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ABSTRACT: Orthodontically  induced  apical  root
shortening  (OI-ARS)  poses  a  significant  clinical
challenge,  characterized  by  asymptomatic  yet
progressive resorption of apical hard and soft tissues,
ultimately  leading  to  irreversible  root  structure  loss.
Despite  its  clinical  prevalence,  the  mechanistic
underlying  of  OI-ARS  remains  poorly  understood,
with  current  research  predominantly  focused  on  the
extensive  resorption  of  dental  tissues  by  osteoclasts
rather  than  apical-specific  pathobiology.  Additionally,
several  terminologies  have  emerged  to  characterize
OI-ARS.  However,  conceptual  ambiguities  persist,
particularly  in  distinguishing  between  reversible
cemental  remodeling  and  irreversible  apical  root
shortening.  This  review  systematically  examines  OI-
ARS  through  an  integrative  anatomical-cellular-
molecular  framework,  emphasizing  how  the  unique
vulnerability  of  the  apical  microenvironment  arises
from  its  histological  and  biology,  developmental
remnants  of  the  dental  lamina  epithelium,  and
characteristic  of  the  periapical  root  region.
Furthermore, this review draws parallels between OI-
ARS  and  similarly  resorption  patterns  observed  in
deciduous teeth and adjacent teeth of impacted teeth,
proposing  shared  regulatory  mechanisms  involving
spatiotemporal  control  of  osteoclastogenesis.  Finally,  this  review  identifies  critical  research  directions  for  elucidating  the
mechanisms of OI-ARS, aiming to provide novel insights for the prevention and clinical management of this complication.
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 1    Introduction
The  terminology  surrounding  root  resorption  has  undergone
significant  evolution  since  its  initial  conceptualization  by  Scholar
Albin  Oppenheim  in  1942[1].  Subsequent  terminologies  have
emerged  based  on  anatomical  location  and  pathological

mechanisms,  including  external  root  resorption  (ERR),  internal
root  resorption  (IRR),  external  cervical  resorption  (ECR),
cementum  resorption,  external  inflammatory  (infection-related)
resorption (EIR), and external replacement resorption[2]. Particularly
in  the  field  of  orthodontics,  the  terminology  has  become
increasingly specialized, with terms such as orthodontically induced
root resorption (OIRR), orthodontically induced inflammatory root
resorption  (OIIRR),  and  orthodontically  induced  external  apical
root  resorption  (OI-EARR)  being  introduced[3-5].  However,  these
terms have led to some conceptual ambiguities.

It  is  crucial  to  differentiate  between  root  resorption  and  root
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shortening,  as  they  represent  distinct  biological  processes  with
different  clinical  implications.  Root  resorption  generally  refers  to
the  pathological  process  where  the  root  structure  is  progressively
destroyed  by  osteoclasts  and other  resorptive  cells.  This  can  occur
due  to  various  factors  such  as  inflammation,  infection,  or
orthodontic forces. In contrast, root shortening specifically denotes
the  reduction  in  the  length  of  the  tooth  root,  often  as  a  result  of
apical resorption. While root resorption can lead to root shortening,
not  all  resorption  processes  result  in  clinically  significant
shortening.  The  distinction  is  important  because  root  shortening
can have more severe clinical consequences, such as increased tooth
mobility  and  potential  tooth  loss,  whereas  some  forms  of  root
resorption may be less clinically significant.

A critical distinction exists between two fundamentally different
biological  processes  during  orthodontic  force  application.  One  is
the  physiological  cemental  resorption-remodeling  cycle,  and  the
other  is  pathological  apical  root  resorption  that  results  in
irreversible structural damage[6].  These processes differ markedly in
their clinical manifestations, prognostic implications, and long-term
impacts  on  dental  integrity.  To  address  this,  Naphtali  Brezniak
proposed the terms "instrumental orthodontitis" and "instrumental
detrimental  orthodontitis"  in  2016[6].  Instrumental  orthodontitis
describes  the  sterile  inflammation  that  occurs  in  the  periodontal
ligament (PDL) after orthodontic force application, which involves
physiological  cementum  remodeling  on  the  root  surface  without
clinically  or  radiographically  detectable  root  shortening.
Instrumental  detrimental  orthodontitis  specifically  denotes  apical
root  shortening,  which  is  radiographically  detectable  and clinically
significant  as  a  primary  contributor  to  tooth  mobility,  potential
tooth  loss,  and  patient-clinician  disputes.  However,  current  basic
research  on  the  specific  mechanisms  of  orthodontic-induced  root
resorption still focuses on the extensive resorption of dental tissues
by  osteoclasts,  with  no  effective  research  on  the  mechanisms
underlying  orthodontically  induced  apical  root  shortening  (OI-
ARS).

The  process  of  OI-ARS  represents  a  fascinating  biological
phenomenon worthy of in-depth investigation. During this process,
both hard tissues (cementum and dentin) and soft tissues (PDL and
dental  pulp)  in  the  apical  region  undergo  progressive  resorption,
remarkably  without  eliciting pain symptoms in  patients.  Although
the  neurovascular  tissues  in  the  apical  region  were  absorbed,  the
neurovascular  function  in  the  crown  portion  remained  normal,
which  resulted  in  the  delayed  diagnosis  of  OI-ARS,  with
orthodontists  only  identifying  the  root  shortening  through
radiographic  examination  during  treatment  and  upon  treatment
completion. Interestingly, this process shares remarkable similarities
with  physiological  root  resorption  patterns  observed  in  deciduous
teeth and adjacent teeth of impacted teeth, where painless, targeted
osteoclastic  activity  progressively  resorbs  root  structures[7,8].  These
parallels  may  provide  valuable  mechanistic  insights  for
understanding  OI-ARS.  Elucidating  the  underlying  mechanisms,
including the  fate  of  resorbed apical  tissues  and the  precise  spatial
regulation  of  osteoclasts  activity  in  the  apical  region,  holds
significant promise for developing preventive strategies against OI-
ARS.

The unique anatomical structure of the apical region may be one
of the reasons for its susceptibility to resorption. The apical region is
where cementum and dentin meet, and the cementum in this area
is cellular cementum. The dental pulp enters pulp chamber through
the apical foramen in this region, and this area is surrounded by a

rich  network  of  blood  vessels  and  nerves[9].  Following  root
development,  residual  epithelial  components,  including  epithelial
cell rests of Malassez (ECRM), persist within the PDL[10,11]. However,
the  role  of  these  epithelial  remnants  in  mediating  and  repairing
orthodontically  induced  root  resorption  within  the  inflammatory
microenvironment  remains  poorly  understood.  Similarly,  the
response of the apical neurovascular network to mechanical forces
and  its  potential  contribution  to  root  resorption  requires  further
investigation.

To  address  the  lack  of  understanding  of  the  mechanisms
underlying OI-ARS, this current review has examined the potential
causes from four aspects: (a) the histology and biology of the apical
region,  (b)  the  role  of  residual  epithelium  of  dental  lamina,  (c)
characteristics  of  periapical  root  region  and  susceptibility  to  OI-
ARS and (d)  the reflections from root  resorption in primary teeth
and  adjacent  teeth  of  impacted  teeth  (Fig.  1).  By  synthesizing
current evidence across these domains, this review aims to stimulate
further  research  into  effective  strategies  for  preventing  and
controlling OI-ARS.

 2    Histology and biology of apical root
The apical root exhibits complex anatomical structures, with dentin
and  cementum  converging  to  form  the  physiological  apical
foramen—the  sole  channel  connecting  the  pulp  cavity  to  external
tissues,  through which nerves,  blood vessels,  and lymphatic tissues
traverse.  This  junction,  however,  becomes  a  biomechanical  and
biological  weak  point  due  to  disparities  in  developmental  origin,
tissue  composition,  and  regenerative  capacity  between  dentin  and
cementum.  These  inherent  anatomical  and  histological
vulnerabilities  predispose  it  to  resorption  under  mechanical  stress
or  inflammatory  insults.  Below,  this  review  examines  the
developmental  origins,  structural  heterogeneity,  regenerative
limitations, and pulp interactions at the apical root to elucidate the
pathogenesis  of  OI-ARS  and  propose  novel  strategies  for  its
prevention and treatment.

