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Abstract: It is yet unknown whether the intravenous administration route alone can fully account
for the exacerbation of medication-related osteonecrosis of the jaw (MRON]). The purpose of this
retrospective study was to identify the potential role of the bisphosphonate (BP) administration route
as an independent prognostic factor for non-cancerous, stage Il MRON]J patients. Bone samples were
retrospectively obtained from two groups of osteoporosis patients who underwent surgery for the
treatment of stage IIl MRON]J. Among the subjects, 10 had a history of only oral BP consumption and
10 of intravenous (IV) BP administration. The samples were assessed for osteoclast morphology and
immunohistochemical expression of the receptor activator of NF-«B ligand (RANKL), osteoprotegerin
(OPG), and potassium calcium-activated channel subfamily N member 4 (Kcnn4). Although the
osteoclasts derived from both groups exhibited no significant differences in the mean quantity,
diameter, and nuclearity, significantly attenuated tartrate-resistant acid phosphatase activity was
noted among the IV BP-induced MRON] bones compared to those of the oral BP group. Significant
suppression of the RANKL/OPG ratio and Kcnn4 expression among the retrieved bones of IV BP
group patients was also noted. Our results indicate the potential of the BP administration route as an
independent prognostic factor for advanced-stage MRONJ, regardless of the dosage or indication for
which the BP was prescribed.

Keywords: osteonecrosis; medication-associated osteonecrosis of the jaw; osteoclasts; biomarkers;
potassium channels

1. Introduction

Medication-related osteonecrosis of the jaw (MRON]) has emerged as a devastating
side effect induced secondary to long-term administration of antiresorptive medications
since its first description in 2003 [1-4]. It is characterized by the features of an open alve-
olar socket, exposed necrotic bone or sequestra, increased expression of inflammatory
infiltrates, osseous sclerosis, and radiologic signs of osteolysis [5]. Despite the impor-
tance of the disease, the management of MRON]J has been hampered by the lack of a
well-defined standardized set of prognostic indicators. The complex issue related to the
unfathomed complex pathophysiology of this disease has in fact led to the establishment
of several fundamental milestone theories and subsequent novel treatment strategies for
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MRON] patients. Owing to these innovative techniques, it is now expected that effective
downstaging and management of MRON] from its earliest stages to the most advanced
cases, even for those with concomitant osteo-metabolic diseases, could be possible [6-9].
However, no specific biomarker for MRON] has been established in clinical trials to date.

The pathogenesis of MRON] is not currently correlated with one specific etiologi-
cal mechanism [1,4], but it is speculated that the inhibitory pharmacological effect on
osteoclasts by antiresorptive drugs such as bisphosphonates (BP) and denosumab plays
a central role [4,10,11]. Bisphosphonates represent a major class of antiresorptive medi-
cations prescribed for the treatment and prevention of osteoporosis, multiple myeloma,
and skeletal related events (SREs) of malignant solid tumors [1,12]. It lowers bone turnover
following oral surgery via the inhibition of osteoclast-mediated bone resorption, which
occurs through the disruption of the mechanisms crucial for the formation, proliferation,
and resorption capability of osteoclasts [2,4,11,13-16].

During the past two decades, our knowledge of the molecular mechanisms that reg-
ulate osteoclastogenic activity has been greatly advanced through the establishment of
osteoclast-specific bone metabolism markers via various in vitro and in vivo models [17-23].
In particular, the discovery of the signaling system involving the receptor activator of NF-
kB ligand (RANKL), its receptor RANK, and osteoprotegerin (OPG), the decoy receptor
of RANKL, has established a fundamental milestone in understanding bone physiol-
ogy [20,24,25]. The RANKL/OPG ratio is considered to play a pivotal role in determining
osteoclastogenic activity and bone mass [4,11,24-26]. Its deficiency following BP treat-
ment has also been correlated with the development of MRON] in several previous stud-
ies [4,11,27].

Another novel protein that has recently emerged as a promising biomarker for the
evaluation of RANKL-induced osteoclast activity is Kcnn4 [17,28], one of the four con-
stituent proteins of the potassium calcium-activated channel subfamily N (Kcnn) family
that form a voltage-independent potassium channel [29]. This protein encodes a channel
for intracellular Ca* influx and has great clinical significance in various cell physiological
activities [15,30,31]. Investigation into the Kcnn4 function has already revealed its partic-
ipation in the invasion and metastasis of several malignant conditions such as papillary
thyroid [29], pancreatic [32], breast [33], hepatocellular [30,34], clear cell renal cell [35],
lung [36], endometrial [37], and human prostate [38] carcinoma. However, although the pre-
vious data are suggestive, formal clinical investigation of the role of Kcnn4 in the crosstalk
between bisphosphonate administration and the pathogenesis of MRON] is lacking.

Due to its multifactorial etiology, the prevalence, severity, and prognosis of MRON]
are influenced by various factors [3,4,39]. Recent studies have also assessed the regulatory
effect of BP administration on the osteogenic potential and phenotype of oral mesenchymal
stem cells [40-43]. However, to date, limited studies investigating the potential effect of
the route of BP administration on MRON] prognosis have been performed. Many authors
have demonstrated increased prevalence [9,12,44,45] and severity [12,46-50] of MRON]
following the intravenous (IV) administration of antiresorptive medications compared to
those of patients with history of only oral BP consumption. Nonetheless, owing to the
differences in the indications for which IV and oral BPs were prescribed in the previous
trials [9,12,45-51], it is yet unknown whether the IV route alone can fully account for
exacerbated MRON] prognosis, or whether the previous findings were due to the larger
doses of BPs prescribed for the intravenous group.

Herein, we identify the administration route of bisphosphonates as an independent
prognostic factor for MRON]. The tartrate-resistant acid phosphatase (TRAP)-positive
osteoclasts, RANKL/OPG ratios, and Kcnn4 levels of non-cancerous patients with MRON]
induced by equal doses of intravenous and oral bisphosphonates are compared.
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2. Materials and Methods
2.1. Patient Selection and Specimen Harvesting

After approval from the institutional review board of Dankook University Dental
Hospital (IRB number, DKUDH IRB 2020-09-006), retrospective analyses were performed
for routine jaw bone specimens obtained from 20 patients who underwent surgery for the
treatment of clinically and histologically confirmed MRONJ] of the mandible at Dankook
University Hospital from 2017 to 2020. The 20 patients were divided into two groups
according to the route of BP administration: (1) 10 with history of only oral bisphosphonate
consumption (Group 1; Oral-BP Group) and (2) 10 with treatment history of intravenous
bisphosphonates (Group 2; IV-BP Group).

The exclusion criteria for this study were patients classified as stages other than stage
III (according to the MRON] staging system previously described in the 2014 position
paper published by the American Association of Oral and Maxillofacial Surgeons [39]),
patients for whom the presence of necrotic bone was not confirmed via surgical biopsy,
patients with a history of bisphosphonate or denosumab consumption for the management
of conditions other than osteoporosis, and those documented to suffer from medical
conditions that are known to affect bone regeneration such as anemia, diabetes, and a
history of prolonged steroid treatment. The descriptive data of the subjects included for
this study are summarized in Table 1.

Table 1. Baseline characteristics of patients selected for the study (N = 20).

