the secretion of ACP, the cells 
were washed twice. The collected cells were fixed with 
2.5% glutaraldehyde, dehydrated with graded ethanol 
solutions and acetone, and finally embedded. Ultrathin 
sections were prepared and observed via an H-7500 TEM 
instrument (Hitachi, Tokyo, Japan).

Statistical analysis

Data were presented as mean ± standard deviation (SD). 
Each experiment was repeated at least three times. A 
one-way analysis of variance was performed, combined 
with a Fisher least significant difference multiple com-
parison post-hoc test to measure statistical significance 
for three or more groups. For comparison between 
two groups, a Student t test was applied. P < 0.05 was 
considered statistically significant. SPSS 21.0 (IBM, 
Armonk, NY, USA) was used for statistical analysis. 

Results

Some studies have confirmed that microtubule acetyla-
tion can effectively maintain the stability of microtu-
bule structure, while reducing the microtubule acetyla-
tion level with overexpression deacetylase could have 
a significant inhibitory effect on cell morphology and 
function.19 We therefore asked whether the microtubule 
acetylation level changed during the osteogenic differ-
entiation process for BMSCs. The immunofluorescence 
experiment in this study showed that the acetylation 
level of the microtubule system in BMSCs was signifi-
cantly increased during osteogenic differentiation 
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(Fig 1a). Similar results were obtained for the micro-
tubule acetylation protein level: the protein levels of 

of osteogenic differentiation and then declined until 
7 days, but were still significantly higher than the base 
level (Fig 1b and c). The above data indicate that micro-
tubule acetylation is likely to be an important biological 
phenomenon during osteogenic differentiation, but its 
exact role is still unknown.

enhanced during osteogenic differentiation

Microtubules act as the main material transportation 
channel in cells and play a key role in ACP transporta-
tion and secretion. By using calcium ion marker Fluo-3 
to label intracellular calcium ions, the transport rate of 
calcium ions was dynamically observed under a confo-
cal microscope in living cells. The results showed that 
the transport rate of intracellular calcium during the 
osteogenic differentiation process for BMSCs was accel-
erated significantly (Fig 2a and b). Meanwhile, TEM data 
showed that the amount of extracellular ACP increased 
significantly after 7 days of osteogenic differentiation 
compared with the control group, indicating that ACP 
secretion occurred (Fig 2c). The above results suggest 
that microtubule transport efficiency is indeed signifi-
cantly accelerated in the osteogenic differentiation pro-
cess of BMSCs. 

enhancement of transportation efficiency

Microtubule acetylation modification can improve 
microtubule work efficiency.20,21 For example, acety-
lated microtubules can enhance microtubule transport 
efficiency and ultimately promote intracellular mater-
ial secretion.22,23 Thus, microtubule acetylation may be 
an important factor for regulating transport efficiency 
during the osteogenic differentiation process of BMSCs. 
To further clarify the crucial role of microtubule acetyla-
tion in osteogenic differentiation, the present authors 
constructed an overexpression plasmid for deacetylase 
SIRT2.24 Existing studies have demonstrated that SIRT2 
can interact with microtubule proteins through Co-
Immunoprecipitation experiments.25,26 Firstly, our data 
showed that the SIRT2 expression level was declined at 2 
and 3 days and then increased to baseline at 7 days dur-
ing BMSCs osteogenic differentiation, which indicated 
an opposite tendency compared to microtubule acety-
lation levels (Fig 3a). After overexpression of SIRT2, 
RT-qPCR detection showed that the gene expression 
of SIRT2 increased in BMSCs treated with osteogenic 
induction medium (Fig 3b). Importantly, immunoflu-
orescence experiments showed the increase of acety-

during BMSCs osteogenic differentiation was inhibited 
significantly after overexpression of SIRT2 (Fig 3c). 
Meanwhile, western blotting results also showed simi-

is involved in osteogenic differentia-
tion of BMSCs. Representative fluor-
escence images of BMSCs immu-

(a). Western 

expression in BMSCs treated with 
osteogenic induction for various dura-
tions. Changes in protein expression 
were quantified after normalisation to 
GAPDH (b and c). *P P
***P
group.
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lar results (Fig 3d). These data indicate that SIRT2 is an 
important enzyme that regulates microtubule acetyla-
tion, and its overexpression can indeed regulate the 
level of microtubule acetylation during osteogenic dif-
ferentiation.

Secondly, after constructing a deacetylase SIRT2 
overexpression plasmid to inhibit intracellular micro-
tubule acetylation level, we evaluated the transport 
rate of calcium ion vesicles (such as ACP). The results 
showed that overexpressing SIRT2 can effectively inhib-

  Microtubule-mediated 
intracellular transport increase 
during osteogenic differentia-
tion of BMSCs. Live fluorescence 
images of calcium transportation 
(arrows) in BMSCs after osteogen-

-
location rate of calcium was quan-
tified (a and b). Representative 
TEM images showing releasement 
of ACP (arrows) after BMSCs were 
treated without or with osteogen-

(c). ***P
control group.

  SIRT2 overexpression 
reduces the transportation effi-
ciency via microtubule acetyla-
tion inhibition. Western blotting 
of SIRT2 expression in BMSCs 
treated with osteogenic induction 
for various durations. Changes in 
protein expression of SIRT2 were 
quantified after normalisation to 

(a). RT-qPCR detection of 
SIRT2 mRNA level in BMSCs after 

with or without SIRT2 overexpres-
sion. Changes in gene expression 
of SIRT2 were quantified after nor-
malisation to GAPDH (b). BMSCs 
were transfected with SIRT2 
overexpression plasmid, then 
immunostained with antibodies 

(c). 

BMSCs after osteogenic induction 

overexpression. Changes in protein 
expression were quantified after 
normalization to GAPDH (d). Live 
fluorescence images of calcium 
transportation (arrows) in BMSCs 
after osteogenic induction for 

-
expression. The translocation rate 
of calcium was quantified (e and f). 
*P P P
compared to the control group or 
the OD group as indicated.
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it the transport rate of intracellular calcium ion vesi-
cles (Fig 3e and f). Thus, we indicate that microtubule 
acetylation is one crucial factor for enhancing cellular 
transport efficiency during osteogenic differentiation.

Inhibition of microtubule acetylation blocks the osteo-
genic differentiation process

It is important to examine whether microtubule acety-
lation enhanced transportation efficiency will further 
affect the osteogenic differentiation effect and ultimate-
ly impact the biomineralisation process. The present 
authors detected the changes in the expression level of 
key osteogenic differentiation proteins in BMSCs under 
the condition of SIRT2 overexpression. The results 
showed that key osteogenic differentiation proteins and 
matrix proteins, such as ALP, Runt-related transcription 
factor 2 (RUNX2), osteocalcin (OCN) and osteopontin 
(OPN), increased during osteogenic differentiation, but 
they were all significantly inhibited under SIRT2 over-
expression for reducing the intracellular microtubule 
acetylation level (Fig 4a to c). In addition, by using Aliza-
rin red to detect the level of mineralised nodule forma-
tion, the results showed that osteogenic differentiation 
of BMSCs can achieve a good mineralisation induction 

effect that mainly manifests as a significant increase in 
the level of mineralised nodule formation. However, by 
overexpressing SIRT2 to reduce intracellular microtu-
bule acetylation, the abovementioned mineralised nod-
ule formation effect was significantly blocked (Fig 4d 
and e). We also detected ALP activity with or without 
overexpressing SIRT2 during osteogenic differentiation 
of BMSCs, and similar results were obtained to show 
that increased ALP levels were observed under osteo-
genic differentiation, but inhibited after overexpressing 
SIRT2 (Fig 4f). These data all suggest that the osteogenic 
differentiation process is indeed regulated by microtu-
bule acetylation, where enhanced transportation effi-
ciency is one main influential factor.

Discussion

The cytoskeleton is known to function in mechanic-
al sensing and mechanical transduction. Interactions 
between cytoskeletal proteins, integrins and mechan-
ical forces can affect the cell shape, proliferation and 
even differentiation.27,28 Because of this, there has 
been increasing interest in the interplay between the 
cytoskeleton and stem cell differentiation. Interestingly, 
microtubules have been shown to play an indistinct role 

overexpression plasmid, then western blotting of matrix proteins and proteins related to osteogenic differentiation in BMSCs treated with 
(a to c). Representative 

(d). Quantitative analyses 
of Alizarin red staining as treatment in (d) (e). Quantitative analyses of ALP activities in BMSCs treated with osteogenic induction for 

(f). *P P P
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in osteogenic differentiation, as it was observed that 
the morphology and structure of microtubules did not 
change significantly during the differentiation of mes-
enchymal stem cells.28 However, during biomineralisa-
tion, osteoblasts must transport substantial amounts 
of mineral matrix out of the cell into the extracellular 
matrix. The microtubule system is a key component of 
the cytoskeleton involved in regulating this material 
transport. Thus, understanding how the biological func-
tion of microtubules evolves during biomineralisation is 
a compelling issue that warrants further investigation.

PTMs on microtubules are a key controller of micro-
tubule properties and functions.29 Among these, micro-
tubule acetylation is recognised as the most stable 
modification, primarily regulated by the recruitment 

it less susceptible to interference from other biological 
enzymes.19,30,31 More intriguingly, a previous study by 
the present authors also reported that enhancing micro-
tubule acetylation is beneficial for alleviating lysosomal 
autophagy blockades resulting from microtubule disrup-
tion, where the enhanced microtubule acetylation helps 
maintain microtubule structure, significantly promoting 
vesicle transport and fusion, and thereby sustaining nor-
mal metabolic functions.32 Thus, in this study, exploring 
how microtubule acetylation mediates mineral transport 
could provide new insights into the biomineralisation 
process.

The present data demonstrate that microtubule 
acetylation plays a critical role in ACP-containing vesi-
cle transportation during osteogenic differentiation, 
which is needed for biomineralisation.33,34 However, 
other important factors also can influence ACP forma-
tion and biomineralisation, such as lysosome mediated 
biogenesis of matrix vesicles.35 Some articles have indi-
cated that matrix vesicles are vesicular structures rich 
in calcium and phosphate, contaiing organic materials 
such as acidic proteins. Lysosomes are thought to be 
one type of early matrix vesicle, capable of enriching 
calcium and phosphate and subsequently transporting  
ACP without crystallisation.34,36 As we reported previ-
ously, lysosome transportation could also be mediated 
via microtubule acetylation.32 Given this, it is essen-
tial to investigate whether microtubule acetylation 
also participate in the lysosomal transportation and 
secretion, and then influence the biogenesis of ma-
trix vesicles and ACP formation during biomineralisa-
tion. Exploring these issues could yield more valuable 
insights into the regulatory mechanisms of microtubule 
acetylation underlying biomineralisation.

Furthermore, osteogenesis is not limited to osteo-
blasts but also involves biological functions among 

various cell types within the bone microenvironment, 
including osteocytes, endothelial cells and immune 
cells. Given the wide range of cell types that participate 
in bone formation,37 it is conceivable that modula-
tion of microtubule acetylation during osteogenesis 
should have a widespread effect on a variety of cells. 
For instance, microtubule dynamics are known to in-
fluence the behaviour of osteoclasts during bone re-
sorption and could impact the balance between bone 
formation and degradation.12 As such, more research 
should be funded to investigate how the modulation of 
microtubule acetylation affects the biological process 
of other crucial cells within the bone microenviron-
ment, which not only help to achieve a comprehensive 
understanding of the function of the microtubule sys-
tem in bone formation, but also may pave the way for 
the development of novel therapeutic strategies that 
target the osteogenic microenvironment as a whole. 
Therefore, while the role of microtubule acetylation in 
osteogenic differentiation is becoming clearer, much 
remains to be explored regarding its function in other 
biological processes and cell types participating in 
bone formation. Future research should aim to expand 
understanding of the osteogenic microenvironment 
and the potential role of microtubule modifications 
across different cell types in bone formation.