 2.1    Development and composition
In  terms  of  developmental  origins,  cementum  is  derived  from
dental  follicle  mesenchymal  stem  cells  (DFSCs)  and  Hertwig’s
epithelial  root  sheath  (HERS),  whereas  dentin  is  developed  from
mesenchymal  stem  cells  within  the  dental  papilla[12,13].  Specifically,
after root dentin formation, the HERS disintegrates into a mesh-like
structure,  allowing  dental  follicle  cells  to  migrate  through  it  and
differentiate into cementoblasts on the dentin surface. A portion of
the  fragmented  HERS  contributes  to  cementum  formation,  while
the  remainder  persists  in  the  developing  periodontal  ligament  as
ECRM[12].  Concurrently,  odontoblasts  derived  from  the  dental
papilla  gradually  migrate  centripetally  during  the  formation  of
dentin,  and  the  volume  of  the  dental  papilla  gradually  decreases.
Once  the  primary  dentin  is  fully  formed,  the  remaining  blood
vessels  and  connective  tissues  in  the  pulp  cavity  constitute  the
dental  pulp[14].  This  developmental  divergence  compromises  the
apical  region’s  ability  to  resist  external  damage  and  complicates
regeneration (Fig. 2a).

In  terms  of  tissue  composition,  dentin  contains  approximately
70%  inorganic  content  (primarily  hydroxyapatite),  whereas
cementum  comprises  only  65%[15-18].  Researchers  reported  that  the
hardness  and  elastic  modulus  were  positively  correlated  with
mineral content in cementum and dentin[19-22]. Poolthong found that
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the elastic modulus of dentin ranged from 17.5 to 22.9 GPa, while
the elastic modulus of cementum ranged from 8.6 to 12.0 GPa, and
the  hardness  of  dentin  ranged  from  0.88  to  1.13  GPa,  while  the
hardness of cementum ranged from 0.57 to 0.63 GPa[18]. Compared
with dentin,  cementum has  a  lower  stiffness  or  elastic  modulus  to
compensate  for  the  movement  of  the  root  when  functioning  (Fig.
2b)[23]. Besides, this reduced mineral content and elastic modulus of
cementum  weakens  its  resistance  to  orthodontic  force  and
osteoclast  resorption.  Consequently,  if  cementum  is  resorbed,
dentin  loses  its  protective  buffering  layer,  leading  to  stress
concentration.  However,  it  remains  unclear  whether  the  dentin-
cementum  complex  provides  greater  resistance  to  orthodontic
forces  compared  to  the  dentin  layer  alone.  Future  studies  could
utilize  three-dimensional  finite  element  analysis  to  investigate  the
stress  distribution  in  various  regions  of  the  tooth  root  following
cementum  resorption,  thereby  investigating  the  risk  factors
contributing to OI-ARS.

 2.2    Regenerative capacities
Differences in developmental origins and tissue composition result
in differences in regenerative capacity (Fig. 2c). In dentin resorption
due  to  physiological  wear  or  carious  insults,  dentin  exhibits  two
repair  mechanisms:  (1)  under  mild  stimuli,  odontoblast  activity
increases  to  form  reactive  dentin;  (2)  under  severe  stimuli,
odontoblasts  undergo  apoptosis,  triggering  a  complex  process

involving  the  recruitment  and  differentiation  of  dental  pulp
stem/progenitor  cells  into  odontoblast-like  cells,  which  produce
reparative  dentin[24-26].  Furthermore,  odontoblasts  exhibit
morphological  heterogeneity.  Coronal  odontoblasts  in  young
permanent  teeth  are  tall  columnar  cells  reflecting  high  activity,
whereas  radicular  odontoblasts  become  cuboidal  and  flatten  near
the  apex,  entering  a  quiescent  state[27-30].  Thus,  once  osteoclasts
breach  the  cementum  and  resorb  dentin,  the  lack  of  functional
odontoblasts  in  apex  limits  regeneration  to  poorly  mineralized
reparative  dentin,  creating  a  vicious  cycle  of  "resorption-
destruction" under sustained mechanical forces.

Cementum,  located  on  the  outermost  layer  of  the  root,  has  a
structure  similar  to  bone  tissue,  comprising  cells  and  mineralized
extracellular  matrix.  Cementum  exhibits  stronger  resistance  to
resorption compared to the alveolar bone proper, forming the basis
for  tooth  movement  during  clinical  orthodontic  treatment.
However, the hardness and the elastic modulus of cementum were
reported  to  decrease  from  the  cervical  to  the  apical  third[18].  This
may render the cementum in the apical region more susceptible to
root resorption. During cementum resorption, cementoblasts at the
apex  differentiate  new  cementum,  and  ECRM  in  the  periodontal
ligament  differentiates  into  cementoblasts  to  facilitate  repair  (Fig.
2c)[31].  However,  compared  to  the  porous  and  highly  vascularized
alveolar  bone,  cementum  demonstrates  weaker  regenerative
capacity[32].  This  may  be  related  to  the  absence  of  blood  vessels

 

Figure 1    Multilevel pathogenic mechanisms underlying OI-ARS. Schematic illustration summarizing the pathogenesis of OI-ARS from four major aspects: a) Histology
and  biology  of  the  apical  region,  including  differences  in  developmental  origins,  tissue  composition,  regenerative  capacities,  and  the  role  of  dental  pulp.  b)  Unique
characteristics of periapical root region, such as high neurovascular density, variations in bone elasticity and density, and anatomical peculiarities (e.g., incisive canals, bone
islands). c) Role of residual epithelium of dental lamina in apical root resorption, highlighting their functions in root repair, root resorption, and mechanotransduction.
d) Insights from other types of root resorption, including programmed cell death, the regulatory of pericoronal epithelium, and spatially precise osteoclast regulation.
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within cementum, leading to insufficient nutrient supply, as well as
the  limited  mobility  and  differentiation  potential  of  cementoblasts
embedded within the cementum. Consequently,  the repair process
following  cementum  damage  is  slow.  Statistically,  root  resorption
continued at 4 weeks after the completion of orthodontic treatment.
During this period, osteoclasts persisted in removing necrotic tissue,
and root resorption occurred simultaneously with repair. However,
resorption  lacunae  were  still  evident,  and  it  was  found  that  the
majority  of  cementum  repair  activity  occurred  after  4  weeks  of
retention[33].  Therefore,  in  clinical  orthodontic  treatment,  it  is
generally  recommended  to  suspend  treatment  for  teeth  with
moderate  to  severe  orthodontically  induced  root  resorption.  A  3-
month  resting  period  is  advised  to  allow  sufficient  time  for
cementum self-repair before resuming treatment or monitoring for
potential  progression  of  root  resorption.  Additionally,  mechanical
forces  can  stimulate  osteoblast  differentiation  to  promote  bone
formation.  However,  whether  differences  in  the  responses  of
cementoblasts,  periodontal  ligament  cells,  and  osteocytes  to
mechanical  stimuli  contribute  to  the  slower  repair  rate  of
cementum requires further investigation.

 2.3    Variations
Additionally, anatomical variations in root canals may arise due to
developmental  anomalies  in  HERS[34].  These  variations  are
particularly  prevalent  in  the  apical  region,  often  manifesting  as
apical ramifications (AR) or apical delta branches. Lobo et al. found
that  most  of  the  ARs are  located in  the  apical  1  and 2  mm of  the
root[35].  Gao et  al.  reported that  the  median vertical  distance of  the

apical  delta  was  1.87  mm,  with  13%  exceeding  3  mm,  and  the
median diameter and length of the apical delta branches were 132.3
and  934.5  μm.  Apical  delta  branches  were  not  straight,  with  non-
circular  cross-sectional  shapes[36].  These  structural  features  increase
the  surface  area  for  osteoclast  attachment  and  activity,  facilitating
apical  resorption.  Furthermore,  whether  differences  in  the  elastic
modulus  between  apical  ramification  regions  and  the  main  root
canal  predispose  the  former  to  microcracks  under  orthodontic
forces,  thereby  promoting  the  migration  of  osteoclast  precursors,
warrants further investigation (Fig. 2d).