BP Duration
Group Age Gender BP Type Dose (Months)
Oral-BP 73 F Ibandronate 150 mg/month 107
Oral-BP 84 M Alendronate 70 mg/week 2
Oral-BP 73 F Alendronate 35 mg/week 7
Oral-BP 79 F Ibandronate 150 mg/month 20
Oral-BP 80 F Risedronate 35 mg/week 7
Oral-BP 78 F Alendronate 70 mg/week 20
Oral-BP 81 F Ibandronate 150 mg/month 20
Oral-BP 80 F Ibandronate 150 mg/month 5
Oral-BP 72 F Risedronate 35 mg/week 5
Oral-BP 77 F Alendronate 70 mg/week 3
IV-BP 84 F Ibandronate Hydrate 3 mg/3 months 1.5
IV-BP 75 F Zoledronate Hydrate 5 mg/year 3
IV-BP 79 M Ibandronate Hydrate 3 mg/3 months 1
IV-BP 81 F Ibandronate Hydrate 3 mg/3 months 2
IV-BP 79 F Ibandronate Hydrate 3 mg/3 months 4
IV-BP 73 F Ibandronate Hydrate =~ 3 mg/3 months 3
IV-BP 74 F Zoledronate Hydrate 5mg/year 3
IV-BP 84 F Zoledronate Hydrate 5 mg/year 2
IV-BP 80 F Zoledronate Hydrate 5 mg/year 3
IV-BP 76 F Ibandronate Hydrate 3 mg/3 months 3

BP, bisphosphonate; F, female; M, male; IV, intravenous.

2.2. Histochemistry

Immediately after retrieval, the bone specimens were fixed in 4% paraformaldehyde
in 0.1 M phosphate buffered solution (pH 7.4) for 48 h and incubated for 12 h in HCl
(Calci-Clear Rapid, National Diagnostics, Atlanta, GA, USA) for decalcification. The spec-
imens were then embedded in paraffin and sliced in sections of 6-pm thickness using a
rotary microtome (Leica Microsystems, Wetzlar, Germany). The histological sections were
mounted on glass slides and stained with hematoxylin—eosin (H&E) to visualize the typical
morphological features of osteoclasts.
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2.3. Immunohistochemistry

Immunohistochemical (IHC) assays for detection of RANKL, OPG, and Kcnn4 were
performed on the Ventana Discovery-Ultra IHC in situ hybridization automated staining
platform (Ventana Medical Systems Inc., Tucson, AZ, USA) according to the manufacturer’s
recommendations. After the specimens were fixed, decalcified, and routinely embedded in
paraffin as described above, 6-pum paraffin-embedded sections were placed on glass slides
coated with 2% 3-aminopropyltriethylsilane (Sigma Chemicals, St. Louis, MO, USA). Slides
were then deparaffinized in EZ Prep (950-102; Ventana Medical Systems, Tucson, AZ, USA)
and treated with Ventana Cell Conditioning Solution (760-107; Ventana Medical System:s,
Tucson, AZ, USA) for 32 min at 95 °C to achieve antigen retrieval. Sections were incubated
at 37 °C for 4 h with the following primary antibodies: anti-RANKL (PA5-20291, Invitrogen,
Carlsbad, CA, USA), diluted 1:1600; anti-OPG (PA5-86053, Invitrogen, Carlsbad, CA,
USA), diluted 1:400; and anti-Kcnn4 (PA5-33875, Invitrogen, Carlsbad, CA, USA), diluted
1:400. Slides were developed via 16 min incubation at 37 °C with ready-to-use Omnimap
anti-Rabbit HRP solution (760-4311; Ventana Medical Systems, Tucson, AZ, USA) at the
provided pre-diluted concentration, as a secondary antibody, and peroxidase activity was
visualized by immersing the specimens in 3,3-diaminobenzidine (DAB) substrate (Cat#760-
4311, Ventana Roche OmniMap). Finally, to visualize the nuclei, slides were counterstained
with Ventana Hematoxylin reagent and mounted as in routine processing.

2.4. TRAP Staining

For TRAP staining of osteoclasts, the retrieved bone specimens were embedded in
paraffin and sliced in sections of 6-pum thickness using a rotary microtome (Leica Microsys-
tems, Wetzlar, Germany) without prior calcification. Following deparaffinization and
rehydration, the slides were incubated at 37 °C for 5 h using a TRAP detection system
(TRACP & ALP double-stain kit, MK 300, TakaraBio, Kasatsu, Japan) through which an
azoic (purplish red) dye is generated in the presence of the enzyme, according to the
manufacturer’s instructions. Slides were then rinsed in distilled water, counterstained with
Ventana Hematoxylin reagent, air-dried, and mounted.

2.5. Quantitative and Qualitative Analysis

All stained slides were digitized via the Pannoramic 250 Flash III Slide Scanner
(3DHISTECH Kft., Budapest, Hungary) after they had been quality-checked under a bright-
field microscope (BX-41, Olympus Optical, Tokyo, Japan). Two visual fields with a high
probability for the presence of osteoclasts, such as the subperiosteal bone, bone trabeculae,
endosteal structures, and connective tissues directly adjacent to the bone, were selected
for each slide. A region of interest (ROI) was defined as the non-bony medullary tissues
within each visual field. All qualitative and quantitative analyses were performed only
within the ROIs.

The slides from all groups were anonymized and the total number, diameter, and num-
ber of nuclei were quantified for the osteoclasts observed within each ROI. All histomor-
phometric analysis was independently performed by two calibrated investigators (H.K.
and M.L.) using the Pannoramic Viewer version 2.1 (3DHISTECH) under 800 x magnifi-
cation. The observers were blinded to the scores of other markers as well as to clinical
information regarding patient data. The following four criteria adapted from Gross et al. [2]
were used to define osteoclasts: (1) presence of at least two nuclei; (2) size of cell body
larger than those of two fused mononuclear cells; (3) proximity to bone; (4) absence of
nearby granulomatous foci or foreign particles. If the inter-individual differences for each
score exceeded 10% the corresponding slides were reassessed to reach a consensus. Results
were expressed as osteoclast number per ROI, mean osteoclast diameter per osteoclast,
and mean number of nuclei per osteoclast.



J. Clin. Med. 2021, 10, 2988

50f 14

For the quantitative analysis of the number of RANKL, OPG, Kcnn4, and TRAP
positive cells, the magnified (800x) stained images were loaded on the Image Pro Plus
7 software (Media Cybernetics, Bethesda, MD, USA). The software was trained to identify
positively stained cells for each immunohistochemical marker, and all slides were batched
and analyzed using the same algorithm. The positive cells identified via this algorithm
were manually counted by two independent observers as described above. For TRAP-
positive multinucleated cells (TRAP+ MNCs), only cells containing more than three nuclei
were counted as mature osteoclasts.

2.6. Statistical Analysis

Statistical analysis was performed using the SPSS 27.0 software (SPSS Inc., Chicago,
IL, USA). The measures of key outcomes were expressed as means + standard deviation
(SD). Normality of distribution was assessed by the Kolmogorov-Smirnov test, and the
means of outcomes between the two groups were compared using the Mann-Whitney U
test. A two-sided p-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Characteristics of the Included Subjects

The descriptive data of the patients included for this study is summarized in Table 1,
as mentioned above. There was no significant difference in the mean age of both groups
(r =0.631).

