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Abstract

Osteoclastogenesis is an ongoing rigorous course that includes osteoclast
precursors fusion and bone resorption executed by degradative enzymes.
Osteoclastogenesis is controlled by endogenous signaling and/or regulators
or affected by exogenous conditions and can also be controlled both
internally and externally. More evidence indicates that autophagy,
inflammation, and immunity are closely related to osteoclastogenesis and
involve multiple intracellular organelles (e.g., lysosomes and
autophagosomes) and certain inflammatory or immunological factors.
Based on the literature on osteoclastogenesis induced by different
regulatory aspects, emerging basic cross-studies have reported the
emerging disquisitive orientation for osteoclast differentiation and
function.

Dental calculus (DC) is a common deposit in periodontitis patients. We
have previously shown that DC contains both microbial components and
calcium phosphate crystals that induce an osteoclastogenic cytokine IL-1[3
via the NLRP3 inflammasome in macrophages. In this study, we examined
the effects of cytokines produced by mouse macrophages stimulated with
DC on osteoclastogenesis. The culture supernatants from wild-type (WT)
mouse macrophages stimulated with DC accelerated osteoclastogenesis in
RANKUL-primed mouse bone marrow macrophages (BMMs), but inhibited
osteoclastogenesis in RANKL-primed RAW-D cells. WT, but not NLRP3-
deficient, mouse macrophages stimulated with DC produced IL-1 and IL-
18 in a dose-dependent manner, indicating the NLRP3 inflammasome-
dependent production of IL-1p and IL-18. Both WT and NLRP3-deficient
mouse macrophages stimulated with DC produced IL-10, indicating the
NLRP3 inflammasome-independent production of IL-10. Recombinant IL-
1B accelerated osteoclastogenesis in both RANKL-primed BMMs and
RAW-D cells, whereas recombinant IL-18 and IL-10 inhibited
osteoclastogenesis. These results indicate that DC induces osteoclastogenic
IL-1B in an NLRP3 inflammasome-dependent manner and anti-osteogenic
IL-18 and IL-10 dependently and independently of the NLRP3
inflammasome, respectively. DC may promote alveolar bone resorption via
IL-1pB induction in periodontitis patients, but suppress resorption via [L-18
and IL-10 induction in some circumstances.
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1. Introduction :

Bone homeostasis is critical for health and disease. As an organ harboring
a variety type of cells, bone is continuously remodeling through the
dynamic equilibrium between osteoclasts, responsible for bone resorption,
and osteoblasts/osteocytes, responsible for bone Formation [1,2].
osteoimmunology, a concept coined in 2000, has revolutionized our
understanding of the osteoporosis pathophysiology and demonstrated a key
role of inflammatory cytokines in influencing the fine-tuned balance
between bone formation and resorption [3,4]. Simply put, excessive bone
resorption caused by hyperactivated osteoclasts (OC) impairs the normal
bone remodeling which laid on the foundation of the balance between
osteoclasts and osteoblasts, resulting in the significant bone loss in
osteoporosis , These osteoclasts are originated from the myeloid cell
progenitors, particularly monocytes and macrophages, which are part of
innate immune cells During osteoclast differentiation, or termed as
osteoclastogenesis, myeloid cells receive signals guided by key cytokines
such as receptor activator of nuclear factor kappa-B ligand (RANKL) [5].
Cytokines are a broad range of secreted proteins necessary for cell
signaling. Through the interaction with cell surface receptors, cytokines
initiate complex downstream signaling cascades that can direct cell
proliferation,  survival, differentiation and metabolism  [6].
Osteoclastogenesis is a multistep process involving cells such as
osteoblasts and MSCs; thus, it is related to multiple skeletal diseases such
as osteoporosis, rheumatoid arthritis, and periodontitis . Dental calculus
(DC) is a common deposit in periodontitis patients. We have previously
shown that DC contains both microbial components and calcium phosphate
crystals that induce an osteoclastogenic cytokine IL-1p via the NLRP3
inflammasome in macrophages. In this study, we examined the effects of
cytokines produced by mouse macrophages stimulated with DC on
osteoclastogenesis [7]. Periodontitis is an inflammatory disease that leads
to the destruction of periodontal tissue, including alveolar bone [8]. In
response to external stimuli, such as dental plaque and dental calculus
(DC), various types of leukocytes infiltrate periodontal tissue, and release
inflammatory =~ mediators, such as  prostaglandins,  matrix
metalloproteinases, and cytokines, which promote periodontal tissue
destruction [9]. Among these mediators, interleukin (IL)-1B has the
capacity to trigger potent bone resorption, and IL-1p has been detected in
the periodontal tissue and gingival crevicular exudates of patients with
periodontitis, suggesting its involvement in alveolar bone resorption
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[10,11]. Dental calculus, also known as tartar, is a hard deposit that forms
on the surfaces of teeth and below the gum line as a result of the
calcification of dental plaque. These deposits consist of mineral substances
such as calcium and phosphate, along with other organic compounds [12].
Dental calculus plays a crucial role in the development of periodontal
diseases such as gingivitis and periodontitis. It accumulates around teeth
and below the gum line, causing irritation and chronic inflammation of the
gum tissues [13].
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Review :

