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Medication-related osteonecrosis of the jaw (MRONJ) is a potentially severe
adverse event in patients treated with antiresorptives. Management of MRONJ
is challenging, and no non-antibiotic, established medical treatment exists.
Intermittent parathyroid hormone (iPTH) has been used off-label to treat MRONJ
with favorable results. However, its medical efficacy has rarely been substantiated
in clinical or preclinical experiments. Using a validated rice rat, infection-based
model of MRONJ, we evaluated the effects of iPTH on established MRONJ.
We hypothesize that iPTH contributes to MRONJ resolution by enhancing
alveolar bone turnover and healing oral soft tissues. Eighty-four rice rats began a
standard rodent chow diet at age 4 weeks to induce localized periodontitis. Rats
were simultaneously randomized to receive saline (vehicle, VEH) or zoledronic
acid (ZOL, 80pg/kg IV) every 4 weeks. Oral exams were conducted bi-weekly to
assign a gross quadrant grade (GQG, 0-4) to evaluate any lesion at the lingual
aspect of the interdental space between maxillary molar (M2) and M3. 14 of 20
VEH-treated rice rats (70%) developed maxillary localized periodontitis with GQG
2-3 after 30410 weeks of saline. Additionally, 40 of 64 ZOL-treated rice rats with
periodontitis developed MRONJ-like lesions after 30410 weeks of ZOL treatment.
Rice rats with localized periodontitis or MRONJ-like lesions were treated with
saline or iPTH (40pg/kg) subcutaneously (SC) 3 times/week For 6 weeks until
euthanasia. We found that iPTH -treated ZOL rats had a lower prevalence of
MRONJ (p <0.001), with lower severity extent of oral lesions (p =0.003) and
percentage of empty osteocyte lacunae (p <0.001). ZOL rats treated with iPTH
displayed a higher osteoblast surface (p <0.001), more osteoblasts (p <0.001),
higher osteoclast surface (p <0.001) and more osteoclasts (p =0.002) at alveolar
bone surfaces than ZOL/VEH rats. Greater gingival epithelial thickness and
epithelial cell proliferation rate was found in the oral mucosa and gingiva of
ZOL/PTH rats than in ZOL/VEH rats (p <0.001). Our data suggest that iPTH is an
efficacious non-operative medicinal therapy that accelerates oral healing and
enhances the resolution of MRONJ lesions in ZOL-treated rice rats.
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— iPTH reduces the burden of disease in ZOL-treated rice rats with established MRONT lesions
— iPTH accelerates bone remodeling of the necrotic alveolar bone of MRONT lesions
— iPTH accelerates soft tissue healing of MRONTJ lesions.

Introduction

Medication-related osteonecrosis of the jaw (MRON]) is a
potentially severe adverse event with the following features: (1) oral
lesions with exposed bone or bone that can be probed through an
intraoral or extraoral fistula(e) in the maxillofacial region that has
persisted for more than 8 weeks; (2) affected patients that have current
or previous treatments with powerful antiresorptives (pARs) alone or
in combination with immune modulators or antiangiogenic
medications; and (3) no history of radiation therapy or metastatic
disease to the jaws (1, 2).

MRON] is common in patients with cancer (1.8-5% incidence)
and rare in patients with osteoporosis (0.01-0.03% incidence) (1-4).
PARs, including nitrogen-containing bisphosphonates [N-BPs, e.g.,
zoledronic acid (ZOL)] and anti-RANKL antibodies (e.g.,
denosumab), are prescribed to manage hypercalcemia and bone
metastases in patients with cancer and to prevent fragility fractures in
patients with osteoporosis (1, 2, 5-10).

