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ABSTRACT

Under normal conditions permanent teeth do not resorb. Pathological stimulus like trauma and
infections leads to immune-inflammatory process in roots of permanent teeth leading to resorption.
These pathological stimuli damage the protective layers in the dentine and periodontal ligaments.
Pathological process continues and leads to compromised blood supply causing cementoblast
destruction and necrosis. There is activation of multinucleated odontoclasts which are similar to
osteoclast leading to root resorption. Various molecular and cellular pathways initiate and progress the
resorption. Several local and systemic factors are involved. Some of the factors which act as stimulators
or inhibitors of root resorption are RANKL/RANK/ OPG, Interleukins, Bacterial lipopolysaccharides,
Macrophages, parathormone, oestrogen etc. This article presents a review of physiologic protective and
homeostatic mechanisms involved in protection of root resorption. This article also includes a brief
overview of development of odontoclasts and RANK/RANLK/OPG system. This review briefly discusses
about the pathogenesis of root resorption so as to provide direction in the future laboratory and clinical
research to fill in the knowledge gaps.
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INTRODUCTION

Bacterial insults or traumatic injuries to the oral cavity can harm the hard and soft tissues of teeth like
enamel, dentin, cementum, alveolar bone, gingiva and pulp. These injuries can have both short-term
and long-term effects.! Gingival and bone injuries may heal within days to weeks. Injuries to dental
pulp and periodontal tissues do not readily heal causing long-lasting complications.? These injured
structures affect the individual tooth prognosis. Soft tissue injuries are typically manifest as
inflammation and gingival recession, whereas hard tissue damage manifest as dental attrition and
abrasion, dental resorption, dental caries, and erosions.? Root resorption, as defined by Ne et al., is “a
condition associated with either a physiological or a pathological process resulting in the loss of dentin,
cementum, or bone.”* The first case of dental hard structure resorption which have been mentioned in
literature dates back to the 16th century in "Artzney Biichlein".’ Physiologic resorption is seen in
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primary teeth that results in their exfoliation and allows eruption of their permanent successors.® Under
normal circumstances, the hard tissues of permanent teeth—dentin, cementum, and enamel do not
undergo resorption. Hard tissue resorption involves the removal of cementum and/or dentin through the
activity of specialized tooth-resorbing cells, known as odontoclasts (dentoclasts).” Clinically, these
resorptions go unnoticed unless severe degree of resorption has occurred leading to increased mobility.®
This increase mobility may lead to loss of teeth.

Radiographically they can be diagnosed in Intra Oral Peri-Apical radiographs, Orthopantomographs,
Lateral cephalograms, Cone Beamed Central Tomography.® They can be also diagnosed through
biologic markers, microscopic and histologic evaluation.’

Traumatic and bacterial aetiologies have been reported which trigger root resorption.'®!! These insults
cause damage to cementoblast and odontoblast and predentine layers leading to development of
odontoclasts which cause root resorption initiation. '? There are series of molecular and cellular changes
causing development of odontoclasts. Extensive research has been conducted about these cellular and
molecular mechanisms that lead to pathologic root resorptions. Widespread research has been
conducted about the development of odontoclasts/ dentoclasts, their structure, their interaction with
interleukins (IL), Macrophage Colony-Stimulating Factor (M-CSF), receptor activator of nuclear factor
kappa-B (RANK), receptor activator of nuclear factor kappa-B ligand (RANKL), osteoprotegerin
(OPQ). Still the aetiology and pathogenesis of root resorption of is not clearly understood. The present
article briefly reviews the protective mechanisms of root resorption, current etiopathogenesis of root
resorption, so that the appropriate research at clinical and molecular level can be further conducted for
proper treatment planning and improving the prognosis of teeth.