2.1. Mechanisms of osteoclastogenesis

Osteoclasts are large multinucleated cells characterized by their ability to
resorb bone or dentine matrix. They are primarily derived from
hematopoietic stem cells located in the bone marrow and their
mononuclear precursors are typically found circulating in peripheral blood
[14]. RANKL and Macrophage Colony Stimulating Factor (M-CSF) are
the central regulators of osteoclast differentiation. RANKL promotes the
fusion of the mononuclear precursors to form the multinucleated
osteoclasts and hence, induce the expression of the osteoclasts-specifi c
marker genes [15]. M-CSF regulates the proliferation and survival of cells
of the monocyte lineage Tartrate-resistant acid phosphatase (TRAP),
calcitonin receptor, and vitronectin receptor are markers for mature
osteoclasts, with calcitonin receptor being a specifi ¢ marker for osteoclast
differentiation [16].

2.2. Positive regulation of osteoclastogenesis by cytokines
2.2.1. RANKL

The receptor activator of nuclear factor kappa-B ligand (RANKL) is a
member of the tumor necrosis factor (TNF) superfamily of ligands and
instrumental for the ultimate differentiation of osteoclast precursors into
osteoclasts. RANKL is secreted or expressed by both immune cells such as
type 17 helper T (TH17) cells and skeletal cells such as osteoblast and
osteocytes [17].

RANKL interacts with its receptor RANK on osteoclast surface, where
trimerized RANK-RANKL complex recruits downstream  adaptor
molecules such as tumor necrosis factor (TNF) receptorassociated factor
(TRAF) 6 to its cytoplasmic domain, resulting in the activation of multiple
signaling pathways [18].

In addition, STAT family members are also critical during the RANKL
mediated osteoclastogenesis. For instance, interferon-f negatively
regulates osteoclast differentiation through the STAT1 pathway.[19,20]
Moreover, STATS negatively regulates osteoclastogenesis, by suppressing
Dusp1 and Dusp2, two key phosphatases in MAPK pathway [21].

Additionally, sialic acid-binding immunoglobulin-like lectins family

molecule Siglec-15 was shown to regulate RANKL induced
osteoclastogenesis [22,23].
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RANKL not only stimulates the differentiation of osteoclast but also
accelerates bone resorption by enhancing function of mature osteoclasts
and prolonging their survival [24].

2.2.2. M-CSF

M-CSF plays an important role during the early proliferation, survival
and differentiation of osteoclast precursor cells [25, 26] . high level of M-
CSF was often observed in pathological bone diseases including
osteoporosis, inflammatory osteolysis and rheumatoid arthritis, along with
an increased number of osteoclasts [27, 28]. In an inflammatory osteolysis
model, TNF-a induced-M-CSF production in TNF-responsive stromal
cells contributed to the increased osteoclastogenesis [29]. Targeting M-
CSF appears to be an alternative approach to limiting excessive activation
of osteoclastogenesis [30].