Conclusion

In summary, microtubule acetylation is one of the key 
biological phenomena in the osteogenic differentiation 
of BMSCs, where increased microtubule acetylation 
could promote the transportation and secretion of ACP 
vesicles, and ultimately the osteogenic differentiation 
process. 

Conflicts of interest

The authors declare no conflicts of interest related to 
this study.

Author contribution

Dr Xin Ru ZHOU contributed to the experiments and 
manuscript draft and editing; Drs Can ZHANG, Chen 
Rong XU, Xin Er TAN, Qian Qian HAN, Xi YANG and Tian 
Yu SUN contributed to the data collection or method-
ology; Dr Long Quan SHAO contributed to study supervi-
sion; Dr Jia LIU contributed to study conceptualisation, 
supervision and critical revision of the manuscript.

(Received Dec 11, 2023; accepted May 16, 2024)

CJDR_2404.indb   309 02.12.24   10:31



310 Volume 27, Number 4, 2024

ZHOU et al

References
1. Chai YC, Carlier A, Bolander J, et al. Current views on cal-

cium phosphate osteogenicity and the translation into effec-
tive bone regeneration strategies. Acta Biomater 2012;8:3876–
3887.

2. Ye X, He J, Wang S, et al. A hierarchical vascularized engi-
neered bone inspired by intramembranous ossification for 
mandibular regeneration. Int J Oral Sci 2022;14:31.

3. Zhao F, Qiu Y, Liu W, et al. Biomimetic hydrogels as the induc-
tive endochondral ossification template for promoting bone 
regeneration. Adv Healthc Mater 2024;13:e2303532.

4. Tsukasaki M, Takayanagi H. Osteoimmunology: evolving con-
cepts in bone–immune interactions in health and disease. Nat 
Rev Immunol 2019;19:626–642.

5. Pei DD, Sun JL, Zhu CH, et al. Contribution of mitophagy to 
cell-mediated mineralization: Revisiting a 50-year-old conun-
drum. Adv Sci (Weinh) 2018;5:1800873.

6. Kovacs CS, Chaussain C, Osdoby P, Brandi ML, Clarke B, Thak-
ker RV. The role of biomineralization in disorders of skel-
etal development and tooth formation. Nat Rev Endocrinol 
2021;17:336–349.

7. Qiu N, Fang WJ, Li HS, He ZM, Xiao ZS, Xiong Y. Impairment 
of primary cilia contributes to visceral adiposity of high fat 
diet-fed mice. J Cell Biochem 2018;119:1313–1325.

8. Nollet M, Santucci-Darmanin S, Breuil V, et al. Autophagy in 
osteoblasts is involved in mineralization and bone homeosta-
sis. Autophagy 2014;10:1965–1977.

9. Bertolotti F, Carmona FJ, Dal Sasso G, et al. On the amorphous 
layer in bone mineral and biomimetic apatite: A combined 
small- and wide-angle X-ray scattering analysis. Acta Bio-
mater 2021;120:167–180.

10. Müller WEG, Ackermann M, Al-Nawas B, et al. Amplified mor-
phogenetic and bone forming activity of amorphous versus 
crystalline calcium phosphate/polyphosphate. Acta Biomater 
2020;118:233–247.

11. Dejaeger M, Böhm AM, Dirckx N, et al. Integrin-linked kinase 
regulates bone formation by controlling cytoskeletal organi-
zation and modulating BMP and Wnt signaling in osteopro-
genitors. J Bone Miner Res 2017;32:2087–2102.

12. Liu H, Zhang R, Ko SY, et al. Microtubule assembly affects 
bone mass by regulating both osteoblast and osteoclast func-
tions: stathmin deficiency produces an osteopenic phenotype 
in mice. J Bone Miner Res 2011;26:2052–2067.

13. Lee K, Kim H, Jeong D. Microtubule stabilization attenuates 
vascular calcification through the inhibition of osteogenic 
signaling and matrix vesicle release. Biochem Biophys Res 
Commun 2014;451:436–441.

14. Nicot S, Gillard G, Impheng H, et al. A family of carboxypepti-
-

mylation. Sci Adv 2023;9:eadi7838.
15. Prokop A. Microtubule regulation: Transcending the tenet of 

K40 acetylation. Curr Biol 2022;32:R126–R128.
16. Naren P, Samim KS, Tryphena KP, et al. Microtubule acetyla-

-
gener 2023;12:20.

17. Li S, Wu W, Yang B, et al. Histone deacetylase 6 suppression 
of renal tubular epithelial cell promotes interstitial min-
eral deposition via alpha-tubulin acetylation. Cell Signal 
2024;116:111057.

18. Zhan Y, Wang H, Zhang L, Pei F, Chen Z. HDAC6 regulates the 
fusion of autophagosome and lysosome to involve in odonto-
blast differentiation. Front Cell Dev Biol 2020;8:605609.

19. Xu Z, Schaedel L, Portran D, et al. Microtubules acquire re-
sistance from mechanical breakage through intralumenal 
acetylation. Science 2017;356:328–332.

20. Wippich F, Vaishali, Hennrich ML, Ephrussi A. Nutritional 
stress-induced regulation of microtubule organization and 

Commun Biol 2023;6:776. 
21. Janke C, Montagnac G. Causes and consequences of microtu-

bule acetylation. Curr Biol 2017;27:R1287–R1292.
22. Monteiro P, Yeon B, Wallis SS, Godinho SA. Centrosome ampli-

fication fine tunes tubulin acetylation to differentially control 
intracellular organization. EMBO J 2023;42:e112812.

-
lation restores mitochondrial transport function and allevi-
ates axonal injury after intracerebral hemorrhage in mice. 
J Neurochem 2022;160:51–63.

24. Zhang L, Hou X, Ma R, Moley K, Schedl T, Wang Q. Sirt2 func-
tions in spindle organization and chromosome alignment in 
mouse oocyte meiosis. FASEB J 2014;28:1435–1445.

25. Zhao Y, Xie L, Shen C, et al. SIRT2-knockdown rescues 
GARS-induced Charcot-Marie-Tooth neuropathy. Aging Cell 
2021;20:e13391.

26. Skoge RH, Ziegler M. SIRT2 inactivation reveals a subset of 
hyperacetylated perinuclear microtubules inaccessible to 
HDAC6. J Cell Sci 2016;129:2972–2982.

27. Caporizzo MA, Prosser BL. The microtubule cytoskeleton 
in cardiac mechanics and heart failure. Nat Rev Cardiol 
2022;19:364–378.

28. Saidova AA, Vorobjev IA. Lineage commitment, signaling 
pathways, and the cytoskeleton systems in mesenchymal 
stem cells. Tissue Eng Part B Rev 2020;26:13–25.

29. Janke C, Magiera MM. The tubulin code and its role in control-
ling microtubule properties and functions. Nat Rev Mol Cell 
Biol 2020;21:307–326.

30. Szyk A, Deaconescu AM, Spector J, et al. Molecular basis for 
age-dependent microtubule acetylation by tubulin acetyl-
transferase. Cell 2014;157:1405–1415.

31. Portran D, Schaedel L, Xu Z, Théry M, Nachury MV. Tubulin 
acetylation protects long-lived microtubules against mechan-
ical ageing. Nat Cell Biol 2017;19:391–398.

32. Liu J, Kang Y, Yin S, et al. Key role of microtubule and its 
acetylation in a zinc oxide nanoparticle-mediated lysosome-
autophagy system. Small 2019;15:e1901073. 

33. Cruz MAE, Ferreira CR, Tovani CB, et al. Phosphatidylserine 
controls calcium phosphate nucleation and growth on lipid 
monolayers: A physicochemical understanding of matrix ves-
icle-driven biomineralization. J Struct Biol 2020;212:107607.

34. Iwayama T, Bhongsatiern P, Takedachi M, Murakami S. Matrix 
vesicle-mediated mineralization and potential applications. 
J Dent Res 2022;101:1554–1562.

35. Otsuru S, Desbourdes L, Guess AJ, et al. Extracellular vesi-
cles released from mesenchymal stromal cells stimulate bone 
growth in osteogenesis imperfecta. Cytotherapy 2018;20: 
62–73.

36. Iwayama T, Okada T, Ueda T, et al. Osteoblastic lysosome plays 
a central role in mineralization. Sci Adv 2019;5:eaax0672.

37. Chen Y, Wang H, Yang Q, et al. Single-cell RNA landscape of 
the osteoimmunology microenvironment in periodontitis. 
Theranostics 2022;12:1074–1096.

CJDR_2404.indb   310 02.12.24   10:31



311Chinese Journal of Dental Research

mental foramen (MF), the respective foramina for these 
nerves, are frequently encountered in various ortho-
gnathic procedures.2,3 While IOF is primarily at risk 
during maxillary osteotomy due to soft tissue retrac-
tion, permanent nerve damage is rare.2 Conversely, 
the dissection and dissociation of MF pose a greater 
challenge, as the mental nerve may undergo retraction 
or even resection, leading to sensory dysfunction in 
the chin and lower lip.4 Thus, the identification and 
preservation of both foramina are critical aspects of 
orthognathic surgery. 

Although some studies have explored the relation-
ship between these foramina and adjacent dental or 
bony landmarks,5,6 dental structures can be displaced 
by preoperative orthodontics or third molar eruption. 
Common bony landmarks, such as the infraorbital 
rim, upper margin of the nasal aperture and jugale, 
may offer clinical information for maxillofacial frac-
ture repair or local anesthesia.7,8 However, these bony 
landmarks might remain elusive and seem invisible 
during orthognathic surgery. The anterior nasal spine 
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Localisation of the Infraorbital and Mental Foramen in 
Orthognathic Surgery: a CBCT Study 
Xin CHEN1,#, Cheng TAO2,#, Tie Mei WANG2

Objective: To establish precise positional references for orthognathic surgery by examining 
the relative positioning of the infraorbital foramen (IOF) in relation to the anterior nasal spine 

Methods: A cohort of 115 patients with CBCT images was randomly selected for analysis. Dis-

measured using 3D reconstruction images. 
Results: On average, the ANS was situated 21.40 mm below the IOF, with a horizontal dis-

and 9.71 mm, respectively. Scatter plots centred on the ANS indicated that 83% (191/230) of 
the IOF were distributed in a 30- to 45-degree fan shape, the radius of which ranged from 30 

30 mm radius in the bilateral superior quadrant centred on the Pog. 
Conclusion: During maxillary osteotomy, there is a potential risk of damaging the infraorbit-
al neurovascular bundle located 21.40 mm above the ANS. To mitigate the risk of IOF injury, 
caution is advised, particularly when retracting the flap below a 30-degree fan shape within a 
30 to 40 mm radius centred on the ANS and a 45-degree fan shape within a 20 to 30 mm radius 
centred on the Pog. Special attention is warranted during flap elevation in this specified area.
Keywords: CBCT, infraorbital foramen, mental foramen, orthognathic surgery 
Chin J Dent Res 2024;27(4):311–317; doi: 10.3290/j.cjdr.b5860286

Orthognathic surgery is commonly performed for the 
correction of dentofacial deformities and malocclu-
sion.1 Neurosensory impairment is a virtually universal 
outcome following osteotomy procedures, attributed 
not only to accidental nerve section but also to stretch-
ing or avulsion during surgery.2 

The lower two-thirds of the skin in the craniofacial 
region is predominantly innervated by infraorbital 
and mental nerves. The infraorbital foramen (IOF) and 

CJDR_2404.indb   311 02.12.24   10:31



312 Volume 27, Number 4, 2024

CHEN et al

(ANS) and pogonion (Pog) stand out as more prominent 
bony landmarks, consistently exposed and preserved 
throughout these procedures.5,9

The present study aims to establish the position 
of the IOF relative to the ANS and MF relative to Pog, 
providing a more accessible reference for the precise 
location of both foramina in orthognathic surgery. 