 2.4    Pulp status
The  dental  pulp  serves  as  a  critical  mediator  of  internal  root
resorption,  and  its  correlation  with  external  root  resorption  has
been substantiated by multiple studies[37-40]. Clinical evidence showed
that  the  external  apical  root  resorption  (EARR)  of  endodontically
treated  teeth  was  reduced  by  approximately  0.75  mm  compared
with  vital  pulp  teeth  in  the  fixed  orthodontic  treatment  group.
Similarly,  in  clear  aligner  treatment  group,  endodontically  treated
teeth  show  approximately  0.5  mm  less  EARR  than  vital  pulp
teeth[41].  This  phenomenon may be attributed to the compensatory
hyperplasia  of  cementum,  reduced  inflammatory  response,
structural  changes  in  dentin  and  cementum.  In  terms  of
compensatory hyperplasia of cementum, after root canal treatment,
the  pulp  tissue  is  removed  and  root  canal  is  filled  with  artificial
material,  the  dentin  loses  its  nutrient  supply.  The  cementum
undergoes  compensatory  hyperplasia,  which  can  enhance  the
stability  of  the  tooth  within  the  alveolar  socket[42].  This  increased

 

Figure 2    The complexity and heterogeneity in the apical region. (a) Cementum is derived from DFSCs and HERS, whereas dentin is developed from mesenchymal stem
cells  within the dental  papilla.  (b)  Compared with dentin,  cementum has  a  lower stiffness  and elastic  modulus.  (c)  In cementum resorption,  cementoblast  at  the apex
differentiate new cementum, and ECRM in the periodontal ligament differentiate into cementoblasts to facilitate repair. (d) Cross-sectional anatomy of apical root canal
system variations. Anatomical variations increase the surface area for osteoclast attachment and activity, facilitating apical resorption. The elastic modulus between apical
ramification  regions  and  the  main  root  canal  under  orthodontic  forces  is  still  not  clear.  (e)  Excessive  or  prolonged  mechanical  loading  induces  pathological  stress  in
periapical  tissues  (a*),  triggering  exudate  accumulation  with  impaired  drainage,  localized  edema,  and  vascular  compression  (b*-d*).  Resultant  ischemia  and  nutrient
deprivation provoke cellular degeneration. In response, host defenses recruit osteoclasts to resorb alveolar bone and root structure (e*-f*), expanding periapical spaces to
alleviate inflammatory pressure and restore vascular perfusion. Subsequent osteoblast activity regenerates alveolar bone volume, while irreversible root shortening persists
due to limited reparative capacity of dental hard tissues (g*-j*).
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cementum  thickness  can  act  as  a  protective  barrier  against
mechanical  forces  and  reduce  the  susceptibility  to  resorption.  In
terms  of  reduced  inflammatory  response,  the  removal  of  the  pulp
tissue eliminates the inflammatory sources and infected substances.
At the same time, root canal therapy blocks the invasion of bacteria
and  inflammatory  factors  through  strict  root  canal  filling  and
sealing,  thereby  reducing  the  inflammatory  response  of  the
periapical tissue. This closure helps to maintain the healthy state of
periapical  tissues,  ultimately  reducing  the  possibility  of  root
resorption. In terms of structural changes in dentin and cementum,
endodontic  treatment  can  result  in  depletion  of  the  organic
components  of  root  dentine  and  alteration  in  the  chemical
composition,  result  in  lower  fracture  toughness,  decrease  in
resistance  to  fatigue  failure[43].  However,  the  impact  of  structural
changes  on  the  resistance  to  osteoclastic  resorption  still  requires
further investigation.

During orthodontic tooth movement in vital pulp teeth, the pulp
or  periodontal  tissues  at  the  root  apex  are  subjected  to  increased
pressure,  leading  to  local  tissue  edema.  On  one  hand,  there  is  an
increase in exudates such as inflammatory cytokines. On the other
hand,  small  arteries  are  compressed,  resulting  in  a  reduction  of
blood  supply  within  the  pulp.  According  to  research  reports,  as  a
self-protective mechanism, the capillary network within the crown
is  denser  than  that  of  the  root  apex[44].  Therefore,  once  the  blood
supply  is  reduced,  the  blood  supply  at  the  root  apex  becomes
extremely  limited.  Deprived  of  nutritional  support  and
simultaneously exposed to a variety of inflammatory cytokines, the
dental tissues at the root apex undergo resorption. This resorption
phenomenon can be regarded as a defensive behavior of the body.
After resorption at the root apex, the pressure in the apical region is
reduced,  the  apical  foramen enlarges,  and consequently,  the  blood
supply within the tooth is allowed to increase (Fig. 2e)[45].

 3    Residual epithelium of dental lamina
Root  development  is  orchestrated  through  dynamic  interactions
between epithelial and mesenchymal cells. During this process, the
apical  region  contains  dental  papilla  cells  that  progressively
differentiate  into  pulp  tissue.  Simultaneously,  the  HERS  extends
apically to direct root morphogenesis. The coronal portion of HERS
undergoes fragmentation, creating pathways for dental follicle cells
to  infiltrate  the  disassembled  epithelial  network.  These  migrating
cells  subsequently  differentiate  into  cementum-forming  cells  and
periodontium[46,47].  This  spatiotemporal  coordination  establishes  a
microenvironment  where  epithelial  cells  and  mesenchymal  cells
within  the  apical  region  throughout  root  development.  Clinically,
young permanent teeth with incomplete root development exhibit a
lower  incidence  of  root  resorption  during  orthodontic  treatment,
and  the  less  root  resorption  may  result  from  the  effects  of  dental
follicle  cells  and  HERS  in  repairing  resorption  by  differentiation
toward  cementoblast  and  odontoblast[48].  This  suggests  that
attention  should  be  paid  to  the  functions  of  epithelial  and
mesenchymal  cells  around  the  root,  which  may  play  a  role  in  the
repair of OI-ARS.

Despite this complexity, current research on the pathogenesis of
root  resorption  predominantly  focuses  on  mesenchymal-derived
periodontal  ligament  cells,  largely  neglecting  the  potential
contributions of epithelial components[49,50]. To address this gap, this
review next synthesizes evidence regarding developmentally critical
epithelial  populations  and  their  potential  associations  with  root

resorption mechanisms.

 3.1    Characteristics of epithelial cells
Epithelial cells and mesenchymal cells exhibit significant differences
in tissue structure and function. Epithelial cells exhibit the capacity
for  epithelial-mesenchymal  transition  (EMT),  maintaining  apical-
basal  polarity  and  forming  specialized  intercellular  junctions,
including  tight  junctions,  adherens  junctions,  and  desmosomes.
With the loss of apical-basal polarity and cell-cell contact structure,
epithelial  cells  exhibit  increased  migration  (Fig.  3a)[51].  After  root
development  is  complete,  the  epithelial  root  sheath  disintegrates,
leaving epithelial cells within the periodontal tissues. When tooth is
subjected  to  stimuli,  these  cells  can  migrate  to  the  affected  area,
participating  in  tissue  repair  or  exacerbating  disease  progression.
For instance, in cases of apical periodontitis, inflammatory products
stimulate  the  proliferation  of  ECRM.  When  these  proliferations
form  larger  masses,  the  central  epithelial  cells,  due  to  a  lack  of
nutrients, undergo degenerative changes, necrosis, and liquefaction,
forming  a  radicular  cyst[52].  When  the  dental  lamina  remnant  is
stimulated,  it  can  form  odontogenic  keratocysts  and  gingival
cysts[52,53].  Ameloblastoma  is  one  of  the  most  common  benign
epithelial  tumors  of  odontogenic  origin.  The  epithelium  of
ameloblastoma  is  derived  from  odontogenic  epithelium,  such  as
residual epithelium of the tooth germ and epithelium of the enamel
organ[54].  When tumor invades  the  alveolar,  the  involved root  may
be  absorbed  in  a  large  area,  leading  to  tooth  loosening,
displacement or loss[55,56].

The characteristics of EMT and migration enable epithelial  cells
to  reaching  the  affected  areas  for  proliferation  and  differentiation.
However,  the  proliferation,  migration,  EMT,  and  outcomes  of
epithelial  cells  during  root  resorption  are  not  yet  clear.  The
structures and signaling pathways by which epithelial cells perceive
mechanical  stimuli  during  orthodontic  forces  are  also  unknown.
Therefore,  this  review  subsequently  concludes  the  epithelial
components  associated  with  tooth  development,  and  explored  the
outcomes  of  these  epithelial  components  following  stimulation,  as
well as their association with OI-ARS.

 3.2    Epithelial remnants and root resorption

 3.2.1    Reduced enamel epithelium

After the completion of enamel development, ameloblasts, stratum
intermedium, and stellate reticulum combine with the outer enamel
epithelium  to  form  a  layer  of  squamous  epithelium  covering  the
enamel organ, known as the reduced enamel epithelium. When the
tooth  erupts  into  the  oral  cavity,  the  reduced  enamel  epithelium
forms the junctional epithelium of the gingiva at the cervical region
of  the  tooth.  If  the  tooth  has  not  yet  erupted,  the  reduced enamel
epithelium  can  become  the  origin  of  dentigerous  cysts,  eruption
cysts, or lateral periodontal cysts[57]. The reduced enamel epithelium
may  mediate  in  the  root  resorption  of  neighboring  teeth  and  the
alveolar  bone.  In  cases  of  dentigerous  cysts,  contact  between  the
reduced  enamel  epithelium  and  the  roots  of  adjacent  teeth  can
easily  lead  to  root  resorption  of  the  neighboring  teeth.  This
phenomenon  is  similar  to  orthodontically  induced  apical  root
resorption,  characterized  by  the  progressive  resorption  of  apical
tissues  such  as  the  dental  pulp  and  periodontal  ligament.
Mechanistically, reduced enamel epithelial cells have been reported
to  express  various  factors  and  receptors,  including  transforming
growth  factor  beta  (TGF-β)  receptor  1,  TGF-β-inducible
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transcription factor 1, NADPH oxidase 4, cytochrome c, caspase-3,
β-catenin  and  parathyroid  hormone-related  protein  (PTHrP)[57-60].
Among  these,  PTHrP  plays  a  critical  role  in  promoting  alveolar
bone  resorption,  which  is  essential  for  tooth  development  and
eruption.  This  process  is  mediated  through  the  RANK/RANKL
(receptor  activator  of  nuclear  factor-kappa  B/receptor  activator  of
NF-κB ligand) signaling pathway[57,61,62]. Resorption of the tooth root
by  the  reduced  enamel  epithelium  can  be  induced  in  the  same
manner  as  the  alveolar  bone  during  the  process  of  eruption
pathway  formation[57].  The  cell  component  and  mechanism  by
which  the  reduced  enamel  epithelium  induces  root  resorption
requires further investigation, which may provide insights into OI-
ARS.