Etiology and Pathogenesis
Preventive (Protective) Mechanisms of Root Resorption in Permanent Teeth.
Resorption of roots of deciduous teeth is a physiologic process aiding in shedding of deciduous teeth
and eruption of permanent teeth.® In bone, remodeling resorptive process is a physiologic process
assisting for constant turn over and adaptive response to mechanical stress and for serum calcium
balance.!* Normally permanent teeth do not resorb because they are not subjected to physiologic
remodeling. There are several protective mechanisms in permanent teeth which prevents dental hard
tissues like cementum, dentine and enamel from being resorbed under normal, physiologic conditions.
These protective mechanisms are as follows:!#
1. Remnants of Hertwig's epithelial root sheath (HERS) surrounding the tooth like net, prevents
root resorption. '
2. Pathological destruction of cementum is also prevented by Amelogenin protein expression by
remnants of HERS cells, due to their inhibitory effect.!®
3. Unmineralized organic precementum lining the root surface protects the permanent teeth from
resorption by forming barrier to the stimulus, injury and clastic cells.!”
4. Layer of predentine and odontoblasts lines the endodontium internally thus preventing the
exposure of hard tissue directly to clastic cells and injury.'®
5. In the cervical third the acellular cementum covers the root. Apically cellular cementum,
cementoblasts and cementocytes form a layer of non-mineralized cementoid."
6. The collagen fibers of periodontal ligament (PDL) also forms a barrier. PDL cells synthesize
protease inhibitors preventing recruitment of osteoclasts and invasion of osteoblasts in PDL."?
7. The hypermineralised Hyaline layer of Hopewell-Smith also acts as a protective layer
preventing the penetration of bacterial products in PDL from Root canals and vice-versa.'*
8. Cemental cells produced high quantities of OPG hence elevation of OPG to RANKL ratio
occurs, thus inhibiting resorption of cementum 2
9. The intrinsic factors of cementum and dentine also prohibit the development and activity of
clastic cells.!*

Destruction of any of the above stated protective layers can occur due to injury or any stimulus
leading to exposure of the underlying dentine. This exposed dentine is now accessible to clastic
cells.?! These clastic cells have the ability to bind only to mineralized tissue to initiate the
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resorption. Whenever there is damage to protective layer there is exposure of dentine. On this
exposed dentine, osteoclasts via their integrin receptors, bind to cell-adhesive peptide
sequences of matrix proteins. These cell-adhesive peptide sequences are RGD i.e. arginine-
glycine-aspartic acid sequence.'

Etiological factors of root resorption

Roots resorption can be summarized as follows-

An initial injury and persistence of a stimulus.

The injury damages the protective layer of root dentine and Hopewell Smith Layer.

Compromised blood supply to the periodontal ligament or dental pulp causes Cementoblasts destruction
and necrosis

Activation and’stimulation of clastic cells

Root resorption

Significant root shortening !4

Causes of Root Injury
Injury can be induced by:
a) Trauma,

b) Surgical procedures,
¢) Periodontitis,

d) Periodontal treatmen
¢) Impacted teeth, cysts or tumors which lead to root pressure 2

f) Chemicals like hydrogen peroxide used for internal bleaching*

g) Orthodontic treatment®>%

h) Excessive occlusal load can promote resorption®’

i) Root canal infections or periodontal ligament infections 2

j) Hypo- and hyperparathyroidism, calcinosis, Gaucher’s disease, Turner syndrome, Paget’s disease and
Herpes zoster are some of the systemic and endocrine diseases which are involved root resorption. 2
k) Idiopathic.”

t,22

Mechanism of ERR

Cells Involved in Root Resorption

Well-orchestrated interaction between osteoclasts or odontoclast and immune system cells like
monocytes, macrophages and dendritic cells is important for resorption. 33!

Osteoclasts/ Odontoclasts
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These cells play an important role in both physiologic and pathologic root resorption. These are large,
multi-nucleated cells of diameter approximately 30—100 um with potential of bone resorption. 3> These
cells originate from monocytic hematopoietic progenitors of bone marrow.>* These mononuclear
progenitor cells fuse to form multi-nucleated clastic cells under the influence of cytokines and growth
factors, like M-CSF and RANKL.** Progenitor cells binds to M-CSF through its receptor present on
them. M-CSF induces proliferation and expression of the RANK receptor on these progenitor cells,
with simultaneous suppression of OPG.3> M-CSF increases cell motility and prevents apoptosis in
differentiated osteoclasts.*® Osteoclasts differentiation also occurs when RANKL binds to RANK or M-
CSF. RANKL and IL-1 activate the osteoclasts which after activation, become polarized and extend
pseudopods and filopods, enabling ameboid movement. These clastic cells form the sealing zone
confining the resorptive area. Disintegration of mineralizes tissue occurs along the “ruffled border”
along indentations called Howship’s lacunae. After the clearance of degradation products osteoclasts
return to a non-resorbing state or they undergo apoptosis. 4%’