3.2. Quantitative and Qualitative Analysis of Osteoclasts

To investigate the effect of the route of BP administration on osteoclasts, digitized
images of the stained pathologic sections derived from the subjects of the two distinct
groups were analyzed using the Pannoramic Viewer software. The osteoclasts observed
among both MRON] groups were round-shaped, giant in size, multinucleated, and showed
lack of a ruffled border adjacent to the bone surface. The nuclei of these osteoclasts also
often appeared to be pyknotic. Subjects in the IV-BP group featured osteoclasts with a
slightly larger diameter and more nuclei than those of oral-BP subjects, but no significant
differences could be observed among the two groups (Figure 1a,c, representative images
are shown). Quantitative analysis of the number of osteoclasts within the ROI indicated no
significant differences between the two groups (Figure 1d, Table 2).

Table 2. H&E, TRAP, and IHC analysis of the specimens retrieved from the Oral-BP, IV-BP groups.

Group Minimum Maximum Average Median IOR SD p-Value !
H&E Staining
Osteoclast diameter (um) Oral-BP 2 8 4.04 4 2 0.296 0.09
IV-BP 2 11 5.26 5 3 0.496
Nuclearity of osteoclasts
(nuclei/osteoclast) Oral-BP 15.4 35.7 23.285 232 6.4 1.046 0,063
IV-BP 171 42.5 27.083 25.7 10.6 1.461
Osteoclasts per ROI Oral-BP 1 5 217 2 2 0.366 0.3
IV-BP 1 3 1.62 1 1 0.213 :
TRAP staining
TRAP+ osteoclasts per ROI Oral-BP 6 10 8.25 8. 1 0.204 <0.001 2
IV-BP 2 5 3.15 3 2 0.221
Immunohistochemistry
RANKL+ cells per ROI Oral-BP 6 13 9.25 9.5 4 0.502 <0.001 2

IV-BP 3 5 3.88 4 2 0.202
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Table 2. Cont.

Group Minimum Maximum Average Median IOR SD p-Value !
OPG+ cells per ROI Oral-BP 1 5 29 3 2 0.307 »
IV-BP 5 11 7.65 8 2 0373  <0.001
RANKL/OPG ratio Oral-BP 1.8 9 3.899 3.167 3.35 0.438 )
IV-BP 0.27 0.8 0.523 05 02 0.04 <0.001
Kenn4+ cells per ROI Oral-BP 3 10 6 6 2 0.447 )
IV-BP 0 4 1.9 2 2 0261  <0.001

IQR, interquartile range; SD, standard deviation; H&E, hematoxylin and eosin; ROI, region of interest. 1 p-Values were obtained via the
Mann-Whitney U test; 2 bold values considered as significant (p < 0.05).
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Figure 1. (a) High-magnification images (800x) of H&E (left) and TRAP (right) staining exhibiting round-shaped, mult-
inucleated, giant osteoclasts (black arrows) at the necrotic jaw bone samples retrieved from IV-BP and oral-BP induced
MRON] subjects. Scale bars = 50 um. Statistical analysis of the mean osteoclast diameter (b), number of nuclei (c), total
osteoclast number (d), and TRAP-positive osteoclasts (e) in the necrotic bone specimen from (a), via the Mann-Whitney U
test (n = 20 per group). ° marks statistical outliers. For detailed data, see Table 2. NB, necrotic bone; BP, bisphosphonates; IV,

intravenous. * p < 0.001.

3.3. TRAP

To further analyze the pharmacological inhibitory effects of IV and oral BPs on os-
teoclastogenic activity, the formation of multinucleated, mature osteoclasts positive for
the osteoclast marker TRAP was analyzed. TRAP-positive osteoclasts could be identified
via the characteristic presence of three or more nuclei and red coloration of the whole cell
body. As shown in Figure 1a,e, although TRAP-positive osteoclasts could be identified in
the specimens from all groups, TRAP activity was significantly attenuated in the IV-BP
group compared to that of the oral-BP group (Table 2, p < 0.001). This indicates a powerful
suppression of osteoclastic resorption activity through the treatment of IV BPs.

3.4. RANKL/OPG

We also sought to evaluate the changes in the bone turnover of MRON] patients after
IV and oral bisphosphonate treatment at cellular and molecular levels. To achieve this,
the differences in the immunohistochemical reactivity for RANKL and OPG were compared
between the two groups. The expression of RANKL (Figure 2a,b, representative images
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IV-BP

Oral BP

p<0.001*

are shown) was significantly decreased in the bones of IV-BP patients compared with the
oral-BP patients (p < 0.001), whereas a higher number of OPG-positive cells (Figure 2a,c,
representative images are shown) was indicated among the former group (p < 0.001). Con-
sequently, the RANKL/OPG ratio (Figure 2d) was markedly decreased in the histologic
specimens of MRON] patients with a history of IV BP administration compared with that
of the respective oral-BP subjects (Table 2, p < 0.001). These findings suggested that IV
BPs could downregulate the RANKL/OPG ratio to a significantly higher level than that
induced via oral BPs, indicating that the relative deficiency of the RANKL/OPG ratio in
patients taking intravenous BPs may potentially lead to the development of advanced
stages of MRON].

RANKL OPG

(c) — p<0.001* - (d) — P <0.001*

%3
10.00 © 800}
o
800
g 500
()
& s 2 2 %
° g 00
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E L 200 |
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Figure 2. The RANKL/OPG ratio is decreased in the necrotic bones of IV BP-induced advanced-stage MRON] patients.
(a) High-magnification images (400 x) of the immunohistochemistry analysis of RANKL (left) and OPG (right) expression in
the specimens of the two patient groups as indicated. Scale bars = 50 um. Statistical analysis of the number of RANKL-
positive (b), and OPG-positive (c) cells, and the RANKL/OPG ratio (d), via the Mann—-Whitney U test (n = 20 per group).
° marks statistical outliers. For detailed data, see Table 2. * p < 0.001.

3.5. Kenn4

To investigate the regulation of calcium-activated potassium ion channels associated
with osteoclast differentiation following IV and oral BP treatment, we examined the pro-
tein expression levels of Kecnn4. Immunohistochemistry demonstrated the presence of
Kenn4-positive cells in both groups, as characterized by the brown staining predominantly
localized in the nucleus and cytoplasm. The level of Kcnn4 was revealed to be signifi-
cantly downregulated in the tissues of IV-BP subjects compared with the oral-BP group
counterparts (Figure 3, Table 2, p < 0.001). Taken together, these data suggest that the
suppressed osteoclastogenic activity observed among IV-BP patients may also be related
to the significant inhibition of KCa3.1 currents that are essential for RANKL-induced
Ca?* responses.
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Figure 3. Kcnn4 expression is decreased in the necrotic bones of IV BP-induced advanced-stage MRON] patients. (a)
High-magnification images (400x) of the immunohistochemistry analysis of Kcnn4 expression in the specimens of the
two patient groups as indicated. Scale bars = 50 um. Statistical analysis of the number of Kcnn4-positive cells (b), via the
Mann-Whitney U test (1 = 20 per group). ° marks statistical outliers. For detailed data, see Table 2. * p < 0.001.