 3.2.2    Epithelial cell rests of malassez (ECRM)

ECRM  are  odontogenic  epithelial  cells  that  remain  in  the
periodontium  after  the  eruption  of  teeth[10].  In  the  periodontal
ligament,  small  epithelial  cords  or  clusters  can  be  observed  in  the
fibrous  spaces  near  the  root  surface  (Fig.  3a).  These  structures,
which  are  arranged  parallel  to  the  root  surface,  are  known  as
ECRM[31,63].  ECRM  possesses  functions  such  as  preventing  root
resorption, maintaining the periodontal ligament space, preventing
ankylosis,  regulating cementoblast differentiation and formation of
radicular cysts[11,64]. In terms of root resorption, ECRM might change
their  morphological  structure  and exist  in  connective  tissue  of  the
resorption  lacunae.  An  ultrastructural  study  showed  epithelial  cell
clusters  similar  to  ECRM  were  present  in  repairing  resorption
lacunae  subsequent  to  orthodontic  tooth  movement  in  humans[65].
Another  study  showed  that  ECRM  were  observed  in  resorption
areas  on  root  surfaces  of  extracted  premolars  after  rapid  palatal
expansion  using  transmission  electron  microscopy  with  3-

dimensional reconstruction[66]. In terms of cementum repair, ECRM
have the potential to contribute to this process by secreting enamel
proteins,  bone morphogenetic  protein  2  (BMP2),  and osteopontin
(OPN). Additionally,  ameloblastin may play a role in inducing the
differentiation  of  mesenchymal  cells  into  cementoblasts  (Fig.
3b)[31,67].  However,  they  found  that  ECRM  did  not  increase  in
number,  and  epithelial  cells  were  not  observed  in  the  connective
tissue  of  resorption  lacunae.  It  is  suggested  that  proliferated
epithelial  cells  from  ECRM  might  be  transformed  and  directly
participate  in  cementum  repair[31].  Mechanistically,  ECRM  cells
express  osteoprotegerin  (OPG),  and  OPG  deficiency  leads  to  the
destruction  of  ECRM,  characterized  by  irregular  morphology  and
reduced numbers[63]. In addition, the integrity of ECRM can prevent
the invasion of blood vessels and osteoclasts (Fig. 3c), which plays a
positive role in preventing root resorption[68,69].

Epithelial  cells  exhibit  mechanoresponsive  properties.  ECRM
respond  to  mechanical  stretching  forces  by  expressing  heat  shock
protein  70  (HSP70),  vascular  endothelial  growth  factor  (VEGF),
and osteopontin (OPN) (Fig. 3d)[70].  FAM20A, a kinase responsible
for  orchestrating  the  phosphorylation  of  secreted  proteins  and
proteoglycans,  has  been  implicated  in  various  dental  pathologies,
including  amelogenesis  imperfecta,  intrapulpal  calcification,
gingival  hyperplasia,  and  delayed  or  failed  tooth  eruption.  In
epithelial-specific  FAM20A  knockout  (KO)  mice,  delayed  tooth
eruption  primarily  occurs  during  the  intraosseous  eruption  stage.
This delay is associated with a postponed peak in osteoclast activity,
leading to a later formation of the eruption canal and, consequently,
delayed tooth eruption.  Additionally,  the  development  of  HERS is
disrupted  in  FAM20A  KO  mice,  resulting  in  the  activation  of  the
WNT  signaling  pathway  and  downregulation  of  tooth  root
development-related  pathways,  ultimately  causing  shortened  tooth

 

Figure 3    Schematic diagram of the role of ECRM in apical root resorption. (a) Epithelial cells exhibit the capacity for EMT. During this process, apical-basal polarity is
redirected into front-rear polarity, cytoskeletal changes occur, and downregulation of epithelial junctions. The shape of ECRM in periodontal ligament is small epithelial
cords  or  clusters.  (b)  ECRM have the  potential  to  repair  cementum.  (c)  The integrity  of  ECRM prevent  the  invasion of  blood vessels,  nerves  and osteoclasts.  (d)  The
mechanoresponsive properties of ECRM. The expression of FAM20, induction of inflammatory cell aggregation and secretion of inflammatory cytokines is still not clear.
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roots[71].  Although FAM20A may  play  a  role  in  root  resorption  by
modulating  epithelial  cell  functions,  no  direct  studies  have  yet
investigated this potential mechanism.

In summary, the role of epithelial cells in root resorption should
not  be  ignored  given  their  migratory  properties,  epithelial-
mesenchymal  transition  properties,  mechanotransduction
properties,  and  important  role  in  cementum  repair.  However,  the
spatiotemporal  distribution of  epithelial  cells  within the tooth root
and  the  mechanisms  underlying  their  induction  of  inflammatory
cell aggregation or cytokines under orthodontic force remain to be
further explored. Elucidating the spatiotemporal coding patterns of
epithelial-mesenchymal  communication and developing epithelial-
specific  targeted  delivery  systems  may  hold  significant  importance
for the prevention and treatment of OI-ARS.

 4    Characteristics  of  periapical  root  region  and
susceptibility to OI-ARS

 4.1    Blood vessels
Blood  vessels  in  the  PDL  provide  nutrients,  immune  cells,  and
hormones  required  for  orthodontic-induced  remodeling[72].  Young
permanent  teeth  with  incomplete  apical  development  and  large
apical foramina have an abundant blood supply in the apical region,
resulting in a low probability of root resorption during orthodontic
treatment. This indicates that the presence of blood vessels around
the root  is  a  factor  in  regulating root  resorption.  Next,  this  review
explores  the  mechanisms  by  which  blood  vessels  influence  apical
root  resorption  from  two  aspects:  the  regulation  of  surrounding
stem cells affecting bone remodeling and the mechanotransduction
capacity of vascular endothelial cells (ECs) (Fig. 4b).

There  are  a  large  number  of  undifferentiated  stem cells  around
the  blood  vessel  wall,  which  can  participate  in  tissue  regeneration
and  repair.  Shen  et  al.  discovered  osteogenic  progenitor  cells
surrounding the peri-arteriolar region in bone marrow, which were
specifically LepR+ cells expressing Osteolectin. These peri-arteriolar
LepR+Osteolectin+ cells are rapidly dividing, short-lived osteogenic

progenitors  that  are  poised  for  osteogenic  differentiation.  Their
numbers  increase  following  fracture  and  diminish  with  age.  The
maintenance  of  these  cells  requires  mechanical  stimulation[73].  In
addition,  type  H  vessels,  which  high  expression  of  cluster  of
differentiation  31  (CD31)  and  endomucin  (Emcn),  have  a  dense
arrangement  of  osteoprogenitors[74].  Runx2+  osteoprogenitors  and
collagen  type  1α+  (Col1α1+)  osteoblasts  are  densely  arranged
around  the  CD31+  vessels[75].  In  alveolar  bone,  H-type  vessels
increased  at  the  healing  site  in  tooth  extraction  model,  and  with
perivascular  accumulation  of  Runx2+  osteoprogenitors[76].  In  PDL,
neural  crest-derived  mesenchymal  stem  cells  such  as  prx1+  cells
overlap  with  perivascular  cells  and  are  involved  in  angiogenesis[77].
The  phenomenon of  osteoprogenitors  close  to  vessels  is  to  absorb
the nutrients  and oxygen required for  osteogenic metabolism, and
can  also  take  the  vessel  as  a  vehicle  to  migrate  to  the  bone
remodeling area[78].