Materials and methods

CBCT images from 115 patients were collected between 
October 2019 and October 2020. The patients were ran-
domly selected from all those who attended Nanjing 
Stomatological Hospital. The inclusion criteria encom-
passed complete written records, CBCT images without 
metal artifacts and motion artifacts, absence of facial 
trauma, maxillofacial surgery, significant periodontal 
disease, open bite or craniomaxillofacial dysplasia, 
and an age range from 20 to 25 years. Participants were 
informed of the inclusion of their demographic and 
imaging data in the study, and all provided approval. 
All procedures performed in studies involving human 

participants were in accordance with the ethical stand-
ards of the institutional and/or national research com-
mittee and with the 1964 Helsinki declaration and its 
later amendments or comparable ethical standards. 
This study was approved by the local ethics committee 
of Nanjing Stomatological Hospital (No: JX-2020NL-06). 
CBCT examinations were conducted by the same profes-
sional imaging specialist following a standardised pro-
tocol on a NewTom VGi machine (NewTom, Imola, Italy) 
with uniform parameter settings (tube voltage 110 kV, 
tube current 9.47 to 15.90 mA, field of view 5 × 5 cm, 
exposure time 4.3 seconds, voxel size 0.1 mm). Mim-
ics 15.0 software (Materialisen, Leuven, Belgium) in the 
oral radiology department of our hospital was used for 
image measurements.

Reference planes were established as previously 
described.10 Briefly, the axial plane was aligned parallel 
to the Frankfort horizontal plane (FH plane), while the 
sagittal and coronal planes were perpendicular to each 
other and to the FH plane. The IOF was identified as 
the most superolateral point on the exterior end of the 
infraorbital canal, and the MF was the most anterior 

 Location of the IOF and MF.
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point of the opening transmitting the inferior alveolar 
nerve on the mandibular surface (Fig 1). Horizontal 
distances from the frontal projection point of the IOF to 
ANS and the MF to Pog were denoted as “w1” and “w2”, 
representing the width of both points, while vertical 
distances were recorded as “h1” and “h2”, indicating the 
height of both points (Fig 2). In addition, the 3D distance 
from MF to Pog was measured. All distances were first 
determined by locating the corresponding points on the 
2D image, and then calculated based on the coordinates 
of these points. We classified the patients into three cat-
egories according to the Angle classification method by 
analysing the positional relationship of the maxillary 
and mandibular first molars on sagittal images. We then 
marked the FH and mandibular plane (MP) on sagittal 
images and measured the Frankfort-mandibular plane 
angle (FMA). Patients were classified as high-angle if the 
FMA was greater than 32 degrees, low-angle if it was less 
than 22 degrees, and average-angle if it was between 22 
and 32 degrees.

Two independent oral radiologists with a minimum 

performed measurements individually. Intraobserver 
reliability was assessed by repeating measurements of 
30% randomly selected samples after a 1-month inter-
val. Another 30% subjects were randomly chosen for 
re-evaluations to assess inter-observer variability using 
intraclass correlation coefficient (ICC). 

Data were collected for both sides, and side differ-
ences were analysed using a paired t test. The paired 
t test was also employed to analyse width differences 
between the IOF and MF. Sex differences were evalu-
ated using an independent samples t test. A one-way 
between-subjects analysis of variance (ANOVA) was 
conducted to compare the differences in distances 
among different Angle classifications. Differences in 
distances among different facial types were also ana-
lysed using a one-way ANOVA. Statistical analyses were 
conducted using SPSS (version 19.0), and results with 
P < 0.05 were deemed statistically significant.

Results

This study included a total of 115 CBCT examinations 
from 58 men and 57 women, with a mean age of 22 years. 
This resulted in a sample of 230 sides for the analysis of 
the location of the IOF and MF. 

P < 0.001) and interobserver 
P < 0.001) were excellent 

(Table S1 and S2, provided on request). The mean of the 
independent measurements taken by the two operators 
was adopted.

On average, the ANS was positioned 21.40 mm below 
the IOF, with a horizontal distance of 26.42 mm. The 
horizontal, vertical and 3D distances between MF and 
Pog was 23.57, 9.71 and 29.87 mm, respectively. Men 
exhibited a 1.60 mm broader width of the IOF (95% 
confidence interval [CI] 1.06 to 2.14 mm, P = 0.000) 
and a 2.45 mm larger height of the IOF (95% CI 1.77 to 
3.13 mm, P = 0.000) compared to women. Moreover, 
the 3D distance between Pog and MF was found to be 
0.9 mm longer in men compared to women (95% CI 
0.37 to 1.49 mm, P = 0.000), while no significant sex-
based differences were observed for the MF in width 
and height (Table 1). The width of the IOF was 2.85 mm 
larger than that of the MF (95% CI 2.55 to 3.14 mm, 
P = 0.000) (Table 2). There were no significant differ-
ences in the distance between both sides (P > 0.05). 

There was a significant difference in the width and 
the 3D distance from MF to Pog at the P < 0.05 level 
across the three Angle classifications (P = 0.000). Post 
hoc analysis with a Bonferroni correction revealed that 
patients with a distal molar relationship had an MF-Pog 
width that was 0.73 mm greater compared to those with 
a mesial molar relationship (P = 0.014) and 0.80 mm 
greater compared to those with a neutral molar rela-
tionship (P = 0.000). Additionally, the MF-Pog 3D dis-
tance in patients with a distal molar relationship was 
2.16 mm longer compared to those with a mesial molar 
relationship (P = 0.000) and 1.70 mm longer compared 
to those with a neutral molar relationship (P = 0.000) 
(Table 3). A significant difference in the height of the 
MF was also observed at the P < 0.05 level among the 
three different facial types. The post-hoc Bonferroni 
correction indicated that patients with a low-angle 

  Measurement diagram: the width (w1) and height (h1) of 
the IOF to the ANS on the frontal projection, and the width (w2) 
and height (h2) of the MF to the Pog on the frontal projection.
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facial type had an MF-Pog height that was 0.33 mm 
greater compared to those with an average-angle facial 
type (P = 0.000) and 0.64 mm greater compared to those 
with a high-angle facial type (P = 0.000) (Table 4).

Scatter plots centred on the ANS and Pog revealed 
that both the IOF and MF were distributed in a 45-degree 
fan shape in the superior quadrant (Fig 3 and 4). 
Specifically, 83% (191/230) of the IOF appeared in a 30- 
to 45-degree fan shape with a radius from 30 to 40 mm, 
and 98% (226/230) of the MF occupied a 45°-degree fan 
shape with a radius from 20 to 30 mm.  

Discussion

Among the critical anatomical considerations in ortho-
gnathic surgery are the neurovascular bundles associ-
ated with the IOF and MF. While numerous anatomical 
studies have explored aspects such as the shape, extra 

openings and positions of these foramina relative to 
adjacent dental roots, these landmarks are not always 
visible during orthognathic procedures. Therefore, 
utilising readily available structures like ANS and Pog 
becomes pivotal for guiding orthognathic procedures.  

In our study, the width of the IOF measured 26.4 mm, 
aligning with measurements from Indian (28.5 mm)3 
and Spanish (27.0 mm)11 populations but slightly higher 
than the 24.7 mm reported in Lebanese subjects7 using 
CBCT. Variations could possibly be due to racial differ-
ences and the measurement methods, as the authors 
obtained the relative value in an undefined coronal 
plane.7 The mucoperiosteal flap on the labial buccal 
side of the anterior maxilla needs to be elevated to 
expose the inferior margin of the piriform aperture and 
the region 5 mm above the dental roots during Lefort 
I osteotomy.5 It is important to highlight the poten-
tial risk of direct injury to infraorbital neurovascular 

  Width of the IOF relative to the ANS and MF relative to the Pog.

IOF MF Mean difference 95% CI P value
Width (mm) 2.85 2.55, 3.14 0.000

t test was also adopted to analyse 
the width difference.

 Width and 3D distance of the MF relative to Pog in different Angle classifications.

Class I Class II Class III P value PIandII PIandIII PIIandIII

w2 (mm) 0.000 1.000 0.001 0.014
3D (mm) 0.000 0.561 0.000 0.000

adopted to analyse the width and distance difference. A Bonferroni correction was used for post-hoc comparisons.

  Height of the MF relative to the Pog in different facial types.
Group L Group A Group H P value PLandA PLandH PAandH

h2 (mm) 0.000 0.000 0.000 0.424
Group L, low-angle group; group A, average-angle group; group H, high-angle group. The height of the MF was presented as 

was used for post-hoc comparisons.

  Width and height of the IOF relative to the ANS and the MF relative to the Pog in men and women.

Men Women Mean difference 95% CI P value

IOF
w1 (mm) 1.60 1.06, 2.14 0.000
h1 (mm) 2.45 1.77, 3.13 0.000

MF
w2 (mm) 0.65 0.375
h2 (mm) 0.27 0.478
3D (mm) 0.93 0.37, 1.49 0.001

Width (w1) and height (h1) of the IOF to the ANS on the frontal projection; width (w2), height (h2) and 3D distance (3D) of the MF to 

and an independent samples t test was applied for sex comparison.
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bundles 21.4 mm above the ANS during higher oste-
otomies or fixation placement, particularly in Lefort 
I osteotomy. Additionally, infraorbital nerve injuries, 
including upper lip paraesthesia, may result from trac-
tion.2,12 Researchers have utilised the lateral marginal 
of the piriform aperture and the inferior rim of the 
orbit to locate the IOF during fracture operations.7,8,13 A 
similar study, based on 518 adult crania, found that the 
IOF was located midway between the nasospinale and 
jugale14; however, these nearby bony landmarks might 
escape exposure during Lefort I osteotomy. To estab-
lish an ideal location for the IOF, we created a scatter 
plot diagram centred on the ANS, the most prominent 
identifiable hard structure in the surgical field.15 The 
majority of the IOF appeared in a 30- to 45-degree fan 
shape in the bilateral superior quadrant, indicating that 
the line between the retractor and ANS should exceed 
45 degrees in the mesial region and should not surpass 

30 degrees in the distal region. It is advisable to follow 
the principle of safety when lowering the retractor, es-
pecially on the maxillary surface below the 30-degree 
fan shape within a 30- to 40-mm radius centred on the 
ANS. 

The occurrence of a long-term neurosensory deficit 
in the lower lip has been reported to be as high as 20% 
after isolated genioplasty.4 A critical intraoperative 
consideration is the prevention of injury, including 
stretching, sectioning and avulsion, to the inferior al-
veolar nerve adjacent to the MF. Evidence suggests that 
the MF is often located below the apex of the second 
premolar16,17; however, this method might not be effec-
tive in orthognathic surgery, where premolars might 
undergo extraction during preoperative orthodontics. 
In anterior mandibular orthognathic surgeries, the 
Pog is consistently kept exposed and intact. Hence, the 
present authors chose the prominent Pog as the land-

  Positional 
relationship between the 
IOF and ANS. Scatter plot 
of the IOF relative to the 
ANS on the frontal projec-
tion.