4. Discussion

Bisphosphonates are very potent inhibitors of osteoclast-mediated bone resorption [13,52]
and are thus the most frequently used class of antiresorptives for the treatment of osteo-
porosis worldwide [1,12]. Although oral bisphosphonates are the mainstay of treatment
for osteoporosis, they cannot be prescribed for some populations due to gastrointestinal
intolerance or difficulty in complying with the dosing requirements [9,53,54]. In such
patients, the intravenous injection of ibandronate [54-57], pamidronate [52,53,58], or zole-
dronate [59,60] has been shown to be an efficacious, well-tolerated, and convenient al-
ternative to oral bisphosphonate therapy. However, despite the frequent prescription of
intravenous bisphosphonates for the treatment and prevention of osteoporosis, to date
all accumulated knowledge regarding the effect of BP administration route on the risk
and prognosis of MRON] derives from studies of patients who were prescribed IV BPs for
the treatment of malignant conditions [9,12,39,45-51]. For the treatment of malignancies,
10-to-12-fold higher doses of IV BPs are prescribed than those used for osteoporosis [61-64].
Hence, the possibility of the dose-dependent effect of BPs on MRON] progression, along
with other contributing factors on poor prognosis such as insufficient nutrition and im-
mune status, the presence of comorbidities, and exposure to other potentially toxic agents,
cannot be ruled out [12,39,65]. Therefore, the higher risk and morbidity observed among
the IV BP-induced MRON] population of the previous reports cannot be attributed to the
administration route alone, and the salient relationship between this factor and MRON]
prognosis remains unclear.

The present study hence describes a new relationship between the administration
method of bisphosphonates and MRON] progression. Our results demonstrate that bis-
phosphonates provided via the parenteral route exert a stronger suppressive effect on the
expression levels of osteoclastic markers such as TRAP, RANKL/OPG ratio, and Kcnn4 com-
pared to those administered per os, regardless of the medication dosage prescribed. To our
knowledge, this is the first contribution in the literature to compare the anticipated effect
of these two BP administration routes on the development of MRONJ] in a context where
all subjects were prescribed similar doses for the treatment of osteoporosis.
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4.1. Anomalies of Osteoclasts in MRON] Specimens

The inhibitory effect on osteoclastic bone resorption of bisphosphonates arises from
a mechanism in which their impairment of the mevalonic acid sterol pathway results in
subsequent disruption of the small GTPase signaling proteins required for the formation of
the osteoclast cytoskeleton and ruffled border [11,14,16]. Previous experimental evidence
obtained both in vivo and in vitro suggested that although this leads to profound atten-
uation of the individual resorption capabilities of osteoclasts following their detachment
from bone surface and degeneration of the cytoskeleton, it does not necessarily result in
the decrease of total osteoclasts number [2,14,16,66,67]. It has also been noted in prior
studies that nitrogen-containing bisphosphonates prolong the lifespan of dysfunctional os-
teoclasts by diminishing the calcium signals required for their apoptosis, and thus permits
excessive fusion of osteoclasts with nearby mononuclear progenitors, which would explain
the increased size and nuclearity of osteoclasts observed in MRON] bones [2,66]. Indeed,
our cultures of the necrotic lesions from all subjects consistently expressed giant, hypernu-
cleated osteoclasts that were detached from bone surface with pyknotic nuclei. Although
not statistically significant, the larger osteoclasts observed among the IV-BP subjects may
thus indicate the enhanced adverse effects of IV BPs on osteoclasts compared to those of
oral BPs. It is also interesting to note here that while the total number, nuclearity, and size
of osteoclasts observed did not differ significantly between the two groups, the osteoclasts
of the IV-BP group were severely dysfunctional with respect to bone resorption, as assessed
by the TRAP staining assay. Taken together, it can be concluded that the intravenous route
of BP results in a more severe inhibition of the individual activity of osteoclasts, although
they may not necessarily lead to increased apoptosis and subsequent decrease in the total
osteoclast number.

4.2. Differences in Expression of Osteoclast-Related Markers—RANKL/OPG

To fully comprehend the mechanism through which the osteoclastic activity is inhib-
ited by intravenous bisphosphonates, assays of well-known molecular bone markers were
also performed. The maintenance of a skeletal homeostasis requires that the adequate
number of mature osteoblasts and osteoclasts be produced to meet the requirements of the
bone remodeling process. The binding of RANKL, a type Il homotrimeric transmembrane
protein that belongs to the tumor necrosis factor (TNF) superfamily [18,20,25], to its cognate
receptor RANK results in the expression of NFATc1, the master transcription factor for
osteoclastogenesis [11,17,21]. OPG acts as a decoy receptor by sequestering RANKL and in-
hibiting RANK signaling, thus exerting an antagonistic effect on osteoclast-mediated bone
resorption [20,24,25,68,69]. The RANKL/RANK/OPG signaling pathway of osteoclasts
thus performs a central role in determining bone mass by regulating the balance between
osteoclastic bone resorption and osteoblastic bone formation [24-26].

Several previous studies of bisphosphonate-treated human and murine jaw bones have
revealed significant downregulation of the RANKL/OPG ratio following bisphosphonate
administration [4,53,70-72]. The subsequent bone turnover suppression following BP-
induced RANKL/OPG downregulation can ultimately result in bone remodeling failure
and the development of osteonecrosis after dentoalveolar surgery. The RANKL/OPG ratio
is therefore an important biomarker for assessing the severity of MRON] lesions [4,53,70].
The results of the present study demonstrate that intravenous bisphosphonates inhibited
the RANKL/OPG ratio at a greater level than their oral counterparts, and that these
findings are linked with decreased osteoclast activity, as shown by the TRAP analysis.
Taken together with earlier observations that a decreased RANKL/OPG ratio leads to
suppressed bone turnover in MRON] patients [4,53,70], our results provide compelling
evidence that the administration route of bisphosphonates is an essential determinant of
the severity of the disease.
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4.3. Differences in Expression of Kcnn4

Because the activation of most NFAT transcription factor family members is regulated
by calcium/calmodulin signaling, the RANKL-dependent osteoclast differentiation via
the activation of NFATc1 is critically dependent on Ca?* signals [17,21]. Recent microarray
analyses using murine cultures have corroborated the importance of Kcnn4 as the sole
Ca?* regulator of RANKL-activated multinucleation in both osteoclasts and multinucleated
giant cells [15,17,28,31]. Modulation of the Kcnn4 channel represent a potentially therapeu-
tic approach for skeletal pathologic conditions such as multiple sclerosis, inflammatory
arthritis, and osteoporosis [15,28,31]. Inhibited Kcnn4 levels have also been confirmed as
part of the pharmacological mechanism of ibandronate [15,17].

Despite the recent advances in our knowledge about the mechanisms by which
Kcenn4 modulates the activity of osteoclasts in pathologic conditions, the key question
regarding its anticipated role in the pathogenesis of MRON], remains unanswered. Because
the mechanism of bisphosphonates involves the suppression of Kcnn4 [17], we postu-
lated that the downregulation of this protein may also be important for the progression of
bisphosphonate-induced osteonecrosis. To test this hypothesis, we analyzed the cellular ex-
pression of Kenn4 in patients with history of IV and PO bisphosphonate treatment through
immunohistochemistry. The results of our study established the significant inhibition of
Kcnn4 in the IV BP-induced MRON] patient group, consistent with other immunohisto-
chemical results of our study.