Odontoclasts are cells that resorb dental hard tissues. A high degree of similarity is found between
odontoclasts/ dentoclasts and osteoclasts. Odontoclasts like osteoclast originate from same progenitors
They are multi-nucleated with equal ultrastructural and histochemical properties, polarised, use same
enzymes, form Howship’s Lacunae and ruffled border’® and they also express RANK.* But
odontoclasts are reported to be smaller, with fewer nuclei, form smaller sealing zones. The calcitonin
receptor has not been reported in odontoclastic cells.*’ In addition, odontoclasts may form two ruffled
borders and resorb dentine and bone simultaneously. Capability of dentine resorption has also been
reported by osteoclasts. Other cells like Macrophages, monocytes and dendritic cells play important
roles in the resorptive process under chemotactic signals. Cells which circulate in blood like Monocytes
are leucocytes, can also migrate into adjacent tissues and transform into macrophages. These cells are
also present in pulp and under the influence of chemical mediators they also act as progenitors for
odontoclasts. 4%

Pathogenesis Of Root Resorption

There is incapability of osteoclasts to bind on non-mineralized surfaces.*! There is local release of
cytokines and chemokines after the traumatic and bacterial injury in root cementum and PDL which in
turn attract T-cells. Macrophages and granulocytes are then further recruited and activated by T-cells.
The initiation and continuation of pathological resorption is mediated by immunological mechanisms.
The release of cytokines leads precursor cells to transform into osteoclast. Fusion of precursor cells
leads to formation of multinucleated matured osteoclasts. These osteoclasts adhere to surface after
polarization forming a ruffled border and sealing zone leading to demineralization of hydroxyapatite
and disintegration the organic matrix in Howship’s Lacunae.!4*?

Disintegration of tissue barriers occurs when Junctional epithelium is ulcerated or dentine is exposed
due to loss or alteration of cementum. The microorganisms and their products (toxins) get a portal of
entry through these channels and bacterial toxins fortify this process. The initial immune response leads
to differentiation of clastic cells as a part of repair process, later it becomes pathogenic on persistence
of stimulus or injury. Tissue debris and microbes are ingested by macrophages. These macrophages not
only produce proinflammatory cytokines such as IL-1p and TNFa, but also calcitriol, ProstaglandinsE2
(PGE2) and dexamethasone.**** All these proteins and hormones stimulates the expression of RANKL
in PDL fibroblasts and T-cells.!* Once the cells adhesion takes place osteoclast mature, they bind to
dentin sialoprotein and the RGD-motif via the integrin receptor.* This binding also leads to
reorganization of the cytoskeleton and the stimulation of resorption. Cell mobility is further enabled by
integrins and cadherins. They also aid in signal transduction, matrix recognition and induction of
resorption. Hydroxyl- and chloride ions form Hydrochloric acid causing pH to fall up to 4.5 in the
Howship’s-lacuna. This fall in pH leads to disintegration of hydroxyapatite crystals i.e., resorption of
mineralized structure.***’Organic matrix is then degraded by enzymes such as tartrate-resistant acid
phosphatase (TRAP) or cathepsin K, pro-collagenases and matrix metalloproteinases.*®* Calcium ions,
phosphate ions and collagen fragments are sequestrated in the blood via transcytosis.'*

There is substantial evidence that the cells and mediators of root resorption and bone resorption are
identical. So, the resorption of dentine and cementum during root resorption is similar to bone
resorption. RANKL/RANK/OPG system controls both the bone resorption as well as root resorption. 4
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RANKL/RANK/OPG system