2.2.3. TNF-a

TNF is subdivided into TNF-a and TNF-b, both of which strongly stimulate
bone resorption. TNF contributes to the development of bone loss by
fostering the formation of osteoclasts and inhibiting osteoblast function.
TNF can stimulate osteoclast differentiation via multiple mechanisms,
some of which are independent of the RANKL/RANK axis [31, 32]. TNF-
a stimulates stromal cells and osteoblasts and activates T cells to express
the RANKL and M-CSF genes, which indirectly promote the expression of
RANK 1n osteoclast precursors and subsequent osteoclastogenesis via M-
CSF [33, 34]. Independent of the RANKL/RANK axis, TNF-a can directly
exert biological effects. TNF-a induces the differentiation of osteoclast
precursors by acting directly on their surface receptors and sequentially
activating NF-kB, p50/p52, c-Fos, and nuclear factor-

activated T cells ¢l (NFATc1) [35, 36]. TNF-a can also directly induce
osteoclast precursors to express c-Fos, which produces IL-1b by interacting
with bone matrix proteins and inducing osteoclast differentiation autocrine
[37]. TNF has a concentration-dependent, bidirectional effect on bone
formation and osteoblast function. Low concentrations of TNF stimulate
mesenchymal precursor cells to differentiate into osteoblasts, whereas high
concentrations of TNF inhibit osteoblast function and bone formation [38].
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TNF also can inhibit the expression of RUNX2, a key factor regulating
osteoblast differentiation, to suppress osteoblast differentiation [39].

2.2.4.1L-1B

IL-1B is a pro-inflammatory cytokine that induces bone destruction in
inflammatory bone disease through the activation of osteoclast. 1L-1
promotes osteoclast differentiation through its synergetic function with
RANKL/RANK signaling to enhance TRAF6 and its downstream signal
transduction [40]. IL-1B also facilitates osteoclastogenesis through its
receptor IL-1RI and strongly recruits MITF to the promoter region of
TRAP and OSCAR, which are osteoclast marker genes [41] . In vivo mice
studies suggested that IL-1 stimulates osteoclastogenesis since IL-1B
deficiency increased bone mass, resulting from decreased osteoclast
numbers. Interestingly, the numbers of osteoblasts and areas of osteoid
surface per bone surface (OS/BS) were significantly reduced in IL-1
knock-out mice [42].

RANKL expression on stromal cells can be induced by IL-1B, which
directly links to the activation of osteoclast precursors [43]. These notions
were also observed in patients with postmenopausal osteoporosis and RA
patients, where the serum IL-1 and RANKL expression were largely
increased in the active phase of diseases, while the reduction of these
cytokines were observed after the remission of osteoporosis or RA
symptoms in patients [44,45]. Interestingly, different from its common
roles in resolving inflammation, TREGcells were found to be
osteoclastogenic and became RANKL-expressing TREG cells in the
presence of abundant IL-1f to accelerate osteoclast formation and bone
erosion [46].

2.3. RANKL-dependent osteoclastogenesis

During periodontal pathogenesis, the periodontopathic bacteria utilize a
unique mechanism to induce RANKL expression. The LPS released by
these Gram-negative bacteria interacts with the TLR4 on the innate
immune cells, including macrophages and dendritic cells [47,48] . promote
the secretion of pro-inflammatory cytokines such as TNF , IL-1, and IL-6
[49]. These cytokines can stimulate RANKL expression in osteoblasts
[50,51]. Also, the secreted TNF- can stimulate T and B cells to produce
RANKL [ 52,53]. LPS can also interact with the osteoblasts through TLR4
and enhance the expression of RANKL [54]. Moreover, periodontal
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ligament fi broblasts can further augment the secretion of RANKL upon
exposure to the bacterial LPS [55,56]. RANKL produced during
periodontal pathogenesis binds receptor activator of nuclear factor kappa-
B (RANK), a receptor expressed in osteoclast precursor cells. The
RANKL/RANK signaling pathway regulates osteoclast differentiation and
activation [57,58,59].

In line with these observations, Tang et al. showed that after inhibiting the
expression of TLR4 and TLR2 in mouse osteoblastderived MC3T3-E1
cells, the level of RANKL was markedly decreased upon exposure to LPS
[60,61]. On the contrary, incubating the primary murine osteoblastic cells
with a TLR2 agonist results in an amplification of RANKL gene expression
[62].The signaling pathway that regulates LPS-mediated RANKL
expression in osteoblasts is entirely dependent on the bacteria from where
the LPS originated and its binding to the toll-like receptor, as shown in Fig.
2. For example, LPS derived from Porphyromonas endodontalis induces
RANKL expression in osteoblasts through the c-Jun Nter- minal kinase
(JNK) pathway [61]. Similarly, P. gingivalis-infection resulted in the
upregulation of RANKL expression via activation of JNK and activator
protein 1 (AP-1) transcription factor in osteoblasts [63]. In contrast, E. coli
LPS seems to induce the expression of RANKL via different pathways,
which involves the activation of extracellular-signal-regulated kinase
(ERK) or phosphoinositide 3kinase (PI3K) signaling molecules, as
indicated in [ 61]. Activation of nuclear factor-kB (NF-kB) is not required
for RANKL secretion , which 1s consistent with the observation that the
promoter of the mouse RANKL gene has no NF-kB binding motifs [64].
The above studies have shown that infl ammatory mediators can trigger
osteoclastogenesis. However, all these different mechanisms indeed
highlight the role of RANKL as the sole factor orchestrating osteoclast
differentiation [63].