5. Conclusions

The present findings have demonstrated differences in TRAP activity, RANKL, OPG,
and Kcnn4 immunodetection among MRON] lesions induced via different bisphospho-
nate administration routes at similar doses. The higher OPG and lower TRAP, RANKL,
and Kcnn4 expression levels that were detected in the bones of IV-BP derived MRON]
patients can be correlated with enhanced suppression of osteoclast resorbing activity and
subsequent osteonecrosis exacerbation. We thus show that intravenous injection of bis-
phosphonates aggravates the progression of the condition. In conclusion, although our
findings need to be confirmed in a larger series, the present study suggests the potential of
bisphosphonate administration route as an independent prognostic factor for advanced-
stage MRON] patients, regardless of the dosage or indication for which the bisphosphonate
was prescribed.
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BP, bisphosphonates; DAB, diaminobenzidine; H&E, hematoxylin—eosin; IHC, immunohistochem-
istry; IQR, interquartile range; IV, intravenous; Kenn4, potassium calcium-activated channel sub-
family N member 4, MRON], medication-related osteonecrosis of the jaw; NB, necrotic bone; OPG,
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acid phosphatase.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Moraschini, V.; de Almeida, D.C.E,; Figueredo, C.M.; Calasans-Maia, M.D. Association between biomarkers and medication-
related osteonecrosis of the jaws: A systematic review. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2019, 127, 504-515.
[CrossRef]

Gross, C.; Weber, M.; Creutzburg, K.; Mobius, P.; Preidl, R.; Amann, K.; Wehrhan, E. Osteoclast profile of medication-related
osteonecrosis of the jaw secondary to bisphosphonate therapy: A comparison with osteoradionecrosis and osteomyelitis. J. Transl.
Med. 2017, 15, 128. [CrossRef]

Marx, R.E. Pamidronate (Aredia) and zoledronate (Zometa) induced avascular necrosis of the jaws: A growing epidemic.
J. Oral Maxillofac. Surg. 2003, 61, 1115-1117. [CrossRef]

Gong, X.; Yu, W.; Zhao, H.; Su, J.; Sheng, Q. Skeletal Site-Specific Effects of Zoledronate on In Vivo Bone Remodeling and In Vitro
BMSCs Osteogenic Activity. Sci. Rep. 2017, 7, 36129. [CrossRef]

Kikuiri, T,; Kim, I; Yamaza, T.; Akiyama, K.; Zhang, Q.; Li, Y.; Chen, C.; Chen, W.; Wang, S.; Le, A.D.; et al. Cell-based
immunotherapy with mesenchymal stem cells cures bisphosphonate-related osteonecrosis of the jaw-like disease in mice. J.
Bone Miner. Res. 2010, 25, 1668-1679. [CrossRef]

Giudice, A.; Barone, S.; Diodati, F.; Antonelli, A.; Nocini, R.; Cristofaro, M.G. Can Surgical Management Improve Resolution
of Medication-Related Osteonecrosis of the Jaw at Early Stages? A Prospective Cohort Study. J. Oral Maxillofac. Surg. 2020, 78,
1986-1999. [CrossRef]

Khan, A.A.; Morrison, A.; Hanley, D.A.; Felsenberg, D.; McCauley, L.K.; O'Ryan, F; Reid, LR.; Ruggiero, S.L.; Taguchi, A.; Tetradis,
S.; et al. Diagnosis and management of osteonecrosis of the jaw: A systematic review and international consensus. J. Bone Miner.
Res. 2015, 30, 3-23. [CrossRef]

Giudice, A.; Antonelli, A.; Muraca, D.; Fortunato, L. Usefulness of advanced-platelet rich fibrin (A-PRF) and injectable-platelet
rich fibrin (i-PRF) in the management of a massive medication-related osteonecrosis of the jaw (MRON]): A 5-years follow-up
case report. Indian |. Dent. Res. 2020, 31, 813-818. [CrossRef]

Aljohani, S.; Fliefel, R.; Thbe, J.; Kiithnisch, J.; Ehrenfeld, M.; Otto, S. What is the effect of anti-resorptive drugs (ARDs) on
the development of medication-related osteonecrosis of the jaw (MRONY]) in osteoporosis patients: A systematic review. .
Craniomaxillofac. Surg. 2017, 45, 1493-1502. [CrossRef] [PubMed]

Williams, D.W.,; Lee, C.; Kim, T.; Yagita, H.; Wu, H.; Park, S.; Yang, P; Liu, H.; Shi, S.; Shin, K.H.; et al. Impaired bone resorption
and woven bone formation are associated with development of osteonecrosis of the jaw-like lesions by bisphosphonate and
anti-receptor activator of NF-kappaB ligand antibody in mice. Am. J. Pathol. 2014, 184, 3084-3093. [CrossRef] [PubMed]
Nagaoka, Y.; Kajiya, H.; Ozeki, S.; Ikebe, T.; Okabe, K. Mevalonates restore zoledronic acid-induced osteoclastogenesis inhibition.
J. Dent. Res. 2015, 94, 594-601. [CrossRef]

Shintani, T.; Hayashido, Y.; Mukasa, H.; Akagi, E.; Hoshino, M.; Ishida, Y.; Hamana, T.; Okamoto, K.; Kanda, T.; Koizumi, K; et al.
Comparison of the prognosis of bisphosphonate-related osteonecrosis of the jaw caused by oral and intravenous bisphosphonates.
Int. J. Oral Maxillofac. Surg. 2015, 44, 840-844. [CrossRef]

Rodan, G.A; Fleisch, H.A. Bisphosphonates: Mechanisms of action. J. Clin. Investig. 1996, 97, 2692-2696. [CrossRef]

Rogers, M.].; Gordon, S.; Benford, H.L.; Coxon, EP,; Luckman, S.P.; Monkkonen, J.; Frith, J.C. Cellular and molecular mechanisms
of action of bisphosphonates. Cancer 2000, 88, 2961-2978. [CrossRef]

Wu, S.N.; Huang, Y.M.; Liao, Y.K. Effects of ibandronate sodium, a nitrogen-containing bisphosphonate, on intermediate-
conductance calcium-activated potassium channels in osteoclast precursor cells (RAW 264.7). J. Membr. Biol. 2015, 248, 103-115.
[CrossRef]

Halasy-Nagy, ]. M.; Rodan, G.A.; Reszka, A.A. Inhibition of bone resorption by alendronate and risedronate does not require
osteoclast apoptosis. Bone 2001, 29, 553-559. [CrossRef]

Grossinger, E.M.; Kang, M.; Bouchareychas, L.; Sarin, R.; Haudenschild, D.R.; Borodinsky, L.N.; Adamopoulos, LE. Ca(®*)-
Dependent Regulation of NFATc1 via KCa3.1 in Inflammatory Osteoclastogenesis. |. Immunol. 2018, 200, 749-757. [CrossRef]
Anderson, D.M.; Maraskovsky, E.; Billingsley, W.L.; Dougall, W.C.; Tometsko, M.E.; Roux, E.R.; Teepe, M.C.; DuBose, R.F;
Cosman, D.; Galibert, L. A homologue of the TNF receptor and its ligand enhance T-cell growth and dendritic-cell function.
Nature 1997, 390, 175-179. [CrossRef] [PubMed]

Yavropoulou, M.P,; Yovos, ].G. Osteoclastogenesis-current knowledge and future perspectives. |. Musculoskelet. Neuronal Interact.
2008, 8, 204-216. [PubMed]


http://doi.org/10.1016/j.oooo.2019.02.014
http://doi.org/10.1186/s12967-017-1230-8
http://doi.org/10.1016/S0278-2391(03)00720-1
http://doi.org/10.1038/srep36129
http://doi.org/10.1002/jbmr.37
http://doi.org/10.1016/j.joms.2020.05.037
http://doi.org/10.1002/jbmr.2405
http://doi.org/10.4103/ijdr.IJDR_689_19
http://doi.org/10.1016/j.jcms.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28687467
http://doi.org/10.1016/j.ajpath.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25173134
http://doi.org/10.1177/0022034514564187
http://doi.org/10.1016/j.ijom.2015.03.013
http://doi.org/10.1172/JCI118722
http://doi.org/10.1002/1097-0142(20000615)88:12+&lt;2961::AID-CNCR12&gt;3.0.CO;2-L
http://doi.org/10.1007/s00232-014-9747-8
http://doi.org/10.1016/S8756-3282(01)00615-9
http://doi.org/10.4049/jimmunol.1701170
http://doi.org/10.1038/36593
http://www.ncbi.nlm.nih.gov/pubmed/9367155
http://www.ncbi.nlm.nih.gov/pubmed/18799853

J. Clin. Med. 2021, 10, 2988 12 of 14

20.