  Positional 
relationship between the 
MF and the Pog. Scatter 
plot of the MF relative to 
the Pog on the frontal pro-
jection.
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mark for MF location. In our study, the width of the MF 
measured 23.6 mm, aligning with cadaveric measure-
ments ranging from 22.0 to 25.8 mm.3,11 Understanding 
the width of the MF is crucial in defining safe areas in 
anterior mandibular subapical osteotomy. Additionally, 
the MF distribute in a 45-degree fan shape, with a 
radius ranging from 20 to 30 mm centred on the Pog, 
indicates the danger zone for elevating a mucoperi-
osteal flap. Minimising iatrogenic nerve injury caused 
by retractors and saws is feasible, as the MF can be well 
visualised and protected with atraumatic retraction 
after dissociation and exposure.4 

Gupta3 conducted a study measuring horizontal 
distances between the facial foramina and midline in 
79 adult skulls, and found no sex difference in MF width 
(22.5 mm in men, 20.5 mm in women). The present 
study yielded a similar result, indicating that the width 
and height of the MF relative to Pog showed no sex 
difference; however, the 3D distance is approximately 
0.9 mm longer in men than in women. This suggests 
that the  hazardous area for flap elevation shows slight 
differences in the sagittal direction. Interestingly, the 
IOF tended to be located in a more inferior and medial 
position in women compared to men. Recognising sex 
differences in IOF width and height is crucial, as total 
disassociation of the IOF is necessary in certain sur-
geries, such as Le Fort II osteotomy. Additionally, the 
horizontal and vertical positional relationships of MF 
to Pog can be estimated separately based on different 
molar relationships and facial types, which holds sig-
nificant clinical relevance. Nevertheless, the majority 
of IOF appeared in a 30- to 45-degree fan shape centred 
on ANS. Safe zones for retraction can be employed 
universally in adults undergoing anterior maxillary 
osteotomy or Le Fort I osteotomy.  

The longitudinal axis passing through the IOF and 
MF tends to incline outwards as the horizontal dis-
tance from the IOF to ANS was 2.9 mm longer than 
that from the MF to Pog. The result obtained in the 
present study was contrary to the popular belief that 
the IOF and MF were situated on the same vertical 
plane.3,18 This discrepancy may arise from consider-
ing the individual diameters of both foramina and 
obtaining values relative to the same midline.3 In the 
present study, the foramina were positioned relative 
to adjacent prominent landmarks such as ANS and 
Pog, offering more valuable anatomical information, 
especially for individuals diagnosed with asymmetric 
dentomaxillofacial deformities. 

Accessory foramina may exist, and injury to any 
branch could result in sensory defects.6,8,19 The fre-
quency and location of accessory foramina warrant 

thorough analysis and classification. Additionally, it 
is important to note that the present study was based 
on apparently normal samples. Patients with den-
tomaxillofacial deformities are pertinent candidates 
for orthognathic surgery, and these individuals might 
exhibit variants in bony structures. 

Conclusion

During maxillary osteotomy, there is a potential risk of 
injuring infraorbital neurovascular bundles, specifically 
in procedures situated 21.40 mm above the ANS. To pre-
vent injury to the IOF, it is crucial to minimise excessive 
flap retraction, especially beneath the 30-degree fan-
shaped region within a radius of 30 to 40 mm centred on 
the ANS. The MF predominantly resides in the superior 
part relative to the Pog within a 45-degree fan-shaped area 
with a radius of 20 to 30 mm. Special attention should be 
paid to flap elevation in this particular region to ensure 
the safety of the procedure.
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is related to primary stability.3 Primary stability occurs 
immediately following placement and is a direct result 
of the mechanical engagement between the implant and 
surrounding bone,3,4 which is influenced by several fac-
tors, including implant design, bone condition and sur-
gical procedures.4 During implantation, clinicians usu-
ally choose an appropriate procedure, such as simplified 
drilling or single bur drilling, to reduce damage while 
ensuring high initial stability. Conventional drilling ini-
tiated with a small-diameter drill before moving on to 
larger-diameter drills is the most common method, for 
which the drilling speed is approximately 1000 rpm,5 
depending on the implant system. The procedure must 
be carried out with irrigation throughout the implant 
bed preparation.

A novel technique referred to as low-speed drilling, 
and also known as biological drilling (50 to 100 rpm) 
without irrigation, has recently been proposed as an 
alternative to conventional drilling. It has been con-
firmed that this procedure will not make the tempera-
ture rise to 47°C without irrigation,1,6-8 which will not 
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Comparison of Low-speed Drilling and Conventional 
Drilling in Implant Surgery: an Experimental Study 
Teng Da LIU1, Jing Jing CHEN2, Shu Ya LI3, Shu Hong WANG4

Objective: To compare accuracy, duration of drilling and accumulation of bone chips between 
low-speed drilling and conventional drilling in freehand implant placement surgery.
Methods: The implant surgery procedures were performed using identical drill bits on pig ribs 
in the low-speed drilling group and the conventional drilling group. CBCT images of the preop-
erative implant design and postoperative implant positions were compared by using the space 
vector formula to calculate the angular deviation of the implants between the two groups, as 
well as the horizontal and vertical deviations of the implant necks and roots. The duration of 
the procedure was recorded, and the bone chips were collected and compared using a screening 
method and scanning electron microscopy.
Results: There were no significant differences in any of the four primary outcome variables 
relating to accuracy between the low-speed and conventional drilling methods. However, the 
results revealed that the length of the procedure differed significantly between the two groups 
and more large bone fragments could be collected when performing low-speed drilling.
Conclusion: Low-speed drilling does not affect the accuracy of implant nest preparation, but 
it can harvest large bone chips which may have better osteogenic activity. Low-speed drilling 
could be an alternative to conventional drilling.
Keywords: bone graft, dental implant, low-speed drilling, surgical procedure
Chin J Dent Res 2024;27(4):319–326; doi: 10.3290/j.cjdr.b5860294

Oral implants have been proven to be more comfortable 
and efficient compared to other prostheses as they do 
not cause damage to adjacent teeth, and have become 
the preferred treatment option for restoring the morph-
ology and function of missing teeth. The stability of oral 
implants is based on osseointegration, which is influ-
enced by many biological and mechanical factors1,2 and 
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cause thermal damage to the bone.9-11 Additionally, it 
has no impact on osseointegration or bone loss around 
implants.1,12-14 Eliminating the need for irrigation with 

avoid washing away cells, proteins and other soluble 
substances that play an important role in bone regen-
eration.15,16 This process can preserve the autogenous 
bone graft and maximally restores its osteogenic ability, 
which is better than conventional drilling with regard 
to bone regeneration.16-19 Additionally, the autogenous 
bone collected during the procedure can be used for 
bone augmentation to avoid the need for a second 
surgical site and reduce the use of bone substitutes, 
thereby also reducing the economic burden on pa-
tients. Furthermore, lower drilling speeds can produce 
greater drilling forces and torques, which can prevent 
excessive sideways force and minimise the risk of drill 
bit breakage.20 Moreover, low-speed drilling without 
irrigation may provide greater comfort for patients 
and causes less postoperative pain and inflammation 
than conventional drilling.21 These advantages seem 
to demonstrate that low-speed drilling is superior to 
other methods. 

-
ledge, there is a lack of evidence regarding the accuracy 
of implant placement using low-speed drilling. Hence, 
the aim of this study was to evaluate the accuracy of 
low-speed drilling and conventional drilling. The sec-
ondary aim was to compare the procedure duration and 
bone chip accumulation.

Materials and methods

The experiments were designed according to a protocol 
that had been given ethical approval by the Ethics Com-
mittee of Shanghai Songjiang District Central Hospital.

Pig ribs obtained from the butcher with a cortical thick-
ness of approximately 2 mm were obtained, and a CBCT 
scan of each rib was taken before surgery to confirm 
that an implant (4.2 mm in diameter and 10 mm in 
length) could be inserted and only penetrated through 
one layer of cortical bone. The ribs that met the require-
ments were soaked in sterile normal saline. 

DICOM files of the preoperative CBCT scans were 
imported into the implant planning software (Simplant 
Pro 17.0, Dentsply Sirona, Charlotte, NC, USA). A group 
member planned the 3D positions of each intended 
implant site and changed the implant type to TSIII 
(4.2 × 10 mm) (Osstem, Seoul, South Korea). The im-
plant templates were manufactured through 3D print-

All surgical procedures were carried out by a dental 
postgraduate student (TDL). In order to match the im-
plant models, the surgical procedures were performed 
using a Taper KIT (Osstem) (Fig 1).  The implant sites 
were located using the implant template and marked 
with a guide drill at a speed of 800 rpm with irrigation, 
and the depth of marks was 2.0 mm. Meanwhile, some 
signposts were placed parallel to the previously planned 
axis of the implant to indicate the direction (Fig 2). A 
total of 60 sites were randomly divided into two groups, 
and different technical conditions (Table 1) were used 
for each group without a guide template. 

The duration of the procedure was recorded for each 
step. Bone chips generated using low-speed drilling 
accumulated on the drill surface and near the implant-
ation sites, which could be collected directly; however, 
the irrigation when using conventional drilling caused 
difficulty in bone collecting, so bone collection needed 
to be performed by the surgical assistant. 

After the surgery was completed, a postoperative 
CBCT scan was taken and the data were output as 
a DICOM file to build the model using Mimics 21. 0 
(Materialise, Leuven, Belgium). The virtual preoperative 
implant positions and the actual postoperative positions 
were uploaded to Simplant Pro 17.0 and superimposed by 
manually matching at least three previously made marks. 

 The drills used in the experiment. 
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The planned and actual implant positions were repre-
sented by the neck centre point and root centre point in 
spatial coordinates, and each point was measured three 
times. Lateral neck deviations, lateral apex deviations 
and vertical apex deviations were calculated according to 
the distance formula (d = |a*b|/|a|), and angular deviations 
(Fig 3) were calculated according to the vectorial angle 

methods were used to decrease the measurement error.

Histomorphometric and quantitative analysis of bone 
chips

After preparation, the bone chips generated in the two 
groups were collected individually and fixed in 4% para-
formaldehyde for 2 days. Following serial dehydration 
with graded ethanol, the samples were dried using a 
critical point drier. An electronic balance was employed 
to measure the dry weight of the samples. 

The histomorphometric analysis of bone chips was 
performed using a sieving method and a scanning 
electron microscope (SEM). The 30 sites of bone chips 
collected by low-speed drilling were merged and then 
screened using sieves with diameters of 200, 400 and 
600 μm. The bone chips in both groups were divided 
into three subgroups: bone chips with sizes of 200 to 
400, 400 to 600 and > 600 μm. Almost no chips passed 
through the 200-mm diameter sieve. The overall weight 
and the dry weight of each part were measured and 
recorded. The bone chips gathered using conventional 
drilling were analysed in the same way.

In the following days, the samples were sputter-
coated and analysed microscopically using an SEM 
(HITACHI, Tokyo, Japan) to determine size variations. 
The SEM images at ×30 for each group were analysed 
using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA). To be defined as “chips”, the 
observed bone particles had to display clear bounda-
ries. Thirty chips from each group were chosen and the 
projection area and Feret diameter were measured to 
indicate their size. 

Since it was difficult to collect chips when using con-
ventional drilling, a trephine drill (ChengDuPeiYang, 
Sichuan, China) with an inner diameter of 3 mm and an 
outer diameter of 4 mm and which had the same depth 
of preparation was used for the control group for com-

parison with low-speed drilling (Fig 4). The dry weight 
of bone blocks generated using a trephine drill were 
also measured using electronic balance.