2.4. Synergistic effect of TNF and permissive levels of
RANKL on Osteoclastogenesis

A key concept in this area states that during osteolytic incan act as possible
osteoclast-differentiating factors [65,66 ]. It is well-known that TNF- is
released in response to LPS stimulation [67]. Therefore, the LPS-TLR4
interaction can be translated as a potent enhancer of the osteoclastogenesis
process [68 ]. Briefl y, this process occurs in three phases . The fi rst phase
involves the commitment of cells to the osteoclastic phenotype after
exposure to RANKL [69]. In the second phase, exposure of these cells to

Page | 12



bacterial virulence factors such as LPS results in the production of
cytokines. The third phase represents the final stage in w hich TN F -
induces osteoclastogenesis in an autocrine/paracrine manner independent
of RANKL [70]. Concordantly, the TNF induced-osteoclast formation was
entirely dependent on the presence of permissive levels of RANKL. They
also showed a complete abrogation of osteoclastogenesis upon addition of
osteoprotegerin (OPG), the decoy receptor of RANKL, indicating the
inability of TNF alone to regulate osteoclastogenesis. However, when
macrophages were primed with RANKL and then treated with TNF-,
robust osteoclast generation was observed . Some culture systems contain
contaminant stromal cells that can produce RANKL. This RANKL may
prime macrophages to differentiate into mature osteoclasts [ 71 |. However,
OPG fails to suppress LPS-induced osteoclastogenesis in RANKL-primed
cells [72] . which confirms the theory that osteoclastogenesis is mediated
through the TNF- /TNFR axis and not by a contaminant RANKL.
Moreover, osteoclast progenitors from tumor necrosis factor receptor
(TNFR)- knockout mice fail to generate osteoclasts after stimulation with
TNF- but not RANKL, emphasizing a unique regulatory role of the
TNF/TNFR axis in osteoclastogenesis.

Consistently, neutralizing antibody against TNFR has markedly reduced
the osteoclastogenic process [66]. These observations suggest a synergistic
role of RANKL and TNF-, in which RANKL is only needed to commit the
cells into the osteoclastic lineage [68]. Subsequently, TNFtakes the lead
and directly induces osteoclastogenesis through TNFR signaling . The
RANKL-induced osteoclast formation is initially mediated through the
recruitment of adaptor proteins such as TNF receptorassociated factor
(TRAF) [73 ]. Among different TRAF family members, only TRAF6 can
transmit the RANKL signal and induce osteoclastogenesis through
activation of the NFB and mitogenactivated protein kinase (MAPK)
pathways [74 ,75,76,77]. However, TNF mediated osteoclastogenesis is
not entirely regulated by TRAF6. The use of TRAF6 osteoclast precursors
reduced RANKL but not TNF- mediated osteoclast differentiation.
TRAF3, on the other hand, inhibits the formation of TNF-induced
osteoclasts. The generation of TNF-induced osteoclasts was significantly
enhanced in myeloid lineage cells with a conditional deletion of TRAF3,
suggesting that TRAF3 is a significant regulator of TNF-induced
osteoclastogenesis [78].
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2.5. Cytokines that show dual roles in osteoclastogenesis

There are many other cytokines involved in the regulation of
osteoclastogenesis, for instance, interferon vy, IL-2, IL-6 and TGF-f. These
cytokines often play a multifaceted role during bone remodeling. IFN-y
produced by T cells strongly accelerates JAK-STAT1 signaling
transduction to induce rapid degradation of TRAF6, which results in
interfering with RANKL-RANK signaling to suppress osteoclastogenesis
[79].