21.
22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hanada, R.; Hanada, T.; Sigl, V.; Schramek, D.; Penninger, ]. M. RANKL/RANK-beyond bones. ]. Mol. Med. 2011, 89, 647-656.
[CrossRef]

Kim, J.H.; Kim, N. Signaling Pathways in Osteoclast Differentiation. Chonnam Med. J. 2016, 52, 12-17. [CrossRef]

Maisani, M.; Pezzoli, D.; Chassande, O.; Mantovani, D. Cellularizing hydrogel-based scaffolds to repair bone tissue: How to
create a physiologically relevant micro-environment? J. Tissue Eng. 2017, 8. [CrossRef]

Yu, H.-S; Kim, J.-J.; Kim, H.-W.; Lewis, M.P,; Wall, I. Impact of mechanical stretch on the cell behaviors of bone and surrounding
tissues. J. Tissue Eng. 2016, 7. [CrossRef] [PubMed]

Boyce, B.E,; Xing, L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch. Biochem. Biophys. 2008, 473,
139-146. [CrossRef] [PubMed]

Boyce, B.E; Xing, L. The RANKL/RANK/OPG pathway. Curr. Osteoporos. Rep. 2007, 5, 98-104. [CrossRef]

Perez-Sayans, M.; Somoza-Martin, ].M.; Barros-Angueira, F,; Rey, ].M.; Garcia-Garcia, A. RANK/RANKL/OPG role in distraction
osteogenesis. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2010, 109, 679-686. [CrossRef] [PubMed]

Kim, J.W,; Cha, L.H.; Kim, S.J.; Kim, M.R. Biomarkers for Bisphosphonate-Related Osteonecrosis of the Jaw. Clin. Implant. Dent.
Relat. Res. 2016, 18, 281-291. [CrossRef]

Kang, H; Kerloc’h, A.; Rotival, M.; Xu, X.; Zhang, Q.; D’Souza, Z.; Kim, M.; Scholz, ].C.; Ko, ].H,; Srivastava, PK.; et al. Kcnn4 is a
regulator of macrophage multinucleation in bone homeostasis and inflammatory disease. Cell Rep. 2014, 8, 1210-1224. [CrossRef]
Wen, J.; Lin, B,; Lin, L.; Chen, Y.; Wang, O. KCNN4 is a diagnostic and prognostic biomarker that promotes papillary thyroid
cancer progression. Aging 2020, 12, 16437-16456. [CrossRef]

Li, Q.T; Feng, YM.; Ke, Z.H.; Qiu, M.]; He, X.X.; Wang, M.M.; Li, Y.N.; Xu, J.; Shi, L.L.; Xiong, Z.F. KCNN4 promotes invasion
and metastasis through the MAPK/ERK pathway in hepatocellular carcinoma. J. Investig. Med. 2020, 68, 68-74. [CrossRef]
Lam, J.; Wulff, H. The Lymphocyte Potassium Channels Kv1.3 and KCa3.1 as Targets for Inmunosuppression. Drug Dev. Res.
2011, 72, 573-584. [CrossRef]

Jiang, S.; Zhu, L.; Yang, J.; Hu, L.; Gu, ]J.; Xing, X.; Sun, Y.; Zhang, Z. Integrated expression profiling of potassium channels
identifys KCNN4 as a prognostic biomarker of pancreatic cancer. Biochem. Biophys. Res. Commun. 2017, 494, 113-119. [CrossRef]
Zhang, P; Yang, X.; Yin, Q.; Yi, J.; Shen, W.; Zhao, L.; Zhu, Z,; Liu, J. Inhibition of SK4 Potassium Channels Suppresses Cell
Proliferation, Migration and the Epithelial-Mesenchymal Transition in Triple-Negative Breast Cancer Cells. PLoS ONE 2016, 11,
e0154471. [CrossRef]

Du, Y,; Song, W.; Chen, J.; Chen, H.; Xuan, Z.; Zhao, L.; Chen, J.; Jin, C.; Zhou, M.; Tuo, B.; et al. The potassium channel
KCa3.1 promotes cell proliferation by activating SKP2 and metastasis through the EMT pathway in hepatocellular carcinoma. Int.
J. Cancer 2019, 145, 503-516. [CrossRef]

Rabjerg, M.; Olivan-Viguera, A.; Hansen, L.K,; Jensen, L.; Sevelsted-Moller, L.; Walter, S.; Jensen, B.L.; Marcussen, N.; Kohler, R.
High expression of KCa3.1 in patients with clear cell renal carcinoma predicts high metastatic risk and poor survival. PLoS ONE
2015, 10, €0122992. [CrossRef]

Bulk, E.; Ay, A.S.; Hammadi, M.; Ouadid-Ahidouch, H.; Schelhaas, S.; Hascher, A.; Rohde, C.; Thoennissen, N.H.; Wiewrodt, R.;
Schmidyt, E.; et al. Epigenetic dysregulation of KCa 3.1 channels induces poor prognosis in lung cancer. Int. J. Cancer 2015, 137,
1306-1317. [CrossRef]

Zhang, Y.; Feng, Y.; Chen, L.; Zhu, J. Effects of Intermediate-Conductance Ca(**)-Activated K(*) Channels on Human Endometrial
Carcinoma Cells. Cell Biochem. Biophys. 2015, 72, 515-525. [CrossRef] [PubMed]

Lallet-Daher, H.; Roudbaraki, M.; Bavencoffe, A.; Mariot, P.; Gackiere, F.; Bidaux, G.; Urbain, R.; Gosset, P.; Delcourt, P.; Fleurisse,
L.; et al. Intermediate-conductance Ca?*-activated K* channels (IKCal) regulate human prostate cancer cell proliferation through
a close control of calcium entry. Oncogene 2009, 28, 1792-1806. [CrossRef] [PubMed]

Ruggiero, S.L.; Dodson, T.B.; Fantasia, J.; Goodday, R.; Aghaloo, T.; Mehrotra, B.; O’'Ryan, F. American Association of Oral and
Maxillofacial Surgeons position paper on medication-related osteonecrosis of the jaw-2014 update. J. Oral Maxillofac. Surg. 2014,
72,1938-1956. [CrossRef] [PubMed]

Kellinsalmi, M.; Ménkkonen, H.; Monkkonen, J.; Leskeld, H.V.; Parikka, V.; Himaéldinen, M.; Lehenkari, P. In vitro comparison
of clodronate, pamidronate and zoledronic acid effects on rat osteoclasts and human stem cell-derived osteoblasts. Basic Clin.
Pharmacol. Toxicol. 2005, 97, 382-391. [CrossRef]