Both clinical and preclinical studies demonstrate that for most
MRONTJ to occur, the concurrent administration of pARs (systemic
risk factor) is required along with the co-existence of a local oral risk
factors such as inflammatory dental disease (e.g., periodontitis,
periapical infection), tooth extraction, or ill-fitting removable partial
prostheses (1, 2, 7, 11-22). Although implementing prophylactic
treatment modalities, including dental screenings and regimented oral
health surveillance for at-risk patients, has reduced disease incidence,
MRON]J remains a significant problem. Furthermore, once patients
develop MRONYJ, clinical management can be challenging, and the
outcome can be difficult to predict and occasionally problematic
(7,23-27).

The American Association of Oral and Maxillofacial Surgeons
(AAOMS) developed a staging system based on the severity of clinical
symptoms and findings. It streamlines the evaluation process and
identifies management/treatment strategies for each stage of MRON]
based on expert opinion (1). The management/treatment strategies
include both non-operative therapies (e.g., antimicrobial rinses,

Abbreviations: MRONJ, medication-related osteonecrosis of the jaw; pARs,
powerful antiresorptives; N-BPs, nitrogen-containing bisphosphonates; ZOL,
zoledronic acid; PTH, parathyroid hormone; iPTH, intermittent PTH; STD, standard
diet; DEX, dexamethasone; GQG, gross quadrant grades; BW, body weight; M,
molar; VEH, vehicle; Le. Ar, lesion area; Tt.Mx.Ar, total maxillary area; ROI, region
of interest; BV/TV, bone volume/total volume; Tb. Th, trabecular thickness; Tb.
N, trabecular number; Th. S, trabecular separation; N. Ob/B.Pm, osteoblast number/
alveolar bone perimeter; Ob.S/BS, osteoblast surface; N.Oc/B.Pm, osteoclast
number/alveolar bone perimeter; Oc.S/BS, osteoclast surface; sL/BS, single-labeled
surfaces; dL/BS, double-labeled surfaces; MS/BS, mineralizing surface; MAR,

mineral apposition rate; BFR/BS, bone formation rate.
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systemic antibiotics and improved oral hygiene) and operative
therapies (e.g., sequestrectomy, resection) (1, 28-34). Operative
therapies have been reported as a viable option with high success rates
for all stages of the disease (35-37). However, non-operative therapies
remain a treatment option for MRONJ, particularly in stage 1 MRONJ,
especially where significant comorbidities preclude operative
treatment (1, 38, 39). There is little evidence to suggest that platelet-
rich plasma, low-level laser irradiation and hyperbaric oxygen therapy
lead to MRONYJ resolution (1). However, PTH (teriparatide, Forteo
[Eli Lilly Co.]), a recombinant peptide consisting of the 1-34 amino
acids of human PTH, has emerged as a promising option due to its
potential to accelerate the healing of affected jaw bones by enhancing
bone turnover and speeding the removal of necrotic bone (40, 41).
Indeed, teriparatide has been successfully used off-label as an adjunct
medication for MRONT treatment in patients with osteoporosis (31-
34, 42). Teriparatide was clinically associated with increased bone
regeneration, lesion size reduction, and a higher resolution rate of
MRONJ (32, 34, 42, 43). Most preclinical studies substantiated the
positive effect of intermittent (i) administration of PTH as a preventive
treatment for MRON] (44-49).

In contrast, only a few investigated the effect of iPTH on
established MRONJ,
histopathologic features (50, 51). Despite the contributions of the