Moreover, IFN-y also reduces the expression of c-fms and RANK on the
surface  of osteoclast precursors to  synergistically inhibit
osteoclastogenesis with other factors such as Toll-like receptors TLRs
[80]. Interestingly, IFN-y not only inhibits osteoclast differentiation
directly, but also reduces osteoclastogenesis by promoting
osteoblastderived NO, which could induce the apoptosis of osteoclast via
FAS ligand/Fas signaling [81,82].

On the other hand, however, IFN-y can promote the fusion of osteoclast
precursor required for osteoclastogenesis through the induction of the
expression of dendritic cell-specific transmembrane protein (DC-stamp),
which is often required for immature osteoclast fusion [83]. Controversial
results were also found with regards to IL-2, where IL-2 was found to
stimulate osteoclastic activities [84]. IL-6 is another cytokine of such kind,
where in some conditions it is pathogenetic for inflammatory bone loss
through its promotion of osteoclast precursors into mature osteoclasts
[85,86]. On the flip side, [L-6 was suggested to suppress RANKL-mediated
NF- kB and JNK activation in during osteoclastogenesis [87]. IL-23
belongs to the IL-12 family of cytokine. Like IL-6, both positive and
negative roles were reported regarding to the regulation of OC formation.
On the one hand, IL-23 promotes osteoclast formation in vitro by
upregulating RANK expression on osteoclast Precursors [88]. IL-23 also
activates DAP12, which is required for osteoclastogenesis [89]. Indirectly,
IL-23 can enhance the osteoclastogenesis by promotion of TH17 cell
polarization and IL-17A production, this will lead to the increased
production of RANKL required for osteoclastogenesis [90,91]. The anti-
IL-23 antibody reduces synovial inflammation and bone destruction in rats
with collagen-induced arthritis [92]. On the other hand, IL-23 was reported
to inhibit osteoclastogenesis in vitro [93].
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2.6. Importance of Dental Calculus

Development of Periodontal Diseases: Dental calculus plays a crucial role
in the development of periodontal diseases such as gingivitis and
periodontitis. It accumulates around teeth and below the gum line, causing
irritation and chronic inflammation of the gum tissues.

Impact on Tooth Erosion: The bacteria in dental calculus produce acids
that contribute to the erosion of tooth enamel, increasing the risk of tooth
decay and weakening the teeth.

Bad Breath: The accumulation of dental calculus can lead to persistent bad
breath due to the interaction of bacteria and their byproducts.

Difficulty in Removal: Over time, dental calculus hardens and becomes
difficult to remove with regular tooth brushing, necessitating professional
intervention using instruments such as scaling and root planning [94].

2.7. The Etiological Importance of Dental Calculus

2.7.1 Role of Dental Calculus in the Development of Periodontal
Diseases:

Bacterial Accumulation

Irritation and Inflammation

Impact on Supporting Tissues

Mechanical Obstruction

Oxygen Deficiency [95].

Nk v =

2.7.2. Consequences of Dental Calculus:
1.  Gingivitis

2. Periodontitis

3.  Bacterial Infections [96].

2.7.3. Stages of Dental Calculus Formation
Formation of Dental Plaque
Development of Dental Plaque
Calcification of Dental Plaque
Formation of Dental Calculus
Subgingival Calculus Formation [97].

Nk L=
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2.7.4. Recommendations for Preventing Dental Calculus Formation
1.  Regular Brushing

2. Flossing

3. Regular Dental Visits

4.  Healthy Diet [98].

2.7.5. Presence of Live Bacteria in Dental Calculus
1.  Live Bacteria in Dental Calculus

2. Impact on Periodontal Diseases

3. Microbiological Studies

4.  Therapeutic Challenges [99].

2.7.6. Impact of Dental Calculus on Oral Health

Gingivitis
Periodontitis
Bad Breath (Halitosis)

Tooth Decay (Dental Caries)
Chronic Gum Diseases [100].

Nk v =

2.7.7. Prevention and Treatment of Dental Calculus

1.  Regular Brushing

2. Flossing

3.  Using Mouthwash

4.  Regular Dental Visits
5. Healthy Diet

6.  Drinking Water [101].

2.7.8. Methods for Treating Dental Calculus:
1. Scaling

2. Root Planing

3. Antibiotic Therapy

4.  Ongoing Oral Care [101].
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