Giudice, A.; Antonelli, A.; Chiarella, E.; Baudi, E; Barni, T.; Di Vito, A. The Case of Medication-Related Osteonecrosis of the Jaw
Addressed from a Pathogenic Point of View. Innovative Therapeutic Strategies: Focus on the Most Recent Discoveries on Oral
Mesenchymal Stem Cell-Derived Exosomes. Pharmaceuticals 2020, 13, 423. [CrossRef]

Di Vito, A.; Chiarella, E.; Baudi, F; Scardamaglia, P.; Antonelli, A.; Giudice, D.; Barni, T.; Fortunato, L.; Giudice, A. Dose-
Dependent Effects of Zoledronic Acid on Human Periodontal Ligament Stem Cells: An In Vitro Pilot Study. Cell Transplant. 2020,
29, 963689720948497. [CrossRef]

Cheng, T.L.; Murphy, C.M.; Ravarian, R.; Dehghani, F; Little, D.G.; Schindeler, A. Bisphosphonate-adsorbed ceramic nanoparticles
increase bone formation in an injectable carrier for bone tissue engineering. J. Tissue Eng. 2015, 6. [CrossRef]

Mavrokokki, T.; Cheng, A.; Stein, B.; Goss, A. Nature and frequency of bisphosphonate-associated osteonecrosis of the jaws in
Australia. J. Oral Maxillofac. Surg. 2007, 65, 415-423. [CrossRef] [PubMed]


http://doi.org/10.1007/s00109-011-0749-z
http://doi.org/10.4068/cmj.2016.52.1.12
http://doi.org/10.1177/2041731417712073
http://doi.org/10.1177/2041731415618342
http://www.ncbi.nlm.nih.gov/pubmed/26977284
http://doi.org/10.1016/j.abb.2008.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18395508
http://doi.org/10.1007/s11914-007-0024-y
http://doi.org/10.1016/j.tripleo.2009.10.042
http://www.ncbi.nlm.nih.gov/pubmed/20163972
http://doi.org/10.1111/cid.12297
http://doi.org/10.1016/j.celrep.2014.07.032
http://doi.org/10.18632/aging.103710
http://doi.org/10.1136/jim-2019-001073
http://doi.org/10.1002/ddr.20467
http://doi.org/10.1016/j.bbrc.2017.10.072
http://doi.org/10.1371/journal.pone.0154471
http://doi.org/10.1002/ijc.32121
http://doi.org/10.1371/journal.pone.0122992
http://doi.org/10.1002/ijc.29490
http://doi.org/10.1007/s12013-014-0497-0
http://www.ncbi.nlm.nih.gov/pubmed/25608633
http://doi.org/10.1038/onc.2009.25
http://www.ncbi.nlm.nih.gov/pubmed/19270724
http://doi.org/10.1016/j.joms.2014.04.031
http://www.ncbi.nlm.nih.gov/pubmed/25234529
http://doi.org/10.1111/j.1742-7843.2005.pto_176.x
http://doi.org/10.3390/ph13120423
http://doi.org/10.1177/0963689720948497
http://doi.org/10.1177/2041731415609448
http://doi.org/10.1016/j.joms.2006.10.061
http://www.ncbi.nlm.nih.gov/pubmed/17307586

J. Clin. Med. 2021, 10, 2988 13 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kuroshima, S.; Sasaki, M.; Nakajima, K.; Tamaki, S.; Hayano, H.; Sawase, T. Prevalence of bisphosphonate-related osteonecrosis
of the jaw-like lesions is increased in a chemotherapeutic dose-dependent manner in mice. Bone 2018, 112, 177-186. [CrossRef]
[PubMed]

Kim, T.H.; Seo, W.G.; Koo, C.H.; Lee, ].H. Evaluation of the predisposing factors and involved outcome of surgical treatment in
bisphosphonate-related osteonecrosis of the jaw cases including bone biopsies. . Korean Assoc. Oral Maxillofac. Surg. 2016, 42,
193-204. [CrossRef]

Khojasteh, A.; Dehghan, M.M.; Nazeman, P. Immediate implant placement following 1-year treatment with oral versus intra-
venous bisphosphonates: A histomorphometric canine study on peri-implant bone. Clin. Oral Investig. 2019, 23, 1803-1809.
[CrossRef]

Marx, R.E; Cillo, J.E., Jr.; Ulloa, J.J. Oral bisphosphonate-induced osteonecrosis: Risk factors, prediction of risk using serum CTX
testing, prevention, and treatment. J. Oral Maxillofac. Surg. 2007, 65, 2397-2410. [CrossRef]

Marx, R.E. Reconstruction of defects caused by bisphosphonate-induced osteonecrosis of the jaws. J. Oral Maxillofac. Surg. 2009,
67,107-119. [CrossRef]

Carlson, E.R.; Basile, ].D. The role of surgical resection in the management of bisphosphonate-related osteonecrosis of the jaws. J.
Oral Maxillofac. Surg. 2009, 67, 85-95. [CrossRef] [PubMed]

Jung, J.; Park, J.S.; Righesso, L.; Pabst, A.M.; Al-Nawas, B.; Kwon, Y.D.; Walter, C. Effects of an oral bisphosphonate and three
intravenous bisphosphonates on several cell types in vitro. Clin. Oral Investig. 2018, 22, 2527-2534. [CrossRef] [PubMed]
Heijckmann, A.C.; Juttmann, J.R.; Wolffenbuttel, B.H. Intravenous pamidronate compared with oral alendronate for the treatment
of postmenopausal osteoporosis. Neth. |. Med. 2002, 60, 315-319. [PubMed]

Ezra, A.; Golomb, G. Administration routes and delivery systems of bisphosphonates for the treatment of bone resorption. Adv.
Drug Deliv. Rev. 2000, 42, 175-195. [CrossRef]

Delmas, P.D.; Adami, S.; Strugala, C.; Stakkestad, J.A.; Reginster, ].Y.; Felsenberg, D.; Christiansen, C.; Civitelli, R.; Drezner, M.K.;
Recker, R.R; et al. Intravenous ibandronate injections in postmenopausal women with osteoporosis: One-year results from the
dosing intravenous administration study. Arthritis Rheum. 2006, 54, 1838-1846. [CrossRef] [PubMed]

Adami, S.; Felsenberg, D.; Christiansen, C.; Robinson, J.; Lorenc, R.S.; Mahoney, P.; Coutant, K.; Schimmer, R.C.; Delmas, P.D.
Efficacy and safety of ibandronate given by intravenous injection once every 3 months. Borne 2004, 34, 881-889. [CrossRef]
Ringe, ].D.; Dorst, A.; Faber, H.; Ibach, K.; Sorenson, F. Intermittent intravenous ibandronate injections reduce vertebral fracture
risk in corticosteroid-induced osteoporosis: Results from a long-term comparative study. Osteoporos Int. 2003, 14, 801-807.
[CrossRef]

Thiébaud, D.; Burckhardt, P.; Kriegbaum, H.; Huss, H.; Mulder, H.; Juttmann, J.R.; Schoter, K.H. Three Monthly Intravenous
Injections of Ibandronate in the Treatment of Postmenopausal Osteoporosis. Am. |. Med. 1997, 103, 298-307. [CrossRef]

Vis, M.; Bultink, LE.; Dijkmans, B.A.; Lems, W.E. The effect of intravenous pamidronate versus oral alendronate on bone mineral
density in patients with osteoporosis. Osteoporos Int. 2005, 16, 1432-1435. [CrossRef]