Vascular  endothelial  cells  secrete  a  variety  of  cytokines  to
regulate  the  function  of  osteocytes  in  the  bone  marrow
microenvironment,  and  conversely,  osteocytes  can  also  regulate
angiogenesis.  In  osteogenesis,  Type  H  ECs  secrete  growth  factors
that  have  been  demonstrated  to  promote  osteoprogenitor  survival
and proliferation,  such as platelet-derived growth factor subunit  A
(PDGFA), TGFβ1, TGFβ3, and fibroblast growth factor (FGF) 1[75].
After  co-culture  with  vascular  endothelial  cells,  the  osteogenic
differentiation  ability  of  osteoblasts  was  enhanced,  and  the
expression  of  osteogenic  markers  such  as  ALP,  runx2  and  osterix
(OSX)  was  increased[79].  In  bone  resorption,  MMP-9  and  RANKL,
released from type H ECs is critical for bone resorbing by regulating
osteoclasts[78].  Perivascular  osteoclasts  protect  the  neighboring
vascular cells  against senescence by secreting angiogenin (ANG), a
ribonuclease with pro-angiogenic activity[80].  Besides, osteoblast and
osteoclast  promote  angiogenesis  by  secreting  platelet-derived
growth  factor  BB  (PDGF-BB),  VEGF,  and  slit  guidance  ligand  3
(slit3). In periodontium, periodontal ligament cells (PDLCs) secrete
slit3  to  promote  the  growth  of  H-type  blood  vessels,  thereby
regulating  alveolar  bone  homeostasis[81].  However,  excessive
vascularization  can  exacerbate  inflammatory  responses.  Denser

 

Figure 4    Blood vessels and neural regulatory mechanisms in bone linked to OI-ARS. (a) The interrelationships between the components present around the apical root.
(b) The role of blood vessels in bone remodeling. (c) Regulation of blood vessels by nerves. (d) Neural regulatory in bone remodeling.
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vasculature  with  enlarged vessel  diameters  enhances  inflammatory
infiltration,  which  in  turn  disrupts  angiogenesis  and  bone
remodeling[82].  For  example,  in  the  microenvironment  of
periodontitis  and  osteoarthritis,  PDLCs  or  chondrocytes  secrete  a
large  number  of  pro-angiogenic  factors  such  as  VEGF,  leading  to
increased  vascular  infiltration  and  aggravated  bone  resorption[83-85].
These findings highlight the critical interplay between angiogenesis,
osteogenesis, and bone resorption in maintaining bone remodeling
homeostasis.  Disruption  in  any  of  these  processes  can  destabilize
the balance of bone remodeling.

Vascular  endothelial  cells  possess  the  ability  to  sense  and
transduce  mechanical  stimuli.  In  response  to  physical
mechanotransduction forces from blood flow, such as laminar flow,
turbulent  flow,  or  cyclic  stretching  mediated  by  blood  pressure,
endothelial cells convert these mechanical stimuli into biochemical
signals  through  receptor  tyrosine  kinases  (e.g.,  VEGFR2  and
VEGFR3),  ion  channels  (e.g.,  Piezo1  and  TRPV4),  integrins,  and
junction  proteins  (e.g.,  PECAM-1  and  VE-cadherin),  thereby
regulating  adaptive  changes  in  vascular  structure  and  function[86,87].
The  dysfunction  of  mechanotransduction  in  endothelial  cells  is
closely  associated  with  the  progression  of  diseases  such  as
atherosclerosis  and  hypertension[88].  During  tooth  movement,  the
vessels  surrounding  the  root  are  also  subjected  to  mechanical
stimulation.  However,  little  attention  has  been  paid  to  the  blood
vessels in the model of root resorption, especially OI-ARS, and the
interaction between endothelial cells and osteogenic precursor cells
or  osteoclasts  under  mechanical  stimulation  has  not  been  studied
(Fig. 4a).

In the apical region, blood vessels occupy approximately 47% of
the  space  within  the  PDL,  in  comparison  with  4%  at  the  cervical
area of the root[89].  During orthodontic tooth movement, the blood
vessels  in  PDL are  subjected  to  pressure  or  stretch,  and  the  blood
supply  is  affected.  Especially  in  the  apical  region,  the  apex  moves
the  most  (root  wise),  since  this  part  is  at  the  edges  of  the  moving
levers[9].  This  means  the  adequate  blood supply  becomes  poor,  the
adjacent tissues in apical region are less able to adapt to the sudden
decrease in blood supply. When orthodontic forces are excessive or
long-lasting,  the  blood vessels  around the  tooth root  are  subjected
to  excessive  compression  or  traction,  leading  to  local  ischemia  or
bleeding  that  forms  acellular  areas  with  hyaline  degeneration  or
thrombosis.  To  eliminate  this  necrotic  tissue,  immune  cells  are
recruited  to  the  damaged  area.  During  this  process,  the  release  of
chemicals  such  as  histamine  and  serotonin  increases  vascular
permeability,  triggering a more severe inflammatory response, and
releasing  more  inflammatory  cytokines,  causing  tissue  edema  and
cell  infiltration,  which  further  affects  blood  flow.  Unlike
compression  at  the  cervical  area,  which  is  adjacent  to  the  gingiva
and oral cavity, tissue fluid can quickly find this pathway to seep out
or  transfer,  often  manifesting  clinically  as  gingival  redness  and
swelling[9].  However,  edema  occurring  at  the  apex  is  not  easily
drained, leading to increased local pressure. Under such an adverse
microenvironment, endothelial cell  dysfunction occurs, on the one
hand, leading to impaired differentiation function of adjacent stem
cells  and  abnormal  cementum  function  at  the  apex,  and  on  the
other hand, inducing an increase in osteoclasts that absorb necrotic
tissue  at  the  apex,  including  the  apical  area  surrounded  by  tissue
fluid.  These  may  be  one  of  the  reasons  why  the  apex  is  prone  to
root  resorption.  In  addition,  the  abnormal  mechanosensing  and
mechanoconduction of endothelial cells may also play an important
role  in  the  progression  of  apical  resorption.  In  the  future,  more

basic research can focus on the functional changes of blood vessels
in the process of OI-ARS to further explore its pathogenesis.

 4.2    Nervous system
In craniofacial system, trigeminal nerve is the primary neural source
regulating the development of teeth and the maxillofacial bones[90-92].
Its  branches  enter  the  dental  pulp  through  the  apical  foramen  or
distribute  within  the  corresponding  periodontal  ligament  and
alveolar  bone.  The  neural  distribution  in  the  dental  pulp  and
periodontal  tissues  is  crucial  for  sensing  and  transmitting  pain
signals.  When  orthodontic  forces  are  applied  to  the  periodontal
ligament,  mechanical  pressure  activates  mechanoreceptors  within
the  ligament,  such  as  Ruffini  endings  and  Pacinian  corpuscles.
These  receptors  convert  mechanical  stimuli  into  neural  impulses,
which  are  transmitted  to  the  central  nervous  system  via  afferent
nerve  fibers.  The  presence  of  the  nervous  system  represents  a
protective response of the body to mechanical stimuli.  However, if
mechanical  stimulation  persists  and  is  not  promptly  removed,
inflammatory  mediators  released  by  the  nerves  can  trigger  an
inflammatory  response,  potentially  leading  to  traumatic
periodontitis or root resorption. Nerves and blood vessels are highly
co-localized,  sharing  numerous  signals  and  receptors  during
growth,  differentiation,  and  navigation.  Additionally,
neurotransmitters can directly or indirectly regulate the functions of
bone  remodeling-related  cells  and  epithelial  cells.  These  findings
suggest that the nervous system may play a regulatory role in apical
root resorption. Next, this review specifically examines the potential
mechanisms by which nerves may regulate OI-ARS (Fig. 4c, 4d).

 4.2.1    Neurovascular axis

Nerves  and  blood  vessels  form  a  complex  network  structure  to
supply  nutrients  to  tooth  and  periodontal  tissues.  There  is  an
obvious  overlap  between  the  two  networks.  Nerves  rely  on  blood
vessels  to  ensure  sufficient  oxygen  supply,  while  blood  vessels
require neural control and regulation. These two systems mutually
guide  each  other  and  participate  in  each  other's  neogenesis  and
directional  migration.  Considering  the  role  of  vessels  in  root
resorption  mentioned  above,  nerves  may  indirectly  contribute  to
root  resorption  by  modulating  blood  vessels  within  the
inflammatory and mechanical stimulation microenvironment.

Upon  sympathetic  excitation,  neurotransmitters  such  as
norepinephrine  are  released,  which  cause  vasoconstriction  by
binding  to  alpha-1  (α-1)  receptors  on  vascular  smooth  muscle
cells[93]. Upon parasympathetic excitation, neurotransmitters such as
acetylcholine  are  released,  which  cause  vasodilation  by  binding  to
M-receptors  on  vascular  smooth  muscle  cells[94].  Additionally,  the
nervous and vascular systems employ similar axon guidance factors,
such  as  netrins,  slits,  semaphorins,  and  ephrins,  which  play
important  roles  in  angiogenesis  through  different  receptors.  For
example,  netrin-1  inhibits  angiogenesis  through  the  UNC5B
receptor,  while  promoting  angiogenesis  through  the  CD146
receptor[95].