Continuous remodelling in bone is crucial for growth and for adaptation to mechanical stresses, prevent
fatigue, repair of microtrauma and calcium homeostasis.’® An equilibrium exists between bone
formation and resorption physiologically which occurs due to interdependence of osteoblasts and
osteoclasts which is finely tuned and this interdependency is called as ‘“coupling”.’!
RANKL/RANK/OPG proteins of Tumor necrosis factor (TNF)- family play an important role in
resorption of mineralised tissue, which can be any of the physiologic or pathologic resorption.
RANKL/RANK/OPG system is a receptor-ligand system. RANKL protein which is either membrane-
bound or soluble protein is expressed by osteoblasts.>? Precursors of osteoclasts and osteoclasts both
have RANK receptors.> Signal transduction via the transcription factor NF-Kb occurs with binding of
RANKL to RANK. This induces the fusion as well as maturation of precursor osteoclasts. Soluble
Decoy OPG competitively binds to RANKL and efficiently inhibits osteoclast formation and thus bone
resorption.>* The underlying cellular mechanisms also appear to be similar in both osteoclasts and
odontoclasts.?Osteoblasts, odontoblasts, pulp- and PDL-fibroblasts, cementoblasts and activated T-
cells all express RANKL, OPG is expressed by odontoblasts, ameloblasts, pulp- and PDL-fibroblasts. '#
Stimulators and inhibitors of resorption

Systemic and local factors are involved in stimulating bone resorption

There are several systemic and local factors (Table 1) regulating bone remodelling in physiologic and
pathologic conditions. Systemic factors involved are Parathormone (PTH), oestrogen and calcitonin etc.
Local factors are immune cells, cytokines like IL-1, TNFa and IL-6 etc.>®

RANKL expression in osteoblasts is stimulated by PTH. Osteoclast fusion is directly influenced by
PTH. PTH also affects PDL cells. It is suggested that the stimulation by hormones or mechanical stress
can change the OPG and RANKL ratio in these cells thus regulating the activity of periodontal
tissues.’”*® PTH also influences tooth eruption and orthodontic movement in a positive manner. It has
been reported that there is an increase in the resorptive activity of mature osteoclasts by Calcitriol
without increasing their number.*!'

Local factors also stimulate resorptive processes. Various cytokines are produced by macrophages and
leucocytes during inflammation in response to bacteria, tissue debris and other cytokines, and most of
these factors affect the RANKL/RANK/ OPG system. In resorption of periapical and periodontal tissues
IL-1 is involved,” because it activates osteoclasts and stimulates the production of other inflammatory
mediators such as PGE2. RANKL expression in stromal cells and osteoclast differentiation is enhanced
by IL-6.° RANKL/OPG expression in cementoblasts is upregulated by PGE2 thus increasing the
activity of cementoclasts. All the above stated factors demonstrate the close interconnection of
resorptive process and inflammatory response.'*

Bacteria and their products (acids and proteases) also stimulate the resorption process.
Lipopolysaccharides (LPS) and Lipoteichoic acid (LTA) present in cells walls of gram negative and
gram-positive bacteria respectively, either directly stimulates osteoclast activity or indirectly influence
osteoblasts and macrophages to produce osteolytic factors like enzymes (collagenases), IL-1, IL-6, M-
CSF and PGE2 thus increasing osteoclast activity. There is an increase in RANKL and PGE2 and
decrease in OPG production.

Some periodontal pathogens like Treponema denticola, Porphyromonas gingivalis and Treponema
socranskii induce osteoclast formation via increase in RANKL and PGE2 and decrease OPG.®!

The clastic cells and thus resorption process can also be inhibited by various local and systemic factors.
It has been reported that Calcitonin hormone reduces the mobility of clastic cells and withdraw them
from the resorption front. Oestrogen, interferon and corticosteroids have also shown inhibitory effects.
Locally, the factors which are responsible for inhibition are local cytokines like IL-4, IL-8, IL-10 and
IL-18. FGF-2 has reported both stimulatory as well as inhibitory effects.®*** The stimulatory action is
by effecting osteoclast differentiation and increases PGE2 production.®* The inhibitory action may be
due to directly inhibit osteoclast precursors or antagonistic effect on M-CSF .23 63
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Table 1: Local and systemic factors which stimulate and inhibit resorption®®

Stimulators Inhibitors
Systemic PTH Calcitriol

Diabetes Oestrogen,

Corticosteroids

Local RANKL/RANK/ OPG system OPG

IL-1 1L-4,

PGE2 IL-8,

IL-6, IL-10

Macrophages 1L-18

Leucocytes Interferon

M-CSF FGF-2

Bacterial LPS and LTA (Treponema denticola,

Porphyromonas  gingivalis and  Treponema

socranskii induce)