Roux, C.; Reid, D.M.; Devogelaer, ].P; Saag, K.; Lau, C.S.; Reginster, ].Y.; Papanastasiou, P.; Bucci-Rechtweg, C.; Su, G.; Sambrook,
P.N. Post hoc analysis of a single IV infusion of zoledronic acid versus daily oral risedronate on lumbar spine bone mineral
density in different subgroups with glucocorticoid-induced osteoporosis. Osteoporos Int. 2012, 23, 1083-1090. [CrossRef]

Reid, D.M.; Devogelaer, ].P,; Saag, K.; Roux, C.; Lau, C.S.; Reginster, ].Y.; Papanastasiou, P; Ferreira, A.; Hartl, F; Fashola, T.;
et al. Zoledronic acid and risedronate in the prevention and treatment of glucocorticoid-induced osteoporosis (HORIZON): A
multicentre, double-blind, double-dummy, randomised controlled trial. Lancet 2009, 373, 1253-1263. [CrossRef]

Greenspan, S.L.; Perera, S.; Ferchak, M.A.; Nace, D.A.; Resnick, N.M. Efficacy and safety of single-dose zoledronic acid for
osteoporosis in frail elderly women: A randomized clinical trial. JAMA Intern. Med. 2015, 175, 913-921. [CrossRef]

Reid, I.R.; Brown, J.P,; Burckhardt, P.; Horowitz, Z.; Richardson, P,; Trechsel, U.; Widmer, A.; Devogelaer, J.-P.; Kaufman, J.-M.;
Jaeger, P; et al. Intravenous Zoledronic Acid in Postmenopausal Women with Low Bone Mineral Density. N. Engl. ]. Med. 2002,
346, 653-661. [CrossRef] [PubMed]

Berenson, J.R.; Rosen, L.S.; Howell, A.; Porter, L.; Coleman, R.E.; Morley, W.; Dreicer, R.; Kuross, S.A.; Lipton, A.; Seaman, J.J.
Zoledronic acid reduces skeletal-related events in patients with osteolytic metastases. Cancer 2001, 91, 1191-1200. [CrossRef]
Young, R.J.; Coleman, R.E. Zoledronic acid to prevent and treat cancer metastasis: New prospects for an old drug. Future Oncol.
2013, 9, 633-643. [CrossRef]

Lewiecki, E.M.; Miller, P.D. Renal safety of intravenous bisphosphonates in the treatment of osteoporosis. Expert Opin. Drug Saf.
2007, 6, 663-672. [CrossRef]

Weinstein, R.S.; Roberson, PK.; Manolagas, S.C. Giant Osteoclast Formation and Long-Term Oral Bisphosphonate Therapy. N.
Engl. J. Med. 2009, 360, 53-62. [CrossRef]

Mac-Way, E; Trombetti, A.; Noel, C.; Lafage-Proust, M.-H. Giant osteoclasts in patients under bisphosphonates. BMC Clin. Pathol.
2014, 14, 31. [CrossRef]

de Matos, F.R.; de Moraes, M.; das Neves Silva, E.B.; Galvao, H.C.; de Almeida Freitas, R. Immunohistochemical detection of
receptor activator nuclear kappaB ligand and osteoprotegerin in odontogenic cysts and tumors. J. Oral Maxillofac. Surg. 2013, 71,
1886-1892. [CrossRef] [PubMed]

Simonet, W.S.; Lacey, D.L.; Dunstan, C.R.; Kelley, M.; Chang, M.S.; Liithy, R.; Nguyen, H.Q.; Wooden, S.; Bennett, L.; Boone, T.;
et al. Osteoprotegerin: A Novel Secreted Protein Involved in the Regulation of Bone Density. Cell 1997, 89, 309-319. [CrossRef]


http://doi.org/10.1016/j.bone.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29729428
http://doi.org/10.5125/jkaoms.2016.42.4.193
http://doi.org/10.1007/s00784-018-2579-7
http://doi.org/10.1016/j.joms.2007.08.003
http://doi.org/10.1016/j.joms.2008.12.007
http://doi.org/10.1016/j.joms.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19371819
http://doi.org/10.1007/s00784-018-2349-6
http://www.ncbi.nlm.nih.gov/pubmed/29388023
http://www.ncbi.nlm.nih.gov/pubmed/12481878
http://doi.org/10.1016/S0169-409X(00)00061-2
http://doi.org/10.1002/art.21918
http://www.ncbi.nlm.nih.gov/pubmed/16729277
http://doi.org/10.1016/j.bone.2004.01.007
http://doi.org/10.1007/s00198-003-1425-0
http://doi.org/10.1016/S0002-9343(97)00249-0
http://doi.org/10.1007/s00198-005-1862-z
http://doi.org/10.1007/s00198-011-1800-1
http://doi.org/10.1016/S0140-6736(09)60250-6
http://doi.org/10.1001/jamainternmed.2015.0747
http://doi.org/10.1056/NEJMoa011807
http://www.ncbi.nlm.nih.gov/pubmed/11870242
http://doi.org/10.1002/1097-0142(20010401)91:7&lt;1191::AID-CNCR1119&gt;3.0.CO;2-0
http://doi.org/10.2217/fon.13.28
http://doi.org/10.1517/14740338.6.6.663
http://doi.org/10.1056/NEJMoa0802633
http://doi.org/10.1186/1472-6890-14-31
http://doi.org/10.1016/j.joms.2013.05.023
http://www.ncbi.nlm.nih.gov/pubmed/23992784
http://doi.org/10.1016/S0092-8674(00)80209-3

J. Clin. Med. 2021, 10, 2988 14 of 14

70. Cankaya, M.; Cizmeci Senel, F.; Kadioglu Duman, M.; Muci, E.; Dayisoylu, E.H.; Balaban, F. The effects of chronic zoledronate
usage on the jaw and long bones evaluated using RANKL and osteoprotegerin levels in an animal model. Int. J. Oral Maxillofac.
Surg. 2013, 42, 1134-1139. [CrossRef] [PubMed]

71.  Koch, EP.;; Merkel, C.; Ziebart, T.; Smeets, R.; Walter, C.; Al-Nawas, B. Influence of bisphosphonates on the osteoblast RANKL
and OPG gene expression in vitro. Clin. Oral Investig. 2012, 16, 79-86. [CrossRef] [PubMed]

72.  Martini, G.; Gennari, L.; Merlotti, D.; Salvadori, S.; Franci, M.B.; Campagna, S.; Avanzati, A.; De Paola, V.; Valleggi, F.; Nuti, R.
Serum OPG and RANKL levels before and after intravenous bisphosphonate treatment in Paget’s disease of bone. Bone 2007, 40,
457-463. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijom.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23522850
http://doi.org/10.1007/s00784-010-0477-8
http://www.ncbi.nlm.nih.gov/pubmed/20938793
http://doi.org/10.1016/j.bone.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16979395

	Introduction 
	Materials and Methods 
	Patient Selection and Specimen Harvesting 
	Histochemistry 
	Immunohistochemistry 
	TRAP Staining 
	Quantitative and Qualitative Analysis 
	Statistical Analysis 

	Results 
	Characteristics of the Included Subjects 
	Quantitative and Qualitative Analysis of Osteoclasts 
	TRAP 
	RANKL/OPG 
	Kcnn4 

	Discussion 
	Anomalies of Osteoclasts in MRONJ Specimens 
	Differences in Expression of Osteoclast-Related Markers—RANKL/OPG 
	Differences in Expression of Kcnn4 

	Conclusions 
	References