In the microenvironment of inflammation and mechanical stress
associated with OI-ARS, it remains unclear whether sympathetic or
parasympathetic  nerve  fibers  are  activated  within  the  PDL  and
periapical  tissues.  Additionally,  the  effects  of  neurotransmitters  on
the function of vascular endothelial cells have not been investigated.
Further  research  is  required  to  determine  whether  the  nervous
system  influences  root  resorption  by  modulating  the  vascular
system,  thereby  altering  oxygen  and  nutrient  delivery  around  the
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tooth  root,  as  well  as  affecting  the  chemotaxis  and  aggregation  of
immune cells.

 4.2.2    Neuro-bone axis

Bone  is  richly  innervated  with  sympathetic  and  parasympathetic
nerve  fibers.  Acetylcholine  (ACh),  the  primary  neurotransmitter
secreted  by  cholinergic  nerves,  exerts  its  effects  by  binding  to
nicotinic  acetylcholine  receptors  (nAChRs)  or  muscarinic
acetylcholine receptors (mAChRs) expressed on bone lineage cells.
ACh  modulates  bone  remodeling  through  the  regulation  of
osteoblast  and  osteoclast  proliferation  and  differentiation[96].
Vasoactive  intestinal  peptide  (VIP),  co-released  with  ACh  from
cholinergic nerves, exerts its biological functions by interacting with
VPAC1  and  VPAC2  receptors  on  target  cells[97].  VIP  has  been
shown  to  promote  osteogenic  differentiation  of  bone  marrow
stromal  cells  (BMSCs)  through  activation  of  the  Wnt/β-catenin
signaling  pathway  and  stimulate  angiogenesis  by  enhancing  the
secretion  of  the  angiogenic  factor  VEGF[98].  Regarding  osteoclastic
activity,  existing  evidence  indicates  that  VIP  suppresses
osteoclastogenesis[99].

The  sympathetic  nerves  release  several  neurotransmitters,
including  norepinephrine  and  neuropeptide  Y  (NPY).
Norepinephrine acts on target cells through α-adrenergic receptors
(α-AR)  and  β  adrenergic  receptors  (β-AR)[100].  Among  these
receptors,  β-AR  is  expressed  on  both  osteoblasts  and  osteoclasts,
playing a pivotal  role in bone metabolism regulation[101].  Activation
of  β-adrenergic  signaling  directly  stimulates  osteoclastogenesis
through β2-AR on osteoclasts, primarily via reactive oxygen species
(ROS)  generation[102].  Norepinephrine  inhibits  bone  formation  by
activating  β-AR receptors  on  osteoblasts,  while  also  increasing  the
secretion of RANKL from osteoblasts, thereby promoting osteoclast
differentiation[103,104].  Furthermore,  β-AR  activation  induces  the
secretion  of  pro-inflammatory  cytokines,  including  interleukin-6
(IL-6)  and  interleukin-11  (IL-11).  Notably,  local  adrenergic  β-
receptor  blockade  has  been  shown  to  effectively  enhance  bone
defect  treatment  by  promoting  osteogenic  differentiation  and
suppressing  osteoclastogenesis[105].  In  contrast  to  β-AR, α-AR  has
been  reported  to  promote  bone  formation  by  upregulation  of
osteogenic  differentiation-related  proteins  in  MC3T3-E1  cells[106].
NPY  is  an  another  neural  signaling  molecule  secreted  by
sympathetic  nerves.  NPY  receptors,  Y1R  and  Y2R,  are  primarily
involved  in  bone  remodeling.  Central  regulation  of  bone
metabolism mainly occurs through Y2R receptors, while peripheral
regulation  is  primarily  mediated  via  Y1R  receptors.  Inhibition  of
the Y1 receptor increases osteoblastic differentiation in MC3T3-E1
osteoblast  cells[107].  NPY-deficient  BMSCs  exhibit  enhanced
osteogenic  differentiation[108].  Besides,  lack  of  Y1Rs  stimulates  the
formation of larger multinucleated osteoclasts in vitro,  which have
reduced bone-resorbing activity[109]. These findings suggest that NPY
negatively  regulates  bone  formation.  However,  whether
sympathetic  nerves  regulate  root  resorption  through  NE  or  NPY
remains  unexplored,  and  their  distribution  in  periodontal  tissues
warrants further investigation.

Sensory  nerves  secrete  the  neuropeptide  calcitonin  gene-related
peptide  (CGRP),  which  stimulates  osteoblast  differentiation  by
upregulating  transcription  factor-4  (ATF4)  and  osteocalcin,  and
also inhibits osteoclastogenesis mediated by OPG/RANKL, thereby
regulating  bone  metabolism[110].  In  a  rat  model  of  mandibular
distraction  osteogenesis,  CGRP  accelerates  bone  regeneration  by
targeting BMSCs. CGRP promotes the migration and proliferation

of  BMSCs,  as  well  as  the  expression  of  osteogenic  differentiation
markers  ALP  and  Runx2[111].  In  a  model  of  dental  pulp  injury,
sensory  nerves  within  the  pulp  release  CGRP,  which  binds  to
receptor activity modifying protein 1 (RAMP1) on dental pulp cells,
promoting the migration of dental pulp stem cells to injured area to
repair  pulp  tissue[92].  Sensory  nerves  also  secrete  substance  P  (SP),
which promotes bone formation by enhancing cAMP, and can also
promote  bone  resorption  by  acting  on  the  N1  receptors  on
osteoclasts[112,113].  The  dual  role  of  SP  in  bone  formation  and
resorption  may  be  related  to  its  concentration.  When  the
concentration  of  SP  is  higher  than  10−8 M,  bone  matrix
mineralization  is  enhanced[114,115].  Conversely,  bone  formation  is
blocked  when  SP  concentrations  is  lower  than  10−8 M[116].  When
CGRP  and  SP  are  present  simultaneously,  their  effects  on  bone
metabolism are  more complex.  SP or  CGRP alone could promote
bone  mineralization  through  enhancing  BMP2  signaling  in  vitro.
However, co-stimulation of CGRP and SP in osteoblasts suppressed
BMP2 signaling induced osteogenic differentiation[117]. This suggests
that  when  studying  the  role  of  sensory  nerves  in  apical  root
resorption,  it  is  necessary  to  determine  which  neuropeptides  are
dominant, as different neuropeptides may have different effects and
mechanisms on apical resorption.

In  addition  to  the  nerve  fibers  mentioned  above,  bone
microenvironment also contains various axon guidance factors and
neurotrophic factors, which have been found to be involved in bone
remodeling.  Axon  guidance  factors  include  sema3A,  sema4D,
netrin-1,  and  slit3.  Among  them,  mice  with  neuron-specific
sema3A deficiency have significantly reduced bone mass, indicating
that neuron-derived sema3A is responsible for bone remodeling[118].
Sema4D  has  been  reported  to  alleviate  the  inhibitory  effect  of
bisphosphonates  on  osteoclast  formation[119].  Netrin-1  injection
protected the mice against autoimmune bone destruction in vivo[120].
However,  an  excess  amount  of  netrin-1  can  promote
osteoclastogenesis.  Blockade  of  netrin-1  prevents  bone  destruction
and  reduces  the  severity  of  K/BxN  serum  transfer-induced
arthritis[121].  Slit-3  stimulates  the  migration  and  proliferation  of
osteoblasts  by  activating  β-catenin  and  can  also  inhibit  bone
resorption by suppressing the differentiation of osteoclasts[122].

The  neurotrophins  family  encompasses  nerve  growth  factor
(NGF),  brain-derived  neurotrophic  factor  (BDNF),  glial  cell  line-
derived neurotrophic  factor  (GDNF),  neurotrophin 3  (NT-3),  and
neurotrophin 4/5 (NT4/5)[123].  NGF and BDNF promote new bone
formation  by  inducing  osteoblast  proliferation  and
differentiation[124].  BDNF  also  enhances  RANKL  secretion  by
human  BMSCs,  which  contributes  to  osteoclastogenesis[125].
However,  in  the  inflammatory and mechanical  microenvironment
of OI-ARS, the source and target cells of axon guidance factors and
neurotrophic factors have not been studied.

In conclusion, while studies have demonstrated the interrelation
between  the  nervous  system  and  bone  metabolism-related  cells,
little  research  has  been  conducted  in  root  and  alveolar  bone
metabolism-related diseases. The apical region is rich in cells related
to bone metabolism, such as periodontal ligament stem cells, dental
follicle  stem  cells,  cementoblasts,  and  osteoclasts.  Moreover,  the
apical  area  has  a  dense  nerve  distribution,  suggesting  potential
direct  and  indirect  interactions  between  nerves  and  bone
metabolism-related  cells.  Several  critical  questions  warrant  further
investigation:  (1)  the  precise  distribution  patterns  of  sensory  and
cholinergic  nerve  fibers  surrounding  the  root  and  alveolar  bone;
(2)  the  identification  of  specific  cell  populations  responsible  for
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secreting  axon  guidance  factors  and  neurotrophic  factors;  (3)  the
characterization of stimuli triggering these secretory responses; and
(4)  the  identification  of  targeted  cells  response  to  the  secreted
factors. Elucidation of the molecular mechanisms underlying these
neural-bone  interactions  in  the  apical  region  may  provide  novel
insights  into  the  pathogenesis  of  OI-ARS  and  facilitate  the
development of targeted therapeutic strategies.