evaluating only radiographic and/or
above studies, knowledge gaps still exist on the role that iPTH could
play in the reversal of necrotic alveolar bone, low alveolar bone
remodeling, and the healing of MRONT] lesions. No comprehensive
bone histomorphometric analysis has yet been conducted to assess the
effects of iPTH on alveolar bone formation and resorption in and
around MRONYJ lesions. In addition, after MRONY] is established, a
secondary disturbance of the associated oral soft tissue homeostasis
occurs. Indeed, disruption of the oral mucosal integrity accompanies
the bone exposure, infection and inflammation observed in MRON]J
lesions (52, 53). In line with this notion, N-BPs were reported to
suppress epithelial cell proliferation, increase apoptosis, induce
mucosal thinning and inhibit oral mucosal wound healing (54-57).
On the contrary, PTH and PTH-related peptides (PTHrp) reduce
inflammation and promote wound healing in the femur, tibia and
periodontium (58-61). Furthermore, PTH and PTHrp affect the
proliferation of epithelial and mesenchymal cells but with opposite
effects depending on cell and tissue types (61-69). The effect of iPTH
on the oral epithelium is undefined. Furthermore, few studies have
shown that iPTH decreases the number of inflammatory cells,
including neutrophils and CD3* T cells in periodontitis models (70-
73). However, the effects of iPTH on the inflammatory response in
oral soft tissues associated with MRONJ lesions have rarely been
investigated (50). Thus, in this study using the well-established rice rat
MRON]J model (21, 74, 75), we investigated the effects of iPTH on
both the alveolar bone of MRONT lesions, using static and dynamic
histomorphometry; and the associated oral soft tissues, using
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morphometry and immunohistochemistry. We hypothesized that
iPTH assists healing of MRONT] lesions by accelerating the resorption
of necrotic alveolar bone, enhancing alveolar bone formation,
promoting gingival epithelium regeneration and reducing
inflammation in both the hard and soft tissues of an MRONJ lesion.

Materials and methods
Animal care and management

Rice rats were generated in-house using a monogamous
continuous breeding system (76). Care and management were
undertaken as before (20, 21). The Animal Care Services at the
University of Florida (UF) is an AAALAC-accredited animal care and
use program. The experimental protocol (#202008453) was approved
by the UF Institutional Animal Care and Use Committee (JACUC).

Study design

60-80% of the rice rats fed a standard (STD) rodent chow [Envigo
Teklad LM-485 (irradiated 7,912) Rodent Diet; Tampa, FL, United States]
from age 4weeks develop a localized form of periodontitis by ages
16-22 weeks, with severity gross quadrant grades (GQG) that range from
1 to 3 on a grading scale of 0-4 (Supplemental Table S1) (77). When rice
rats developing localized periodontitis are simultaneously treated with
an oncology dose of ZOL, MRONT lesions develop at the site of localized
periodontitis in 70-100% of rats after 18-30 weeks treatment (21, 74, 78).
In contrast, MRONJ does not develop in rice rats with localized
periodontitis in the absence of ZOL. In the current study, we used the
ZOL rice rat model of MRONT to investigate the effect of iPTH on
established MRONT lesions that arose in the context of inflammatory
dental disease.

Eighty-four clinically healthy [body weight (BW) >30g and body
condition score (BCS >3.0) (79)] rice rats of both genders (42
males/42 females), age 4 weeks, were fed the STD diet to induce
localized periodontitis. Special efforts were made to distribute
littermates and genders equally among the experimental groups and
subsets. Animals were randomized at age 4 weeks to receive either
saline (1 =20; 10 males/10 females) or an oncologic equivalent dose
of ZOL (80 pug/kg BW; 1 = 64; 32 males/32 females) intravenously (IV)
every 4 weeks until the end of the study as previously (18, 20, 21, 80).
ZOL was provided by Novartis Pharma AG (Basel, Switzerland),
dissolved in sterile saline (pH 7.2, 0.2 mg/ml) and injected into the tail
vein at 0.4ml/100g BW.