CONCLUSION

Light has been thrown via the medium of the present article about the association between odontoclasts
(osteoclasts / dentoclasts) and macrophages, interleukins, RANK/RANKL, various systemic and local
factors which affect root resorption. Deep understanding about the mechanism of underlying root
resorption has also been described. The underlying etiology has been discussed, but these factors are
not universal as they trigger root resorption in some teeth whereas other teeth remain unaffected. These
factors of etiopathogenesis are also not able to differentiate between self-limiting and progressive root
resorptions. Root resorption in some cases may eventually lead to loss of teeth. So, proper diagnosis
and treatment plan is necessary for these root resorbed teeth so that the prognosis of the individual teeth
as well as the complete dentition can be improved. Clinical expertise along with deep knowledge of
etiopathogenesis will aid in preventing misdiagnosis. The molecular cellular knowledge will also aid in
development of diagnostic aids that may be laboratory or chair side so that proper therapy can be
administered.

REFERENCES

1. Andreasen JO, Andreasen FM, Andersson L. Textbook and color atlas of traumatic injuries to the
teeth. New York: Wiley-Blackwell; 2018.

2. Dunsche A, Ewers R, Filippi A, Hofmeister B, Wangerin K. Oral and implant surgery. Batavia:
Quintessence Publishing; 2009.

3. K.B.(1964). Mechanisms of Hard Tissue Destruction. Ed. Reidar F. Sognnaes, Symposium
Publ.75, Amer. Assoc. Adv. Sci., 776pages, 430 illus., I colour plate. Washington, 1963. $13.00.
Geological Magazine, 101(3), 287.d0i:10.1017/S00167568000049566

4.  Ne RF, Witherspoon DE, Gutmann JL. Tooth resorption. Quintessence Int. 1999;30(1):9-25

5. Gold SI, Hasselgren G. Peripheral inflammatory root resorption. A review of the literature with
case reports. J Clin Periodontol. 1992 Sep;19(8):523-34. doi: 10.1111/.1600-
051x.1992.tb00679.x. PMID: 1447376

6. Patel S, Saberi N, Pimental T, Teng PH. Present status and future directions: Root resorption. Int
Endod J. 2022 Oct;55 Suppl 4(Suppl 4):892-921. doi: 10.1111/iej.13715. Epub 2022 Mar 30.
PMID: 35229320; PMCID: PMC9790676.)

7. Laux M, Abbott PV, Pajarola G, Nair PNR. Apical inflammatory root resorption: a correlative
radiographic and histological assessment. International Endodontic Journal, 33, 483493, 2000.

8. Patel S, Dawood A, Wilson R, Horner K, Mannocci F. The detection and management of root
resorption lesions using intraoral radiography and cone beam computed tomography - an in vivo

8987



Frontiers in Health Informatics www.healthinformaticsjournal.com
ISSN-Online: 2676-7104

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

investigation. Int Endod J. 2009 Sep;42(9):831-8. doi: 10.1111/.1365-2591.2009.01592.x. Epub
2009 Jul 14. PMID: 19627378

Yazid, Farinawati, et al. "Detection methods of orthodontically induced inflammatory root
resorption (OIIRR): a review" Australasian Orthodontic Journal, vol. 36, no. 1, Sciendo, 2020,
pp. 101-107. https://doi.org/10.21307/a0j-2020-012).

Mahajan AC, Kolte AP, Kolte RA, Agrawal AA. Dimensional Evaluation of Root Resorption
Areas in Differing Severity of Chronic Periodontitis: A Scanning electron Microscopic Study.
Contemp Clin Dent. 2017 Jul-Sep;8(3):433-438. doi: 10.4103/ccd.ccd 512 17. PMID:
29042731; PMCID: PMC5644003.

Gunraj MN. Dental root resorption. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 1999
Dec;88(6):647-53. doi: 10.1016/s1079-2104(99)70002-8. PMID: 10625842.

Aidos H, Diogo P, Santos JM. Root Resorption Classifications: A Narrative Review and a
Clinical Aid Proposal for Routine Assessment. Eur Endod J. 2018 Nov 21;3(3):134-145. doi:
10.14744/eej.2018.33043. PMID: 32161869; PMCID: PMC7006572.