 4.2.3    Neural-epithelial crosstalk

Experimental  studies  have  shown  that  inferior  alveolar  nerve
transection can lead to a decreased density of epithelial distribution
within  the  periodontal  ligament,  concurrently  with  an  increased
number  of  resorption  lacunae  on  the  root  surface,  where  cellular
cementum  is  observed  within  the  lacunae[69].  This  phenomenon
suggests  that  the  nervous  system  may  indirectly  influence  the
pathological  process  of  root  resorption  by  regulating  the  spatial
distribution and functional status of epithelial tissues.

During embryogenesis, the dental lamina originates from neural
crest  (NC)  cells,  which  transiently  emerge  from  the  dorsal  neural
tube  and  migrate  extensively  to  populate  diverse  tissues.  These
pluripotent NC cells differentiate into both neural lineages and non-
neural cells[126].  This shared developmental ancestry between neural
crest-derived  neurons  and  dental  epithelial  cells  provides  a
mechanistic basis for neuroepithelial crosstalk. At the structural and
functional  levels,  epithelial  cells  share  many  of  the  properties
associated with neural systems. At the anatomical level, studies have
indicated  direct  synaptic  communication  between  colon  epithelial
cells  and  surrounding  neurons,  providing  morphological  evidence
for  the  direct  transmission  of  neural  signals  to  epithelial  cells[127,128].
At  the  molecular  regulation  level,  neurotransmitters  released  from
nerve  terminals—including  norepinephrine,  acetylcholine,  and
substance  P  (SP)—bind  to  G  protein-coupled  receptors  or  ion
channels  on  epithelial  cell  membranes  through  either  paracrine
signaling  or  synaptic  contact,  thereby  activating  downstream
signaling  pathways.  Additionally,  acetylcholine  released  by
cholinergic nerves controls epidermal structure and function via the
M3 muscarinic acetylcholine receptor. These morphologic changes
are  associated  with  upregulation  of  cell  proliferation  genes  and
downregulation of  genes  contributing to  epidermal  differentiation,

extracellular  matrix  formation,  intercellular  adhesion,  and  cell
arrangement[129].  In  contrast,  NPY  secreted  by  sympathetic  nerves
has been shown to inhibit keratinocyte proliferation[130]. Collectively,
these  studies  suggest  that  the  nervous  system  finely  regulates
epithelial  homeostasis  through  neurotransmitter-receptor  specific
dialogues.

In  recent  years,  targeting  neuro-epithelial  interactions  has
emerged  as  a  novel  therapeutic  strategy.  Local  application  of  β-2
receptor  antagonists  has  improved  the  healing  of  combined  burn
and  radiation  wounds[131].  Targeting  SP  have  shown  significant
therapeutic  efficacy  in  atopic  dermatitis[132,133].  Therefore,  future
research may focus on utilizing spatial  transcriptomics to map the
molecular interactions between nerves and epithelium in the apical
region  of  the  root.  Additionally,  establishing  animal  models  with
nerve  supply  deficiencies  could  elucidate  the  causal  relationship
between  epithelial  abnormal  differentiation  and  root  resorption.
Finally,  developing  sustained-release  hydrogel  systems  targeting
specific neurotransmitter receptors may achieve precise modulation
of  the  periodontal  microenvironment.  These  breakthroughs  will
propel the neuroregulatory therapies for root resorption from basic
research towards clinical translation.

 4.3    Alveolar bone
The  interaction  between  root  and  cortical  bone  during  tooth
movement  may  lead  to  different  resorption  phenomena.
Specifically,  when the  cervical  or  middle  portion of  the  tooth  root
collides  with  the  cortical  bone,  alveolar  bone  resorption  typically
occurs,  manifesting  as  fenestration  or  dehiscence.  However,
resorption in  the  apical  region was  more common when the  apex
collided  with  the  cortical  bone.  This  difference  raises  questions
about  the  susceptibility  of  the  apical  region:  Why is  the  root  apex
more prone to damage.

In  addition  to  the  structural  characteristics  of  the  root  itself,
factors  such  as  the  density,  thickness,  and  remodeling  rate  of  the
alveolar  bone  play  a  crucial  role  in  the  occurrence  of  apical
resorption. However, their relationship with the occurrence of OI-
ARS needs to be further investigation (Fig. 5). The apical one-third
region  of  the  alveolar  bone  exhibits  increased  thickness,  reduced
elasticity  modulus,  and  higher  mineral  density  compared  to  its

 

Figure 5    Relationship between alveolar bone characteristics and apical resorption. Differences in cortical bone thickness at the apical region, variations in alveolar bone
thickness, and distinct anatomical locations of alveolar bone between the apical and cervical root zones (a1 vs. a2, b1 vs. b2, c1 vs. c2) may serve as key determinants of OI-
ARS susceptibility, mediated by their divergent biomechanical properties in safe tooth movement distance, bone mineral density, elastic modulus, and bone remodeling
rates.
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cervical  counterpart[134,135].  The  increased  thickness  of  cortical  bone
prolongs  mechanical  stress  exposure  on  the  root  surface  by
extending  the  bone  remodeling  lag  phase,  rendering  the  apical
region more susceptible to root resorption compared to the middle
third  of  the  root.  Furthermore,  patients  with  thin  alveolar  bone
exhibit  a  narrower  safe  zone  for  orthodontic  tooth  movement,  as
direct  root-cortical  bone  contact  predisposes  to  apical  root
resorption through concentrated stress transmission[136].

Certain  specific  bony  structures  may  also  contribute  to  apical
resorption during orthodontic treatment. For example, the incisive
canal is located posterior to the central incisors. When the anterior
teeth  are  retracted  or  intruded,  the  maxillary  central  incisors  may
conflict with the dense cortical bone of the incisive canal, leading to
apical resorption[137,138].  Similarly, special attention should be paid to
the positional relationship of maxillary molars and premolars with
the  maxillary  sinus  during  orthodontic  movement.  Contact
between the tooth root and the maxillary sinus wall also poses a risk
of  root  resorption[139].  Additionally,  when  teeth  come  into  contact
with hard tissues such as bone islands, root resorption is more likely
to occur[140].

Based  on  the  above  factors,  it  is  recommended  to  develop  a
CBCT-based  three-dimensional  bone  density  analysis  to  construct
risk  prediction  models  in  future.  When  the  bone  density,  cortical
thickness,  and  alveolar  bone  thickness  in  the  apical  region  exceed
certain  values,  clinicians  should  be  alerted  to  reduce  orthodontic
forces  and  adopt  an  intermittent  force  application  mode  to  allow
sufficient  time  for  root  repair.  For  high-risk  areas  such  as  the
maxillary  sinus  wall  or  incisive  canal,  the  use  of  local  ultrasonic
bone  scalers  for  minimally  invasive  resistance  reduction  can  be
combined to reduce the incidence of apical resorption.

 5    Root  resorption  in  deciduous  teeth  and
adjacent teeth of impacted teeth
Root  resorption  is  not  exclusive  to  orthodontic  treatment.  During
the  physiological  shedding  of  deciduous  teeth,  gradual  root
resorption  occurs,  and  when  impacted  teeth  collide  with  adjacent
permanent teeth, resorption of the permanent teeth may also arise.
These  phenomena  share  certain  similarities  with  OI-ARS,  such  as
being painless progressive processes where all hard and soft tissues
in  the  root  area,  including  the  periodontal  ligament,  cementum,
dentin,  and pulp,  are  resorbed and ultimately  replaced by  alveolar
bone[141]. However, when deciduous teeth lack underlying successor
permanent teeth, their roots typically do not undergo resorption or
exhibit  significantly  slower  resorption  rates[7].  This  observation
raises  two  critical  questions:  First,  how  do  the  dental  tissues
disappear  during  resorption  progression.  Could  inhibiting  this
disappearance  process  mitigate  or  prevent  apical  resorption.
Second,  unerupted  successor  permanent  teeth  and  impacted  teeth
are  often  enveloped  by  pericoronal  follicle.  Does  this  structural
configuration mediate the initiation of root resorption.