Supplemental Figure S1 depicts the study design and experimental
groups. Sixteen of the 20 VEH rice rats (80%) developed maxillary
localized periodontitis with GQGs 2-3 at age 34 + 10 weeks. The VEH
rice rats with localized periodontitis were further randomized by
GQG into two subsets: one (males n =4 and females n =4) received
0.9% saline subcutaneously (SC) 3 times/week for 6 weeks (VEH/
VEH), and the other (males n =4 and females n =4) received human
PTH [1-34; teriparatide; 40pg/kg (Bachem, Torrance, CA,
United States)] SC 3 times/week. for 6 weeks (VEH/PTH). Forty of 64
(~63%) rice rats with localized periodontitis simultaneously treated
with ZOL developed oral lesions compatible with MRONJ (MRONJ-
like lesions) after 30 + 10 weeks of ZOL treatment (21, 74, 78). The 40

Frontiers in Medicine

10.3389/fmed.2023.1179350

ZOL-treated rats with MRONJ-like lesions were further randomized
by GQG into two subsets of 20 rats. One subset (males n = 11; females
n =9) received saline subcutaneously (SC) 3 times/week for 6 weeks
(ZOL/VEH). The other (males n =11; females n =9) received PTH SC
3 times/week for 6 weeks (ZOL/PTH). All groups had almost equally
distributed genders and GQG severity. Bi-weekly oral exams (66), BW
measurements and ZOL or saline administration continued through
the end of the study. Rice rats with BW loss or BCS deterioration were
monitored daily and offered diet gel and supplemental fluids. Gender
effects were not investigated since MRON] prevalence is not affected
by gender. Rats were injected subcutaneously with the fluorochromes
demeclocycline (15 pg/kg) and calcein (15 pg/kg) 7 and 2 days before
euthanasia, respectively, to enable dynamic bone histomorphometric
data collection. After 6 weeks of iPTH or saline, rats were euthanized,
and jaws were collected for gross, histologic, static and dynamic
histomorphometric analyses.

In vivo oral exams and definition of
MRONJ-like lesion

Rice rat oral exams began at age 4 weeks. They were performed
bi-weekly and continued through the end of the study. Briefly,
isoflurane-anesthetized rice rats were presented randomly to
calibrated investigators (EC, JA) who were blind to the treatment
group and any previous measurements on the animal. Oral exams
were performed with 4X dental loupes to assess the state of each oral
maxillary lesion, particularly at the lingual aspect of the maxillary
interdental M2M3 region, where localized periodontitis develops (74,
78). In addition, each maxillary quadrant was assigned a GQG
indicative of lesion severity (Supplemental Table S1) (21, 78). Because
oral lesions must be confirmed histopathologically to formally
diagnose MRONYJ, we use the term “MRON]J-like” for oral lesions that
displayed similar gross oral features as those seen in rice rats with
histopathologically-confirmed MRON] diagnoses in previous studies
(21, 74, 78). These characteristic gross features include a continuous
recession/ulceration of the gingiva at the lingual aspect of the
maxillary M2-M3 region, with gingival swelling and alveolar or palatal
bone exposure. In addition, lesions may extend mesially to the lingual
aspect of the middle of M1 and distally to the distal of M3.

Euthanasia and tissue collection

Rice rats were euthanized by CO, inhalation, followed by cervical
dislocation. Blood was collected by cardiac puncture prior to cervical
dislocation. The serum was separated and stored at -20° C. Jawbones
were excised and trimmed, and high-resolution photographs of the
four quadrants were taken as previously (21). The four quadrants were
fixed at 4°C in 4% paraformaldehyde for 48 h and then transferred to
70% ethanol. The hemi-maxillae with oral lesions were embedded
undecalcified in modified methyl methacrylate to conduct bone
histomorphometry as previously (18, 81). Contralateral hemi-maxillae
and left mandibles were decalcified, and paraffin-embedded sections
were obtained for different histologic and immunohistochemistry
evaluations (20, 74, 78). Left femurs were assessed independently by
peripheral quantitative computed tomography (pQCT) to verify the
efficacy of ZOL treatment.
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Gross ex vivo analysis of maxillary lesions

The ex vivo oral exam was performed to examine and score the
severity of the jaw lesions using high-resolution photographs of
maxillae and mandibles as previously (21, 74, 78). All photographs
were presented for GQG scoring in a randomized order to treatment-
blinded investigators (EC; JA) who had no knowledge of previous oral
exam results. MRONTJ-like lesions were defined using the same in vivo
oral exam criteria. Gross maxillary oral lesion area (Le.Ar, mm?®) and
total maxillary area (Tt.Mx.Ar, mm?) were measured in quadrants
with GQG >2 with the outline tool of the AxioVision SE64 Rel
software version 4.9.1 (Carl Zeiss, Germany) as previously (21). Le.Ar
was expressed as a percentage of Tt. MxAr (=100 * Le.Ar/Tt.Mx.Ar).