Office of the Surgeon General (US). Bone Health and Osteoporosis: A Report of the Surgeon
General. Rockville (MD): Office of the Surgeon General (US); 2004. 2, The Basics of Bone in
Health and Disease. Available from: https://www.ncbi.nlm.nih.gov/books/NBK45504/

Galler, K.M., Gritz, EM., Widbiller, M. et al. Pathophysiological mechanisms of root resorption
after dental trauma: a systematic scoping review. BMC Oral Health21, 163 (2021).
https://doi.org/10.1186/s12903-021-01510-6

Hammarstrom L, Lindskog S. General morphological aspects of resorption of teeth and alveolar
bone. Int Endod J. 1985 Apr;18(2):93-108. doi: 10.1111/j.1365-2591.1985.tb00426.x. PMID:
3858243.

Hatakeyama J, Sreenath T, Hatakeyama Y, Thyagarajan T, Shum L, Gibson CW, Wright JT,
Kulkarni AB. The receptor activator of nuclear factor-kB ligand-mediated osteoclastogenic
pathway is elevated in amelogenin-null mice. Journal of Biological Chemistry. 2003 Sep
12;278(37):35743-8.

Wedenberg C, Lindskog S. Evidence for a resorption inhibitor in dentine. Scand J Dent Res 1987;
95:205-21.

Wedenberg C, Yumita S. Evidence for an inhibitor of osteoclast attachment in dentinal matrix.
Endod Dent Traumatol. 1990;6:255-9.

Lindskog S, Hammarstrom L. Evidence in favor of an anti-invasion factor in cementum or
periodontal membrane of human teeth. Scand J Dent Res. 1980;88:161-3.

Iglesias-Linares A, Hartsfield JK Jr. Cellular and Molecular Pathways Leading to External Root
Resorption. J Dent Res. 2017 Feb;96(2):145-152. doi: 10.1177/0022034516677539. Epub 2016
Nov 5. PMID: 27811065; PMCID: PMC5331617.

Lindskog S, Blomlof L, Hammarstrom L. Cellular colonization of denuded root surfaces in vivo:
cell morphology in dentin resorption and cementum repair. J Clin Periodontol. 1987;14:390-5.

Andreasen JO, Kristerson L. The effect of limited drying or removal of the periodontal ligament.
Acta Odontol Scand. 1981;39:1-13.

Patel S, Ricucci D, Durak C, Tay F. Internal root resorption: a review. J Endod. 2010;36:1107—
21],

Friedman S, Rotstein I, Libfeld H, Stabholz A, Heling I. Incidence of external root resorption and
esthetic results in 58 bleached pulpless teeth. Endod Dent Traumatol. 1988;4:23—6.

L-H Ly, K Lee, S Imoto, S Kyomen, K Tanne, Histological and histochemical quantification of
root resorption incident to the application of intrusive force to rat molars, European Journal of
Orthodontics, Volume 21, Issue 1, February 1999, Pages 57—
63, https://doi.org/10.1093/ejo/21.1.57

Kurol J, Owman-Moll P, Lundgren D. Time-related root resorption after application of a
controlled continuous orthodontic force. Am J Orthod Dentofacial Orthop 1996;110:303-10.
Bakland LK. Root resorption. Dent Clin N Am. 1992;36:491-507.

8988



Frontiers in Health Informatics www.healthinformaticsjournal.com
ISSN-Online: 2676-7104

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

Fuss Z, Tsesis I, Lin S. Root resorption—diagnosis, classification and treatment choices based
on stimulation factors. Dental Traumatology. 2003;19(4):175-182

Bansal P, Nikhil V, Kapur S. Multiple idiopathic external apical root resorption: a rare case report.
J Conserv Dent. 2015;18:70-2.

Teitelbaum SL, Stewart CC, Kahn AJ. Rodent peritoneal macrophages as bone resorbing cells.
Calcif Tissue Int. 1979;27:255-61

Mundy CR, Altman AJ, Gondek MD, Bandelin JG. Direct resorption of bone by human
monocytes. Science. 1977;196:1109-11.

Baron R, Neff L, Van Tran P, Nefussi JR, Vignery A. Kinetic and cytochemical identification of
osteoclast precursors and their differentiation into multinucleated osteoclasts. Am J Pathol.
1986;122:363-78.