During  the  physiological  resorption  of  deciduous  tooth  roots,
both soft and hard tissues are eliminated through dual mechanisms:
(1) apoptosis  of  the tissues themselves and (2) active resorption of
hard  tissues  (cementum  and  dentin)  by  odontoclasts[142-145].
Following  the  resorption  of  hard  tissues,  odontoclasts  undergo
apoptosis  and  are  subsequently  phagocytosed  by  macrophages  or
leukocytes  for  lysosomal  degradation[146].  However,  the  lifespan  of
odontoclasts  under  physiological  conditions  remains  poorly
explored, and future research should delve deeper into this area to

analyze the state of osteoclasts under physiological and pathological
conditions,  which  may  be  significant  for  the  prevention  and
treatment of root resorption. In addition to the resorption of hard
tissues,  the  dental  pulp within deciduous teeth disappears  through
apoptosis, and the presence of apoptosis in pulp of deciduous teeth
with advanced-stage resorption is more intense than in the pulp of
young  permanent  teeth[147,148].  Despite  this,  the  unabsorbed  portion
of the pulp retains its structural integrity and continues to mediate
pain  perception,  healing,  and  reparative  functions  until  the  final
stages  of  resorption[147,149].  This  parallels  OI-ARS,  where  residual
dental tissues remain functional.

The  physiological  root  resorption  of  deciduous  teeth  mainly
mediated  by  the  permanent  teeth  beneath  them.  In  areas  where
some  permanent  teeth  are  missing,  the  roots  of  deciduous  teeth
may  persist  for  months  or  even  years.  This  is  because  of  the
presence  of  pericoronal  follicle  in  the  unerupted  permanent  teeth.
Pericoronal follicle is an important epithelial part, consisting of the
reduced epithelium of the enamel organ adhered to the crown, and
of the epithelial  remnants of  the dental  lamina.  The epithelial  cells
secrete  epidermal  growth  factor  (EGF),  which  stimulates
pericoronal bone resorption of teeth for the purpose of opening the
way for tooth eruption[7]. The prevalence of external root resorption
in  patients  with  impacted  third  molars  ranges  from  0.3%  to
24.2%[150].  These  findings  underscore  the  critical  role  of  epithelial
tissues  and  their  secretions  in  apical  resorption,  particularly  their
ability  to  recruit  osteoclasts  and  precisely  target  the  apical  region.
Identifying  the  key  regulatory  factors  or  cell  populations  involved
could  hold  significant  therapeutic  potential  for  preventing  or
mitigating root resorption.

The recruitment and origin of osteoclasts during root resorption
have  been  extensively  studied.  Periodontal  ligament  cells  secrete
various chemokines such as monocyte chemotactic protein-1 (MCP-
1)  and  C-X-C  motif  chemokine  ligand  12  (CXCL12)  under
mechanical  stress,  recruiting  macrophages  to  migrate  to  the  root
resorption  area  and  polarize  into  the  M1  type[50,151].  Besides,
periodontal  ligament  cells  stimulated  by  mechanical  forces  also
regulate  the  RANKL/OPG  ratio  through  multiple  signaling
pathways  to  promote  osteoclast  differentiation  and  resorption[152].
Intriguingly,  during  the  progression  of  apical  resorption,  the
surrounding alveolar bone maintains its structural integrity through
balanced bone remodeling,  whereas  the  resorbed root  surface  fails
to  regenerate  and  is  ultimately  replaced  by  new  bone.  This  raises
unresolved questions: Do bioelectrical gradients, pH differences, or
topographical  cues  at  the  root-bone  interface  guide  osteoclast
localization.  Furthermore,  a  paradoxical  bidirectional  regulation
exists in orthodontic inflammatory root resorption. Under the same
inflammatory microenvironment, osteoclastic activity dominates at
the  root  apex,  while  osteoblasts  deposit  new  bone  in  the  resorbed
region.  This  coordinated  yet  spatially  segregated  activity  of
osteoclasts and osteoblasts demands further investigation.

 6    Conclusions and perspectives
OI-ARS  remains  a  significant  clinical  challenge  in  modern
orthodontics,  characterized by irreversible structural consequences.
Current  clinical  management,  which  relies  on  radiographic
monitoring  and  passive  treatment  pauses,  fails  to  address  the
biological  complexity of  OI-ARS, resulting in prolonged treatment
durations  and compromised long-term tooth prognosis.  Persistent
nosological  confusion  surrounding  root  resorption  terminology

Zhang et al.

9610039 (11 of 16)
Oral Science and Homeostatic Medicine, 2026, 2, 9610039

https://doi.org/10.26599/OSHM.2026.9610039

https://www.sciopen.com/article/10.26599/OSHM.2026.9610039
https://www.sciopen.com/article/10.26599/OSHM.2026.9610039
https://www.sciopen.com/article/10.26599/OSHM.2026.9610039
https://www.sciopen.com/article/10.26599/OSHM.2026.9610039
https://www.sciopen.com/article/10.26599/OSHM.2026.9610039
https://doi.org/10.26599/OSHM.2026.9610039


further complicates both research and clinical practice, particularly
in  distinguishing  between  adaptive  cemental  remodeling  and
pathological  apical  resorption.  The  apical  region's  unique
anatomical  signature,  including  cellular  cementum's  limited
regenerative  capacity,  dentin-cementum  junctional  fragility,  and
neurovascular-epithelial  interactions,  creates  a  microenvironment
uniquely  susceptible  to  mechanical  stress-induced  resorption.
Besides,  parallels  between  OI-ARS  and  physiological  root
resorption  patterns  in  deciduous  or  impacted  teeth  suggest
conserved regulatory mechanisms involving programmed cell death
and  spatiotemporal  control  of  osteoclastogenesis.  However,  direct
experimental  validation  of  these  hypotheses  remains  lacking.  To
bridge  this  knowledge  gap  and  transform  clinical  practice,  future
efforts should focus on two strategic domains.

 6.1    Mechanistic decoding of apical vulnerability
From  the  perspective  of  dental  structural  biomechanics,  three-
dimensional  finite  element  analysis  can  be  used  to  investigate  the
map  stress  distribution  and  elastic  modulus  variations  across
diverse  dental  structures  under  orthodontic  loading,  including
comparisons of cementum layer thickness,  apical  bifurcations,  and
single-canal root configurations. Additionally, the alterations in the
organic and inorganic composition of dental tissues following root
canal  treatment,  and  their  impact  on  osteoclastic  activity,  warrant
systematic investigation.

Regarding the response of cells and tissues in the apical region to
orthodontic  forces,  comparative  studies  are  needed  to  elucidate
differential  mechanotransduction  mechanisms  among
cementoblasts,  periodontal  ligament  cells,  and  osteocytes.  RNA
sequencing  of  these  populations  could  identify  differentiation-
related  gene  networks,  potentially  revealing  therapeutic  targets  to
restore  cementoblast  function.  Spatial  transcriptomics  should  be
applied  to  resolve  dynamic  changes  in  epithelial,  vascular,  and
neural  distributions  during  OI-ARS  progression,  with  particular
emphasis  on  metabolite-mediated  regulation  of  vascular-neural-
cementoblast crosstalk. Single-cell sequencing of coronal epithelium
may uncover key molecular drivers of osteoclast recruitment, while
scanning  ion  conductance  microscopy  could  delineate  biophysical
gradients (e.g., bioelectric potentials, surface topography) at the root-
alveolar bone interface that guide osteoclast localization.

 6.2    Clinical exploration
Clinically,  artificial  intelligence  (AI)-driven  risk  prediction  models
integrating  CBCT  radiomic  features—such  as  apical  bifurcation
complexity,  cortical  bone  density  gradients,  and  anatomical
proximity  to  critical  structures  (incisive  canal,  maxillary  sinus)—
should be developed.  Machine learning algorithms could optimize
force  delivery  in  real  time  using  strain  data  from  piezoelectric
microsensors  embedded  in  orthodontic  appliances,  automatically
reducing  applied  forces  when  resorption  risk  thresholds  are
exceeded.

Therapeutic  innovation should prioritize  localized drug delivery
systems loaded with  dual-action agents  that  concurrently  suppress
osteoclastogenesis  and  enhance  cementogenesis.  Regenerative
strategies  could  involve  biomimetic  scaffolds  replicating
cementum’s  hierarchical  structure,  surgically  implanted  to  restore
lost  root  length.  These  scaffolds  may  incorporate  piezoelectric
materials  to  convert  mechanical  stimuli  into  pro-regenerative
electrical signals, mimicking natural tissue responses.

Overall,  success  in  addressing  OI-ARS  will  require

multidisciplinary  convergence,  uniting  orthodontists,  bioengineers,
and  computational  biologists  to  decode  the  apical  region’s
"biological  fingerprint".  By  harmonizing  mechanistic  insights  with
precision  clinical  tools,  next-generation  orthodontic  therapies  may
achieve  efficient  tooth  movement  while  preserving  root  integrity,
ultimately  advancing  the  dual  goals  of  aesthetic  excellence  and
biological preservation.
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