  The signpost in the rib that served as an indication of 
nearby implantation sites.

The rotary speed of each drill in model surgery.

Drilling protocol
Low-speed 
Conventional

  Illustration depicting the method of deviation measure-
ment.

Angular deviation
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Statistical analyses

Statistical analyses were performed using IBM SPSS 25 
(IBM, Armonk, NY, USA). The normality of the data was 
assessed using histograms and a Shapiro-Wilk test. All 
data that were normally distributed were compared 
using an independent samples t test, and the rest were 
compared using a Mann-Whitney U-test.

Results

Precision of the 3D position

In this study, a total of 60 implant surgery procedures were 
performed on the models: 30 in the low-speed drilling 
group and 30 in the conventional drilling group. There were 
no significant differences between the two groups for any 
of the four primary outcome variables (P > 0.05) (Table 2).  

Duration of the procedure

The results of the analysis of the duration of the pro-
cedure are presented in Table 3. The total duration in 
the low-speed drilling group was 20.526 ± 3.009 sec-

whereas that in the conventional drilling group was 

was significantly different (P < 0.001).

Accumulation of bone chips

Despite having an assistant to help with bone collec-
tion in the conventional drilling group, the collection 
tended to be less efficient. The dry weight of bone chips 
was far less than that in the low-speed drilling group. 
Due to the difficulty in collecting bone chips generated 
during conventional drilling, a trephine drill was select-
ed for the control group for further evaluation of the 
bone collecting ability of low-speed drilling. There was 
a significant difference in the dry weight of the bone 
chips between the control group (0.0431 ± 0.0074 g, 95% 

P = 0.004). 
The weight of the chips was greater in the low-speed 
drilling group (Fig 5).

  The trephine bur used in the experiment.   Bar charts representing the dry weight of two technologies.

of the deviation.

 
deviation

Low-speed 
drilling

Conventional 
drilling

t (Z) P value

Lateral neck 
deviation

0.042 0.967

Lateral apex 
deviation

0.829 0.410

Vertical apex 
deviation

0.052

Angular 
deviation

1.293 0.201

Drilling protocol Final diameter (mm)

Low-speed 

Total time

Conventional 

Total time
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Size of bone chips

SEM analysis of the samples produced by conventional 
drilling revealed square and rectangular chips. The low-
speed drilling samples displayed larger, rectangular chips 
(Fig 6). The bone chips produced by low-speed drilling 
were larger than those produced by conventional drilling 
(P
a large proportion of the low-speed drilling group, with 
the percentage of bone chips > 600, 400 to 600, and 200 to 
400 μm being 39.1%, 41.2% and 19.7%, respectively. The 
percentages for the conventional group at > 600, 400 to 600 
and < 200 μm were 48.2%, 23.4% and 28.4%, respectively.

Discussion

To confirm whether low-speed drilling without irriga-
tion was safe, the temperature change during drilling 
was measured using a digital infrared camera and ther-
mocouple.9-11,22 After ensuring that low-speed drilling 
did not cause thermal damage, the researchers con-
ducted animal experiments and found that there were 
no significant differences in crestal bone loss (CBL) or 
bone–implant contact (BIC) between implants placed 

via low-speed drilling and those placed via convention-
al drilling.1,23 Furthermore, Pellicer-Chover et al12 and 
Tabassum et al13 used low-speed drilling in clinical trials 
and found no apparent difference in bone loss around 
the implants between low-speed drilling and conven-
tional drilling after a 12-month follow-up. Low-speed 
drilling was applied to prepare the sockets for autog-
enous tooth transplantation, and after a 7-year follow-
up, the transplanted teeth remained stable.24 Low-speed 
drilling also may provide improved primary stability and 
cause less postoperative pain and inflammation.23,25 It 
appears that low-speed drilling has no impact on the 
long-term success rate of implants. 

study evaluating the accuracy of implant preparation 
using low-speed drilling. In this study, four primary 
outcome variables were chosen to compare the accur-
acy between two methods. However, no improvements 
in accuracy were observed when low-speed drilling 
was used for preparation compared to conventional 
drilling, which was inconsistent with the findings of 
other studies.26 There are several likely reasons for 
this discrepancy. First, bone chips that accumulate 
near implantation sites can interfere with the observa-

  SEM analysis of bone particles harvested by two techniques. The bone particles produced by low-speed drilling were larger 
than the particles produced by conventional drilling. 

  Characterisation of the average projection area and Feret diameter of bone chips.

Drilling protocol Area (mm Z P value
Low-speed 
Conventional 
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tion of length marks and affect depth control during 
preparation (Fig 7). Second, the inadequate cutting 
capability requires operators to apply additional axial 
force, which increases the risk of the drill slipping and 
affecting direction. Third, a reduction in rotation speed 
may affect drill stability. The basic theory behind the 
design of the tri-spade drill was the inherent stability 
and self-centring of a tripod.27 However, as the rota-
tion speed decreases, the chip escape rate and stability 
decrease accordingly. This could also explain why the 
operator experienced sideways forces while drilling. 
Nevertheless, most of these reasons were specula-
tive and largely related to the design of the drills. 
Further investigation is required to determine whether 
drills designed specifically for low-speed drilling can 
improve accuracy during implant bed preparation. 

Other differences between low-speed drilling and 
conventional drilling were also compared in this study. 
From the perspective of process time, the procedure 
time of low-speed drilling is approximately 1.9 times 
that of conventional drilling, which is similar to the 
finding of Calvo-Guirado et al.1 The procedure time 
may be related to bone density and the design of the 
drill, both of which need further study. Although this 
approach prolongs the operation time, it provided 
greater comfort for patients because they did not ex-
perience a drowning sensation.21

During preparation by low-speed drilling, bone chips 
accumulate near the implantation sites and on the drill 
surface (Fig 7), which are heavier than the chips har-
vested by a trephine bur. Moreover, irrigation during 
conventional drilling makes it difficult to collect bone 
debris and leads to bone loss. Therefore, compared to 
the other two technologies, the slow-speed technique 
not only provides advantages in bone harvesting but 
also may avoid a second surgical site when facing small 
and medium-sized bone defects.

When examining samples under a microscope, 
Ozcan et al25 discovered that conventional drilling 
causes more damage to cancellous bone than low-
speed drilling, resulting in bleeding and bone marrow 
disruption, but there were no significant differences in 
the morphology of the cortical bone cutting surfaces. 

As yet, no research has been conducted into whether 
the method could influence the generation of bone 
chips. Scholars found that the bone chips harvested 
by low-speed drilling had better osteogenic poten-
tial than conventional drilling, ultrasonic osteotomy 
and other bone harvesting technologies.16,17 The size 
of bone chips is important for osteogenic activity. A 
clinical study showed that large bovine-derived bone 
chips (1 to 2 mm) generated a 1.4 times higher volume 
in sinus augmentation than smaller granules (0.25 to 
1 mm).28 The area and Feret diameter measured in SEM 
images show that the size of bone chips harvested by 
low-speed drilling were significantly larger. According 
to the results of the screening method, 80.3% of the 
chips collected in the low-speed drilling group and 
71.6% of the chips collected in the conventional drilling 
group were > 400 μm in length, but the proportion that 
was > 600 μm in length was larger when using conven-
tional drilling. However, according to the result of the 
SEM method, the Feret diameter of low-speed drilling 
was much larger than 600 μm. The difference between 
the two methods was probably due to the fact that the 
result of the screening method was influenced by the 
oblong shape of bone chips. Although the volume of 
the chips was larger, they can pass through small diam-
eter voids because of their slender shape. Therefore, 
the result of the SEM analysis was extremely serious. 
In general, low-speed drilling also made it possible to 
harvest more large bone chips, which may improve 
bone regeneration and repair. 

Finally, this in vitro study is not free of limitations. 
A major limitation was that the drills used were not 
designed for low-speed drilling, which could obscure 
the superiority of this technology. In addition, dead pig 
ribs can be used to simulate human anatomy, but pig 
ribs are weaker than the human mandible, which may 

 Bone particles 
accumulate on the 
drill’s surface (a) or 
near the implanta-
tion sites (b).
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affect the results despite the thickness of the cortical 
bone being homogeneous. Furthermore, all procedures 
were performed by one experienced operator. Different 
results might be found by other investigators according 
to their level of experience.

Conclusion

According to the results of this study and its limitations, 
low-speed drilling has no influence on the accuracy of 
implant nest preparation, which may be increased by 
changing the drill design. Compared to conventional 
drilling, it offers advantages in terms of bone harvest-
ing, as more and larger bone chips can be collected 
and osteogenic ability can be maximally restored. It 
can also reduce the consumption of bone substitutes 
to alleviate the economic burden on patients. Thus, the 
authors believe that low-speed drilling has the poten-
tial to be an alternative to current methods, and the 
characteristics of the drill should be further studied to 
develop a design that suits this technology and expands 
its advantages. 
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plastic or supernumerary teeth, enamel hypoplasia and 
taurodontism.4,5

One of the most prominent dental anomalies that 
accompanies CLP is taurodontism, or bull-shaped 
teeth. Taurodontism is the apico-coronal enlargement 
of the pulp chamber with apical displacement of bifur-
cation or trifurcation areas of the root.6 Taurodontic 
teeth, with their abnormal morphology, affect peri-
odontal, surgical, prosthetic and endodontic treat-
ment planning, as they are characterised by vertically 
elongated pulp chambers, apically displaced furcation 
areas, short roots and a lack of cervical constriction.7,8 
Taurodontism is classified based on a well-known 
radiographic index, the Taurodontic Index (TI), into 
three main groups: hypotaurodontism, mesotaurodont-
ism and hypertaurodontism.9 The least severe of these 
according to this scale is hypotaurotontism, whereas 
hypertaurodontism is considered the most severe type.8

Few studies have assessed the risk of incidence 
of taurodontism in patients with CLP compared to 
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Prevalence and Characteristics of Taurodontism in Patients 
with Cleft Lip and Palate Compared to the Healthy Group: a 
CBCT Study 
Fatemeh AKBARIZADEH1, Mohammad PORDEL2, Maryam PAKNAHAD3

Objective: To investigate the prevalence and characteristics of taurodontism in patients with 
cleft lip and palate (CLP) and clarify the relationship between CLP and the frequency and sever-
ity of taurodontism. 
Methods: CBCT scans of 30 patients with bilateral CLP (BCLP), 70 with unilateral CLP (UCLP) 
and 70 healthy individuals were taken for investigation. In each group, the first and second 
molars were assessed for the presence of taurodontism. In taurodontic teeth, the severity of 
taurodontism was measured and classified based on the taurodontic index (TI). The frequency 
and severity of taurodontism were compared between the three groups. 
Results: Taurodontism was significantly higher in patients with CLP (P < 0.001), and its 
prevalence was significantly higher in patients with BCLP than those with UCLP (P = 0.003) 
and the control group (P < 0.001). There was no difference among the three groups regarding 
the severity of taurodontism. Additionally, the frequency of taurodontism in the second molars 
was significantly higher than that in the first molars in the control group (P = 0.019). 
Conclusion: Based on this investigation, clinicians should be aware of the possible complica-
tions that may occur when performing dental procedures on patients with BCLP and UCLP due 
to the higher incidence of taurodontism in these patients.
Keywords: CBCT, cleft lip and palate, taurodontism
Chin J Dent Res 2024;27(4):327–332; doi: 10.3290/j.cjdr.b5860295

Cleft lip and palate (CLP) is considered the most preva-
lent congenital anomaly developed in the craniofacial 
region, with a global frequency of 0.45 in every 1,000 
newborns.1 Patients suffer from several functional, psy-
chological and aesthetic problems.2,3 Dental anomalies 
are frequent in CLP patients, including missing, hypo-
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unaffected individuals in various populations.4,10-13 
According to the current literature,4,12 the frequency 
of taurodontism in patients with CLP varies widely 
among different populations, ranging from 18.2% to 
71.05%. 