MicroCT analysis of maxillae

MicroCT scanning was performed on the excised maxillae of
ZOL/VEH (n =6) and ZOL/PTH (n =6) rice rats with MRON]J-like
lesions (GQG 2-4) to assess the effects of iPTH on radiographic
variables in the alveolar bone associated with MRON] lesions. Images
were acquired using the following parameters: 80 kVP/120 pA, 0.5 mm
aluminum filter, 2k camera resolution, 9.58 pm voxel size, 0.5°
rotation step, and 360° tomographic rotation. Cross-sectional images
were reconstructed using a filtered back-projection algorithm (Bruker
Skyscan, NRecon, Kontich, Belgium) as previously (82) and per
recommendations of the American Society of bone and Mineral
Research (83). The 2D images were aligned identically in the
mesiodistal and axial planes, with all molars simultaneously visible. A
rectangular ROI of 1.50 mm x 3.0 mm apical to the furcation of M2
was applied to all samples, and analysis was done on 65 consecutive
slices excluding all molars.

Preparation of sections from undecalcified
maxillae

Maxillae were sectioned, and the crowns of the molars were
ground down with a dremel to remove the enamel. Samples were then
dehydrated, infiltrated, and embedded undecalcified in methyl
methacrylate (MMA; Sigma Chemical Co, St. Louis, MO,
United States) as previously (18). Four- and eight pm thick sections
were obtained with a Leica/Jung 2,265 (Leica Biosystems Inc. Buffalo
Grove, IL, United States) microtome. The four-pm sections were
stained with von Kossa and counterstained with tetrachrome
(Polysciences Inc., Warrington, PA) for structural and static
histomorphometry and with toluidine blue to assess the number of
empty osteocyte lacunae, confirmation of MRONTJ lesions and its
prevalence (18). The eight-um sections were left unstained for
dynamic histomorphometric measurements (see below).

Assessment of MRONJ and quantification
of necrotic bone

Exposed bone was verified in undecalcified sections by the

absence of overlying gingival epithelium and lamina propria (18, 20,
21). Necrotic bone was identified using: (1) a pattern recognition
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approach (84-86) and (2) specific criteria from preclinical MRON]J
studies that require bone matrix containing >10 adjacent lacunae that
were either empty or contained pyknotic osteocyte nuclei or cellular
debris (87, 88). Two observers (EC and JA) surveyed all levels
independently. When their diagnoses differed, an agreement was
reached by reviewing relevant slides concurrently. Data collection
concerning osteocyte lacunae was performed at 200x magnification
in sections within a 0.15-0.25mm? region of interest containing
localized periodontitis or MRONTJ lesions. The total number of
osteocyte lacunae and number of empty lacunae were counted to
calculate the percentage of empty osteocyte lacunae and the number
of empty lacunae per bone area (#/mm?) as previously (20, 21, 78).