Ash P, Loutit JF, Townsend KM. Osteoclasts derived from haematopoietic stem cells. Nature.
1980;283:669-70.

Teitelbaum SL, Ross FP. Genetic regulation of osteoclast development and function. Nat Rev
Genet. 2003;4:638-49.

Wise GE, Yao S, Zhang Q, Ren Y. Inhibition of osteoclastogenesis by the secretion of
osteoprotegerin in vitro by rat dental follicle cells and its implications for tooth eruption. Arch
Oral Biol. 2002 Mar;47(3):247-54. doi: 10.1016/50003-9969(01)00109-1. PMID: 11839361
Fuller K, Owens JM, Jagger CJ, Wilson A, Moss R, Chambers TJ. Macrophage colony-
stimulating factor stimulates survival and chemotactic behavior in isolated osteoclasts. J Exp
Med. 1993 Nov 1;178(5):1733-44. doi: 10.1084/jem.178.5.1733. PMID: 8228819; PMCID:
PMC2191238.

Vaananen HK, Zhao H, Mulari M, Halleen JM. The cell biology of osteoclast function. J Cell
Sci. 2000;113:377-81.

Sahara N, Ashizawa Y, Nakamura K, Deguchi T, Suzuki K. Ultrastructural features of
odontoclasts that resorb enamel in human deciduous teeth prior to shedding. Anat Rec.
1998;252:215-28.

Harokopakis-Hajishengallis E. Physiologic root resorption in primary teeth: molecular and
histological events. J Oral Sci. 2007;49:1-12.

Oshiro T, Shibasaki Y, Martin TJ, Sasaki T. Immunolocalization of vacuolartype H+-ATPase,
cathepsin K, matrix metalloproteinase-9, and receptor activator of NFkappaB ligand in
odontoclasts during physiological root resorption of human deciduous teeth. Anat Rec.
2001;264:305-11

Trope M. Root resorption due to dental trauma. Endod Top. 2002;1:79-100.

Horowitz M, Vignery A, Gershon RK, Baron R. Thymus-derived lymphocytes and their
interactions with macrophages are required for the production of osteoclast-activating factor in
the mouse. Proc Natl Acad Sci USA. 1984;81:2181-5.131. Gowen M, Wood DD, Ihrie EJ,
McGuire MK, Russell RG. An interleukin 1 like factor stimulates bone resorption in vitro. Nature.
1983;306:378-80.

Kanzaki H, Chiba M, Shimizu Y, Mitani H. Periodontal ligament cells under mechanical stress
induce osteoclastogenesis by receptor activator of nuclear factor kappaB ligand up-regulation via
prostaglandin E2 synthesis. J Bone Miner Res. 2002 Feb;17(2):210-20. doi:
10.1359/jbmr.2002.17.2.210. PMID: 11811551

Yamaguchi M, Aihara N, Kojima T, Kasai K. RANKL increase in compressed periodontal
ligament cells from root resorption. J Dent Res. 2006 Aug;85(8):751-6. doi:
10.1177/154405910608500812. PMID: 16861294..

Fisher LW, Torchia DA, Fohr B, Young MF, Fedarko NS. Flexible structures of sibling proteins,
bone sialoprotein, and osteopontin. Biochem Biophys Res Commun. 2001;280:460-5.

Blair HC, Teitelbaum SL, Ghiselli R, Gluck S. Osteoclastic bone resorption by a polarized
vacuolar proton pump. Science. 1989 Aug 25;245(4920):855-7. doi: 10.1126/science.2528207.
PMID: 2528207.

Viidndnen HK, Karhukorpi EK, Sundquist K, Wallmark B, Roininen I, Hentunen T, Tuukkanen
J, Lakkakorpi P. Evidence for the presence of a proton pump of the vacuolar H(+)-ATPase type

8989



Frontiers in Health Informatics www.healthinformaticsjournal.com
ISSN-Online: 2676-7104

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

in the ruffled borders of osteoclasts. J Cell Biol. 1990 Sep;111(3):1305-11. doi:
10.1083/jcb.111.3.1305. PMID: 2144003; PMCID: PMC2116263.