Moreover, the accuracy of radiographic techniques 
can greatly impact the outcomes and investigations, 
which should be considered carefully. Previously pub-
lished research on the epidemiological characteristics 
of taurodontism is mostly based on panoramic14,15 or 
other conventional radiographic examinations.16 It has 
been observed that many taurodontic teeth go undiag-
nosed even after using conventional two-dimensional 
(2D) radiography because of its well-known disadvan-
tage of superimposition, especially in maxillary teeth.8 
On the other hand, the application of CBCT, as a viable 
3D modality, can be helpful in diagnosis, classification, 
accurate measurement and the planning of treatment 
of taurodontism.4

are only two studies evaluating the frequency of tauro-
dontism in patients with CLP using CBCT.4,10 Therefore, 
the aim of the present study was to compare the fre-
quency and severity of taurodontism in patients with 
bilateral CLP, unilateral CLP, and healthy individuals 
using CBCT imaging.

Materials and methods

Study design

This retrospective study was performed on CBCT images 
of 170 subjects (87 women, 83 men), including 70 with 
UCLP (37 women, 33 men) and 30 with BCLP (17 women, 
13 men), as well as 70 control subjects (33 women, 37 
men) who met the eligibility criteria. The sample size 
was calculated according to the following formula:

above formula, the sample size was calculated as 70 sub-
jects per group. The age range of the participants was 
between 18 to 67 years. This study was approved by the 
institutional research committee (IR.SUMS.DENTAL.
REC.1401.100). The criterion for inclusion of patients 
in the CLP and control groups was the presence of fully 
developed permanent molars. The high-quality images 
that showed both arches were included.  Patients with 
extensive caries, restorations or crowns and who had 

undergone endodontic treatment of first and/or second 
permanent molars were excluded from the study. Fi-
nally, the patients were categorised into the UCLP, BCLP 
and control groups. All participants signed an informed 
consent so that their anonymous data could be used in 
further research.

Radiographic assessment of taurodontism

CBCT images were taken using the VGi EVO NNT imag-
ing system (NewTom, Imola, Italy) at 0.3 mm voxel size, 
110 kVp, 7.56 mAS, and a standard field of view. To assess 
the intergroup observer reliability, a dentistry student 
and an oral and maxillofacial radiologist measured the 
variables of every CBCT scan separately. Two weeks 
later, 20% of the studied images were randomly chosen 
for reassessment to evaluate the intragroup observer 
reliability of the measurements. To quantitatively assess 
the inter- and intragroup observer reliability of the out-
comes, the Kappa coefficient was estimated for each 
variable. The diagnosis of taurodontism was based on 
the TI, which was proposed by Shifman and Chanan-
nel.17 To determine TI, the present authors measured 
two variables. Variable 1 was the distance from the low-
est point of the roof of the pulp chamber to the highest 
point of the floor of the pulp chamber, whereas variable 
2 was the distance from the lowest point of the roof of 
the pulp chamber to the apex of the longest root. Then 
variable 1 was divided by variable 2 and multiplied by 
100. 

The teeth were categorised as being affected by 
hypotaurodontism if TI was 20% to 30%, mesotauro-
dontism if it was 30% to 40% and hypertaurodontism 
if it was 40% to 75% (Fig 1). All measurements and 
calibrations were performed using the digital scale 
provided by NewTom NNT software. The presence and 
severity of taurodontism in eight molar teeth of each 
subject were assessed in the BCLP, UCLP and control 
groups.

Statistical analysis

All the obtained values were restored and measured in 
SPSS (version 26; IBM, Armonk, NY, USA). A chi-square 
test was used to compare the frequency and severity of 
taurodontism in the three studied groups. The preva-
lence of taurodontism between the three groups regard-
ing laterality, tooth number and arch was evaluated. The 
confidence interval (CI) of 95% and P < 0.05 were con-
sidered as the level of statistical significance.
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Results

The prevalence of taurodontism was 139 (12.87%) and 51 
(29.76%) in the participants with CLP and healthy indi-
viduals, respectively. The analysis of the present results 
indicated that the presence of CLP was significantly 
associated with a higher prevalence of taurodontism 
(P < 0.001). Table 1 shows the frequency of taurodont-
ism among the three groups. The frequency of tauro-
dontism was significantly correlated with the type of 
CLP (P < 0.001). In this regard, it was found that tauro-
dontism was significantly higher in the BCLP group than 
the UCLP (P = 0.003) and control groups (P < 0.001). 

The different classifications of taurodontism (hypo-, 
meso- and hypertaurodontism) were assessed among 

patients with BCLP and UCLP and the control group. 
The results indicated that there was no difference 
between the three groups regarding the severity of tau-
rodontism (Table 2). 

The frequency of taurodontism in second molars in 
the control group was significantly higher than in first 
molars (P = 0.019); however, this difference was not sig-
nificant among patients with BCLP and UCLP (Table 3). 

The results in Table 4 indicate that in both CLP and 
control groups, taurodontism was significantly more 
prevalent in the maxilla compared to the mandible. 
The estimated P value in the BCLP and UCLP groups 
was < 0.001. The same outcome was obtained in the 
control group (P < 0.001). In both the CLP group and the 
control group, no statistically significant correlation 

 Classification of taurodontism in the 
CBCT images.

  Comparison of the frequency of taurodontism in different subtypes of CLP.

BCLP, n (%) UCLP, n (%) Control group, n (%) P value
Taurodontism 48 (41.88%)a,b 91 (26%)a,c 51 (12.57%)b,c

Normal teeth 69 (58.11%) 259 (74%) 345 (87.12%)
*Statistically significant.
a, statistically significant difference between the BCLP and UCLP groups (P
the BCLP and control groups (P P

 Comparison of the frequency of occurrence different types of taurodontism among groups

Type of taurodontism BCLP, n (%) UCLP, n (%) Control group, n (%) P value
Hypotaurodontism 117 (81.25%) 78 (85.71%) 45 (88.23%)

0.879Mesotaurodontism 7 (14.58%) 11 (12.08%) 5 (9.80%)
Hypertaurodontism  2 (4.16%) 2 (2.19%) 1 (1.96%)

  Comparison of the frequency of taurodontism between first and second molars in the CLP and control groups

BCLP group UCLP group Control group

Taurodontism 30 18 49 42 17 (8.99%) 34 (16.42%)
P value 0.274 0.115 0.019*

*Statistically significant.
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was observed between the two sides. The P value in the 
BCLP, UCLP and control groups was estimated as 0.233, 
0.429 and 0.469, respectively. 

Discussion

Taurodontism is one of the dental anomalies com-
monly observed in molars, and its prevalence varies 
among different populations. Several systemic dis-
orders have been demonstrated to be associated with 
taurodontism, including amelogenesis imperfecta, 
osteogenesis imperfecta, Down syndrome, ectodermal 
dysplasia, hypophosphatasia and tricho-dento-osseous 
syndrome.18 Among the different systemic disorders 
associated with a higher risk of taurodontism, CLP, being 
the most common developmental craniofacial anomaly, 
has been suggested to have possible associations with 
taurodontism. Taurodontism is a developmental anom-
aly that can affect several clinical procedures, includ-
ing endodontic procedures,16,19 prosthetic treatment20 
and tooth extraction.16 The large and elongated pulp 
chamber, as well as the shortened root canals and high 
proximity of dilated roots, create specific challenges for 
clinicians to achieve acceptable outcomes in the treat-
ment of teeth with taurodontism.16,21-23 

The present study indicated that the frequency of 
taurodontism in patients with CLP was significantly 
higher than in healthy individuals. This finding is con-
firmed by previous studies that assessed the frequency 
of taurodontism in patients with CLP compared with 
healthy individuals.10,11,13,24 Moreover, the type of CLP 
also played a role in this regard, since BCLP was associ-
ated with a higher incidence of taurodontism compared 
to UCLP. One of the possible mechanisms through 
which CLP can be correlated with taurodontism is 
through the role of DLX genes. Since these genes are 
involved in the pathogenesis of both CLP and taurodon-
tism, it can be speculated that the enhanced frequency 
of teeth affected by taurodontism can be associated 
with possible genetic factors, including DLX genes.25,26

Moreover, the present study demonstrated that the 
severity of CLP can also be associated with a higher 
incidence of taurodontism since the frequency of 
taurodontism in patients with BCLP was significantly 

higher than the group with UCLP. Thus, the dental care 
and treatment planning for these patients should be 
conducted with more caution. In this regard, Küchler 
et al12 failed to determine the possible correlation of 
severity of CLP with taurodontism. This difference 
could be ascribed to the fact that this study included 
only patients with the highest severity of taurodontism 
(hypertaurodontism),12 whereas the present authors 
included patients regardless of their level of severity 
of taurodontism. Furthermore, to obtain the highest 
precision in our study, we utilised CBCT scans to avoid 
possible inaccuracies and imprecisions in the diagnosis 
and measurement of the identified values, whereas the 
cases evaluated by Küchler et al12 were examined using 
conventional techniques.

Concerning the severity of taurodontism, it was 
found that hypotaurodontism was more commonly 
detected, followed by mesotaurodontism and hypertau-
rodontism. The results of the present study are in line 
with previous studies.4,11 In this regard, Weckwerth et 
al11 stated that in patients with CLP, the frequency of 
hypotaurodontism, mesotaurodontism and hypertau-
rodontism was 83.70%, 10.67% and 5.61%, respectively. 
Similarly to the studies by Sobti et al4 and Weckwerth et 
al,11 we can assume that the frequency of taurodontism 
subtypes was not affected by the presence of CLP. 

Also, we investigated whether the number of tau-
rodontic teeth can also be affected by CLP. The pres-
ent study demonstrated that in patients with CLP, 
taurodontism does not exhibit any tendency towards 
the first or the second molar; however, in participants 
without CLP, it was more frequently observed in the se-
cond molar compared to the first molar. This is in line 
with the study by Jamshidi et al,27 which found that 
taurodontism is more commonly diagnosed in second 
molars compared to first molars in healthy individu-
als. Besides, in another study conducted by Aydin and 
Mobaraki,7 in healthy individuals, the incidence of 
taurodontism suggests a predilection towards the se-
cond molars.  

Concerning the impact of tooth laterality, it was also 
demonstrated that there was no significant predilection 
towards the left or the right side in either the control 
group or the CLP groups. This is in line with previous 

  Association of taurodontism with the arch in both the BCLP and UCLP groups and the control group

BCLP group UCLP group Control group
Maxilla, n (%) Mandible, n (%) Maxilla, n (%) Mandible, n (%) Maxilla, n (%) Mandible, n (%)

Taurodontism 6 (12.5%) 44 (86.27%) 7 (13.72%)
P value

*Statistically significant
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studies that reported no significant difference in the 
frequency of taurodontism on the left or right side in 
patients without CLP.22,27,28 

Concerning the impact of the arch on the incidence 
of taurodontism, the present authors found that in all 
three groups, the frequency of taurodontism in the 
maxilla was significantly higher than in the mandible. 
This is in line with the studies conducted by by Jamshidi 
et al27 and Li et al,29 who reported that taurodontism 
was more common in the maxilla compared to the 
mandible in a normal population. In another study, 
Bharti et al30 found that taurodontism is much more 
frequent in the maxilla than the mandible by evaluating 
the full-mouth periapical radiographs of 1,000 patients. 
These results are further confirmed by several other 
studies that assessed the frequency of taurodontism 
through various radiographic techniques.7,31,32 The 
present authors hypothesise that it could be possible 
that, due to the higher vascularisation of the maxilla 
compared to the mandible,33 the genetic background 
of teeth with taurodontism may have a higher chance 
of incidence, and therefore the probability of formation 
of taurodontism may be enhanced in the tooth forma-
tion process. 

The differences in root and canal morphologies in 
taurodont molars in the BCLP, UCLP and control group 
were not evaluated. Therefore, further studies are rec-
ommended to examine this topic in taurodont teeth in 
CLP patients. 

Conclusion

The present study showed that the presence of CLP 
increased the incidence of taurodontism. Moreover, 
the type of CLP is also a factor that can further increase 
this phenomenon. The authors also found that the inci-
dence of taurodontism in the maxilla is much higher 
than in the mandible in all groups. It is important to 
note that the severity of taurodontism was not affected 
by the presence or even the type of CLP. Thus, based 
on the current outcomes, clinicians should be aware of 
the possible complications in endodontic, prosthodon-
tic and surgical procedures in patients with BCLP and 
UCLP due to the higher incidence of taurodontism in 
these patients.
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Tooth impaction is defined as the cessation of eruption 
or failure of teeth to erupt into the normal functional pos-
ition caused by physical barriers in the eruption path.1 
Impaction of permanent second molars is relatively rare 
and its prevalence is often expressed as the percent-
age of all retained teeth in a group of patients,2 which 
lies between 0.06% and 0.3%, and the prevalence rate 
is increasing gradually.3 However, despite the fact that 
impaction is rarely seen in clinical practice, there are 
many functional, periodontal, hygienic and endodontic 
reasons that justify the need for treatment of impacted 
mandibular molars.4 For example, oral hygiene in the 
area surrounding the impacted teeth is usually poor, 
which can cause caries and periodontal disease. Fur-
thermore, undiagnosed second molar impaction may 
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Orthodontic Treatment of an Adult Maxillomandibular 
Protrusion Case with Impacted Mandibular Second Molars 
Using the Physiologic Anchorage Spee-wire System: 
a Case Report 
Huan Huan CHEN1,2, Gui CHEN1,2, Guang Yao FENG2,3, Xiu Jing WANG2,3, 
Tian Min XU1,2, Hong SU2,3

Impaction of mandibular second molars should be resolved as soon as possible once diag-
nosed, since it may lead to many functional, periodontal, hygienic and endodontic problems. 
Treatment options for impacted second molars include orthodontic-assisted eruption following 
surgical exposure, surgical uprighting and, in some cases, surgical extraction with possible 
subsequent implant placement if the tooth is deemed non-restorable or the patient prefers an im-
plant restoration. This case report describes the orthodontic treatment of a 21-year-old woman 
with maxillomandibular protrusion and impacted bilateral mandibular second molars. The 
Physiologic Anchorage Spee-wire System (PASS) was adopted due to its innovative strategy of 

bracket and cross buccal tube (XBT). After 22 months of treatment, a well-aligned dentition, 
a normal functional occlusion and a harmonious facial profile were obtained, and impaction 
of the bilateral mandibular second molars was finally resolved. This case report demonstrates 
a simple and efficient solution to dental impaction. The PASS technique is superior to other 
preadjusted straight wire appliances in the treatment of maxillomandibular protrusion cases 
without auxiliary anchorage devices, and the mandibular buccal tube involved in the PASS 
technique can assist in uprighting the impacted mandibular second molars with NiTi round 
wire and minimising oral discomfort for the patient.
Keywords: anchorage, maxillomandibular protrusion, molar impaction, physiological 
anchorage, Spee-wire system
Chin J Dent Res 2024;27(4):333–343; doi: 10.3290/j.cjdr.b5860297

CJDR_2404.indb   333 02.12.24   10:31



334 Volume 27, Number 4, 2024

CHEN et al

initiate distal root resorption of the first molars, causing 
irreversible damage.5,6

The treatment of impacted teeth is very challenging 
for both the orthodontist and oral surgeon due to the 
limited access and complexity of the mechanics that 
needs to be applied.7 Treatment options depend on 
multiple factors, such as the degree of tooth inclina-
tion, the existence of third molars and the desired type 
of movement in 3D directions.8 In contrast to verti-
cally impacted molars that may be associated with 
ankylosis or other factors that prevent eruption, mesi-
ally inclined or horizontally impacted mandibular 
second molars usually have great eruption potential, 
since the impaction is often due to the lack of space 
or abnormal eruption path.9 Methods for managing 
impacted or tilted mandibular molars include surgical 
extraction with or without transplantation of the third 
molar into the extraction site, surgical uprighting and 
orthodontic repositioning. Further use of miniscrew 
as a temporary anchorage device (TAD) in the upright-
ing of mesially inclined mandibular molars may also 
be considered.10 Among the above-mentioned meth-
ods for resolving molar impaction, the advantages of 
orthodontically uprighting impacted molars are func-
tional, periodontal and restorative, showing the most 
promising efficacy.11 

In addition to havingimpacted bilateral mandibu-
lar second molars, patients with tooth impaction 
usually display noticeable maxillomandibular pro-
trusion. This is characterised by proclined anterior 
teeth and protrusive lips.12 Most of these patients 
seek orthodontic treatment to improve their dental 
and profile aesthetics, and maximum anchorage is 
often required.13 To attain better treatment outcomes, 
miniscrews and headgear are frequently utilised for 
anchorage reinforcement.14 However, the introduc-
tion of the physiological anchorage Spee-wire system 
(PASS) provides orthodontists with an additional, sim-
plified solution that can reduce the reliance on minis-
crew anchorage significantly.15 The advantages of the 
PASS to treat maxillomandibular protrusion include 
the fact that the cross buccal tube (XBT) can be used 
to prevent molar forward tipping following premolar 
extraction, and that the multilevel low-friction (MLF) 
bracket can be employed to facilitate the alignment of 
anterior teeth. 

This case report describes the treatment of a 21-year-
old woman with impacted bilateral mandibular second 
molars and mild maxillomandibular protrusion. The 
PASS appliance was applied following the extraction of 
four first premolars and three third molars. 

Case report

Diagnosis and aetiology

A 21-year-old woman presented for orthodontic treat-
ment in September 2015 with the chief concerns of 
occlusal disorder and lip protrusion. Her medical history 
showed no contraindication for orthodontic treatment. 

The pretreatment facial and occlusal photographs 
showed an asymmetrical midline and chin, moder-
ate maxillomandibular crowding, crossbite of the left 
anterior teeth, scissor bite involving the right second 
premolars, early loss of the maxillary left second molar, 
and impaction of the bilateral mandibular second 
molars (Fig 1). The mandibular dental midline was 
deviated 3.0 mm to the left and the maxillary midline 
was deviated 1.0 mm to the left, and the chin deviated 
4.0 mm to the left of the facial midline. The dental casts 
showed an Angle Class III occlusion on each side with 
apparent crowding. Horizontal overlap was 2.0 mm, 
and vertical overlap was shallow (Fig S1, provided on 
request). The cephalometric analysis (Table 1) showed 
that the patient had a maxillomandibular protrusive 
profile relative to the cranial base, and the mandible 
was more protrusive than the maxilla. The impacted 
bilateral mandibular second molars were shown to 
have penetrated the oral mucosa in the intraoral photo-
graphs, but showed a severe lack of eruption potential 
on the panoramic radiograph (Fig 1). Clinical exam-
ination of the temporomandibular joint revealed that 
upon opening the mouth, the patient exhibited a single, 
audible click, deviation to the left during the opening 
motion, and a maximum degree of opening of 35 mm, 
and denied experiencing tenderness and restricted or 
limited arch movement. The panoramic radiograph 
demonstrated that the patient had four third molars 
and asymmetric bilateral joints. Her left condyle was 
flattened, and the left ascending ramus was shorter 
than the right. Although there is no definite association 
between the occlusal disorder caused by impaction of 
the second molars and temporomandibular disorder,16 
it is important to pay attention to dysfunction of the 
masticatory musculature.17

After analysis of the facial and occlusal photographs, 
dental casts and cephalometric and panoramic radio-

an Angle Class III malocclusion with impaction of the 
bilateral mandibular second molars, maxillomandibu-
lar protrusion, early loss of the maxillary left second 
molar, and a deviated midline. 
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 Pre-treatment facial and intraoral photographs, and cephalometric 
and panoramic radiographs.
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Treatment

Treatment objectives

The treatment objectives were to resolve crowding and 
impaction of the bilateral mandibular second molars, 
improve the maxillomandibular protrusive profile, 
replace the early lost maxillary left second molar with 
the third molar, relieve the crossbite of the left anterior 
teeth and the scissor bite involving the right second pre-
molars, achieve optimal horizontal and vertical overlap 
with a Class I relationship, correct the midline and chin 
asymmetry as far as possible without the need for sur-
gery, and maintain a stable occlusion in the long term.

Treatment options

The following treatment options were presented to the 
patient and her parents:
1. Comprehensive orthodontic treatment: To resolve 

the dental crowding, maxillomandibular protru-
sion, early loss of the maxillary left second molar 
and molar impaction, extraction of the four first pre-
molars and three third molars (maxillary right and 
mandibular left and right) was proposed. The dental 
midline could be corrected, but there was a risk that 
the chin symmetry might not change significantly 
without orthognathic surgery. The PASS appliance 
with no auxiliary anchorage and a conventional fixed 
appliance with TADs, such as miniscrews, were intro-
duced to the patient separately. In the hope of achiev-
ing a better facial profile, aligning the teeth, requir-
ing minimal surgical procedures and experiencing 

greater comfort during treatment, the patient opted 
for the PASS appliance for correction. 

2. Local orthodontic treatment: This would simply 
involve extraction of the bilateral mandibular third 
molars and uprighting of the bilateral impacted sec-
ond molars with local orthodontic intervention. The 
patient declined this option.

Written informed consent was obtained from the 
patient. The treatment was approved by the Institutional 
Review Board (IRB) of the biomedical ethics committee 
of Peking University School and Hospital of Stomatology 
(PKUSSIRB-202163049).

Treatment progress

Prior to orthodontic treatment, periodontal therapy and 
extraction of the four first premolars and three third 
molars were completed, then the patient was referred 
for bonding of the PASS appliance, which was charac-
terised by the innovative design of the MLF bracket and 
XBT (Fig 2). The MLF brackets were originally designed 
to reduce friction by cutting the outer walls of the slot 
into slopes to shift the ligature wire off the archwire to 
increase the first-order clearance. In the maxilla, the 

is  0.018 inches in size for thin nickel-titanium (NiTi) 
wires in the early stage of treatment, which will make a 

-
sions of 0.022 × 0.027 inches for thick round wires and 
rectangular wires in the following stages of treatment. 
In the mandible, a slot is cut on the occlusal wall of 

  Cephalometric measurements at pre-treatment and post-treatment.