Roodman GD. Cell biology of the osteoclast. Exp Hematol. 1999 Aug;27(8):1229-41. doi:
10.1016/s0301-472x(99)00061-2. PMID: 10428500.

Stenbeck G, Horton MA. A new specialized cell-matrix interaction in actively resorbing
osteoclasts. J Cell Sci. 2000 May;113 ( Pt 9):1577-87. doi: 10.1242/jcs.113.9.1577. PMID:
10751149

Rucci N. Molecular biology of bone remodelling. Clin Cases Miner Bone Metab. 2008;5:49-56.
Karsdal MA, Neutzsky-Wulff AV, Dziegiel MH, Christiansen C, Henriksen K. Osteoclasts
secrete non-bone derived signals that induce bone formation. Biochem Biophys Res Commun.
2008;366:483-8.

Schoppet M, Preissner KT, Hofbauer LC. RANK ligand and osteoprotegerin: paracrine regulators
of bone metabolism and vascular function. Arterioscler Thromb Vasc Biol. 2002;22:549-53.
Lossdorfer S, Gotz W, Jager A. Immunohistochemical localization of receptor activator of
nuclear factor kappaB (RANK) and its ligand (RANKL) in human deciduous teeth. Calcif Tissue
Int. 2002;71:45-52.

Kohli SS, Kohli VS. Role of RANKL-RANK/osteoprotegerin molecular complex in bone
remodeling and its immunopathologic implications. Indian J Endocrinol Metab. 2011;15:175-81.
Casa MA, Faltin RM, Faltin K, Arana-Chavez VE. Root resorption on torqued human premolars
shown by tartrate-resistant acid phosphatase histochemistry and transmission electron
microscopy. Angle Orthod. 2006;76:1015-21.-147.

Gregorczyk-Maga 1, Kaszuba M, Olszewska M, Lichotai S, Iwaniec T, Koscielniak D, et al.
Biomarkers of inflammatory external root resorption as a result of traumatic dental injury to
permanent teeth in children. Arch Oral Biol. 2019;99:82-91.

Kanzaki H, Chiba M, Shimizu Y, Mitani H. Periodontal ligament cells under mechanical stress
induce osteoclastogenesis by receptor activator of nuclear factor kappaB ligand up-regulation via
prostaglandin E2 synthesis. J Bone Miner Res. 2002;17:210-20.

Garlet TP, Coelho U, Repeke CE, Silva JS, de Cunha FQ, Garlet GP. Differential expression of
osteoblast and osteoclast chemmoatractants in compression and tension sides during orthodontic
movement. Cytokine. 2008;42:330-5.

Stashenko P, Jandinski JJ, Fujiyoshi P, Rynar J, Socransky SS. Tissue levels of bone resorptive
cytokines in periodontal disease. J Periodontol. 1991;62:504-9.

Suda T, Nakamura I, Jimi E, Takahashi N. Regulation of osteoclast function. ] Bone Miner Res.
1997;12:869-79.

Choi B-K, Moon S-Y, Cha J-H, Kim K-W, Yoo Y-J. Prostaglandin E(2) is a main mediator in
receptor activator of nuclear factor-kappaB ligand-dependent osteoclastogenesis induced
by Porphyromonas gingivalis, Treponema denticola, and Treponema socranskii. J Periodontol.
2005;76:813-20.

Haapasalo M, Endal U. Internal inflammatory root resorption: the unknown resorption of the
tooth. Endod Topics. 2006;14:60-79.

Patel S, Kanagasingam S, Pitt FT. External cervical resorption: a review. J Endod. 2009;35:616—
25.

Andersen M, Lund A, Andreasen JO, Andreasen FM. In vitro solubility of human pulp tissue in
calcium hydroxide and sodium hypochlorite. Endod Dent Traumatol. 1992;8:104-8.

Chikazu D, Katagiri M, Ogasawara T, Ogata N, Shimoaka T, Takato T, et al. Regulation of
osteoclast differentiation by fibroblast growth factor 2: stimulation of receptor activator of nuclear
factor kappaB ligand/osteoclast differentiation factor expression in osteoblasts and inhibition of
macrophage colony-stimulating factor function in osteoclast precursors. J Bone Miner Res.
2001;16:2074-81.

8990