Measurement Initial value Final value Norm Standard deviation
SNA, degrees 82.2 82.2 81.2 3.5
SNB, degrees 83.3 83.6 79.2 3.2
ANB, degrees 2.1 1.5
SN-GoGn, degrees 28.9 28 32.8 5.3
FH-GoGn, degrees 24.8 28.5 25.4 5.3
Y axis, degrees 69.5 68.9 66.3 7.1
U1-SN, degrees 115.1 108.7 105.7 6.3
U1-NA, degrees 32.9 26.5 22.8 5.7
U1-NA, mm 11.8 7.8 3.5 6.5
U1-L1, degrees 111.5 134.9 124.2 8.2
L1-NB, degrees 36.7 20 30.5 5.8
L1-NB, mm 7.9 2.9 6.7 2.1
L1-MP, degrees 104.4 88.4 93.9 6.2
UL-EP, mm 1.9
LL-EP, mm 0.8 0.6 1.9
L7-MP, degrees 62.0 95.0 NA NA

NA, not applicable.
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the conventional buccal tube and the slot size allows 
thin wires (usually less than 0.018 inches) to go through, 

-
dibular first molar.18

At the first stage, the maxillomandibular canine-
to-canine MLF brackets and XBT on first molars were 
bonded. Since the residual space for the rmandibular 

right central incisor was small, its bracket was not 
bonded and a NiTi coil-spring was used. Then, the 
0.014-inch NiTi wires were inserted separately into 

 Conventional twin bracket (a). Cutting the outer walls of the slot into slopes (b). MLF bracket: the ligature wire was shifted 
up to increase the wire-slot clearance (c) -
gular tube (d) (e). A slot was cut on the occlusal wall 

mandibular first molar (f). 

  The maxillomandibular canine-to-canine MLF brackets and buccal tubes on the first molars were bonded, and 0.014-inch NiTi 
-

dibular molars.
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tube, the dominant moment was applied to the anchor 
molars to protect the molars from drifting forwards 
during the alignment stage. When there was sufficient 
space for the mandibular right central incisor, the 
bracket was bonded to align the dentition.  

Four months later, the maxillomandibular second 
premolar brackets and second molar tubes were bonded 
(the maxillary left third molar had sprouted automat-
ically and was severely twisted). To improve the incli-
nation of the impacted mandibular second molars, 

mandibular buccal tubes to apply a gentle and constant 
force to upright the bilateral impacted molars (Fig 4). 
In addition, since the maxillary posterior teeth would 
bite the buccal tubes and wires of the mandibular pos-
terior teeth, the pad material was bonded to the occlu-
sal surface of the mandibular first molars. Meanwhile, 
the 0.016-inch NiTi wires with a normal curve of Spee 

maxillary first molars. After alignment, 0.018 × 0.025-
inch NiTi wires with a normal curve of Spee were used 
to level irregularities in the third-order direction and 
prepare the teeth in the third order for engaging rect-
angular stainless-steel wires. 

Eight months later, a 0.018- × 0.025-inch rectangular 
stainless-steel wire with a normal curve of Spee was 
used in the maxilla, while a 0.018- × 0.025-inch rectan-
gular stainless-steel wire with a reverse curve of Spee 
was used in the mandible. Then a power chain and 

maxillomandibular elastics were employed to close the 
space and adjust the occlusion. 

Treatment was completed in a total of 22 months 
(Fig 5, Fig S2 [provided on request]). The patient was 
followed up for 4 years without complications (Fig 6).

Results

After 22 months of treatment, a well-aligned denti-
tion, a normal functional occlusion and a harmonious 
facial profile were achieved. The early lost maxillary 
left second molar had been perfectly replaced with the 
third molar, and the impaction of the bilateral man-
dibular second molars was resolved successfully, with 
the teeth having been rotated upright by approximately 
33 degrees (Fig 5, Fig S2 [provided on request]). Since 
the maxillary molars in cases treated with the PASS tech-
nique would exhibit a slight backward retroversion, the 
physiological curve of Spee was maintained after treat-
ment. 

Through superimposition of the pre- and post-treat-
ment cephalometric tracings, the lip inclination and 
protrusion of the maxillomandibular incisors were 
shown to have decreased significantly, which was also 
attributed to the improvement of the profile  (Fig 7). 
The decrease in U1-NA and L1-NB indicated the anter-
ior tooth retraction (U1-NA decreased by 4.0 mm, 
L1-NB decreased by 5.0 mm). In addition, the super-
imposition of the anterior skull base showed that the 

  The maxillomandibular second premolar brackets and second molar tubes were bonded when the anterior teeth were aligned. 

to upright the bilateral impacted molars.
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  Post-treatment facial and intraoral photographs, and cephalometric 
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and the mandibular plane angle was reduced by just 
0.9 degrees. The maxillary superimposition showed a 
small amount of forward movement of the maxillary 
molars and a large amount of retraction of the maxil-
lary incisors, whereas the mandibular superimposition 
revealed a small amount of retroversion and forward 
movement of the mandibular molars, and a large 
amount of retraction of the mandibular incisors. The 
panoramic radiograph after treatment showed that the 
patient had no obvious root resorption (Fig 5).

The tooth movement was further quantified by 
superimposing the pre- and post-treatment digital 
models (Fig 7),19 which showed that the mean forward 
movement of the maxillary first molar in a sagittal dir-
ection was 1.16 mm, less than one-third of the extrac-
tion space, achieving strong sagittal anchorage control. 
The mean retraction of the maxillary central incisors 
was 5.15 mm.

From the facial and occlusal photographs, the 

convex to straight. The midline of the maxilloman-
dibular dentition was consistent with the facial midline 

(Fig 5). When smiling, the relationship between the lips 
and teeth was harmonious, and the patient displayed 
noticeable confidence and ease. Overall, the treatment 

-
plaints and post-treatment stability was excellent at the 
4-year follow-up (Fig 6).

Discussion

The incidence of impaction of the mandibular second 
molars is increasing gradually, and early diagnosis and 
treatment of eruption disturbances contributes to op-
timal outcomes. In most cases, extraction or upright-
ing of the impacted molars was the most important de-
cision that determined the treatment planning.20 The 
factors that affect this decision are mainly the degree 
of impaction, the relationship of the tooth with the crit-
ical anatomical structures, caries, root dilacerations, 
periodontal problems and the complexity of the sur-
gical procedure. In this case report, since there was a 
visible clinical crown that was sufficient to be bonded 
with buccal tubes, surgical exposure was not necessary, 
and the PASS technique in this case also seemed to pro-
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vide good control of the mandibular second molars dur-
ing uprighting, in which just a single buccal tube was 
effective enough, minimising patient discomfort and 
reducing chair time. For example, after being bonded 
with buccal tubes, the mandibular second molars were 
engaged in 0.012-inch NiTi wire, and instead of engag-

were engaged, which could apply an upward and distal 
force to upright the bilateral impacted molars (Fig 8). 
The moment applied to the mandibular second molar 
was greater than other ordinary moments, which could 

upright the impacted mandibular molars more effi-
ciently and comfortably. In the literature, since molar 
uprighting requires good anchorage control, multiple 
uprighting appliances have been applied successively to 
enhance anchorage and avoid undesirable tooth move-
ments, such as Australian uprighting springs, cantilever 
springs and prefabricated Sander springs. However, in 
contrast to those that have a complicated design and 
relatively massive volume, the retroversion moment of 
PASS tubes has avoided greater inconvenience and dis-
comfort, such as mucosal swelling, pain and poor oral 
hygiene. Furthermore, the invasiveness of miniscrew 

  Pre- and post-treatment 
superimposition. Anterior skull base, 
maxillary, and mandibular superim-
position of cephalometric radio-
graphs (a to c). Top and side views 
of 3D digital model superimposition, 
pretreatment (blue) and posttreat-
ment (red) (d and e). 

  Sketch of uprighting of 
the impacted mandibular second 
molar. Mandibular buccal tube with 
a slot cut on the occlusal wall of the 
conventional buccal tube (a). Inser-
tion of the NiTi wire into the con-
ventional rectangular tube that has 

(b). 
Insertion of the NiTi wire into the me-
sial entrance and out from the slot of 

(c).
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implantation was avoided, and the bulkiness and incon-
venience of extraoral appliances were also eliminated.21 

Furthermore, in addition to providing good control 
of the mandibular second molars during uprighting, 
the PASS technique in this case also appeared to facili-
tate rapid alignment of crowded teeth and prevention of 
anchorage loss. The MLF bracket involved in the PASS 
technique has increased the clearance of the groove in 
the first-order direction and reduced the friction force, 
which can facilitate the alignment of crowded dentition 
at an early stage. Additionally, MLF brackets can also 
facilitate the “drifting” of anterior teeth back along the 
archwire when tip back moments are exerted, which 
may sometimes result in anterior scattered spacing. 

own physiological anchorage reserve to improve the 
profile. The XBT buccal tube is equipped with an addi-

alignment stage to make the molar occupy the domi-
nant moment. The application of conventional straight-
wire appliances often causes the maxillary molars to 
tip forward rapidly under the influence of the forward 
tipping angle, resulting in the loss of anchorage and lev-
elling of the curve of Spee of the maxillary molars, so as 
to occupy part of the extraction space. However, previ-

exceeds the greatest tip back angle of the malpositioned 

round tube can effectively maintain the backward tip-
ping compensation angle of the maxillary molars and 
avoid iatrogenic anchorage loss. The backward tipping 
angles in all posterior brackets and buccal tubes of the 
PASS appliance also inhibit the forward tipping trend of 
the posterior teeth due to growth and extraction, while 
maintaining the posterior curve of Spee, which saves 
more space for anterior tooth retraction. Chen et al22 
conducted a clinical randomised controlled study and 
found that compared with the medium or maximum 
anchorage cases in the McLaughlin-Bennett-Trevisi 

other devices, the cases in the PASS group without 
additional anchorage devices achieved the same effect 
of sagittal anchorage control.22   

For patients with maxillomandibular protrusion who 
are not undergoing orthognathic surgery, torque con-
trol of anterior incisors is equally crucial as the anchor-
age control of molars in maintaining profile aesthetics. 
Excessive retraction of the anterior incisors and inad-
equate control of tooth torque can lead to uprighting 

lip and smile aesthetics, as well as the health of the al-

veolar bone. In this case, the tooth movement achieved 
through orthodontic treatment was a controlled oblique 
movement. At this time, the stress on the root tip was 
small, and the teeth were finally close to the centre of 
the alveolar bone, which was the most recommended 
retraction method for the health of the anterior teeth. 
The good control of torque during treatment was due 
to the groove size design of the MLF bracket, which 
was specifically tailored to the maxillary incisors, with 
a slot size of 0.020 × 0.027 inches. When 0.018 × 0.025-
inch rectangular stainless-steel wire was used to close 
the extraction space, the residual clearance was only 
around 2 degrees, and the positive torque could be 
expressed fully. Moreover, the power of retracting inci-
sors in the PASS technique was relatively gentle, which 
did not further reduce the height of the labial bone 
platee. This adherence to gentle forces aligns with the 
principles of healthy orthodontic correction, effectively 
preventing complications such as bone dehiscence and 
fenestration.

Limitations

In orthodontic research, case reports serve as an 
important method that provides detailed insight into 
specific cases; however, it is essential to acknowledge 
the limitations inherent in this approach. For example, 
case reports typically focus on one or a few cases, which 
may limit the generalisability of the findings to a larger 
patient population. Additionally, they often emphasise 
descriptive analysis and lack a control group or stat-
istical analysis, which makes it difficult to accurately 
assess the effectiveness of interventions. Therefore, 
future clinical research requires the collection of a more 
diverse range of clinical cases to validate the effective-
ness of treatment. This approach is crucial for ensur-
ing that the treatment can be applied confidently to a 
broader patient population.

Conclusion

-
tic of physiological anchorage reserve and low friction, 
the present authors effectively and efficiently solved the 
problems of maxillomandibular protrusion and dental 
crowding in this patient. Using the mandibular buccal 
tube in the PASS technique, we simply and conveniently 
erected the impacted mandibular second molars with 

-
comfort.
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