Bone histomorphometry of maxillary
alveolar bone

Static and dynamic bone histomorphometry was performed at
two regions of interest (ROI) to assess the effects of iPTH on alveolar
bone remodeling. ROI 1 is localized at the maxillary interdental region
between molar (M) 2 and M3, the specific site of the oral lesions
(Figure 1C). ROI 2 is localized far distal to M3, an unaffected adjacent
site not involved in the oral lesion. Evaluating histomorphometric
variables at these two sites provided insight into the effects of iPTH at
both affected and unaffected oral sites. Static structural bone
parameters included alveolar bone volume (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.Sp). Static cellular bone parameters included osteoblast
number per alveolar bone perimeter (N.Ob/B.Pm), osteoblast surface
(Ob.S/BS, %), osteoclast number per alveolar bone perimeter (N.Oc/B.
Pm) and osteoclast surface (Oc.S/BS, %). Dynamic histomorphometric
parameters included single-labeled surfaces (sLS/BS), double-labeled
surfaces (dLS/BS), mineralizing surface (MS/BS, %), mineral
apposition rate (MAR, pm/day), and bone formation rate (BFR/BS,
mm’/mm?/day), were assessed analyzing fluorochrome labels under
ultraviolet illumination. In rice rats with maxillary tissues devoid of
double-labeled surfaces, MAR was a missing value that was not
considered in the calculations, and BFR/BS was reported with an
imputed value of 0.1 mm?/mm?*/day. Methods and measurements are
based on recommendations of the Histomorphometry Nomenclature
Committee of the American Society of Bone and Mineral Research
(89) and our published methods (18, 81, 90, 91).

Oral/gingival epithelium thickness and
proliferation

To investigate the response of the oral/gingival to iPTH treatment,
we measured epithelial thickness and quantified basal epithelial cell
proliferation at two sites: (1) the M1 region of the mandible, which is
a healthy region in this model, and (2) the M2M3 region of the
maxilla, which represents the involved oral area (21, 77). For the
mandibular M1 region, decalcified tissues were embedded in paraffin
and coronally sectioned at four pm thickness. Five coronal sections
250 pm apart from each other that included lingual and buccal
surfaces and the mesial or distal roots were stained with H&E and
blindly analyzed using the Osteomeasure system. To analyze the
maxillary M2M3 region, we used five parasagittal decalcified sections

frontiersin.org


https://doi.org/10.3389/fmed.2023.1179350
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Castillo et al.

10.3389/fmed.2023.1179350

A In Vivo Maxillary Lesions

Pre and Post treatment

i3

g

O °

11 @
og)o? QT Q05 @5
T§ ¢ Q¢

ZOL/VEH

(] vevved B veHPTH [ zoweH B ZOUPTH

ZOL/PTH

BV/TV Tr.Th TEN Tr. Sp BMD T™MD

_ 40 08 o 4 038 0. 2
3 0 0. 3 06 s o0 1
52 Eo. Eoeg a  Eosfo E0s o E1o
R 0. 1 02 02 05

0 0 0

B zowved [ ZOLPTH
FIGURE 1

Gross oral lesions and MicroCT features were found in rats with MRONJ-like lesions treated with either VEH or iPTH. (A) The severity of oral lesions
(GQQG) was assessed by in vivo oral exams at the start and end of treatment (6 weeks). The scatter dot plot graph includes mean+SD. *Signifies
significant differences between pre- and post-treatment readings (p <0.01). (B) Representative high-resolution photomicrographs of rice rats of each
group depicting maxillary lesions at the M2M3 interdental region at necropsy. The black arrow points to the lesion. The red dotted line demarcates the
lesion area. VEH/VEH and VEH/PTH rice rats have small and confined oral lesions. Lesions were significantly larger in ZOL/VEH rats than in all other
groups, with ulceration and recession of the gingiva extending along the three molars and toward the palatal midline. (C) 2D Micro CT slices of
maxillae in the mesiodistal plane showing the region of interest location (red box) in the M2M3 interdental region where MRONJ-like lesions became
established, and rats were treated with either saline or ZOL for 6 weeks. The ROl extends from the distal aspect of the M1 distal root to the mesial of
the M3 distal root. A rectangular ROI of 1.50mmx3.0mm apical to the furcation of M2 was applied to all samples. Sequestered bone can be seen in the
ZOL/VEH rat (yellow arrow) but not in the ZOL/PTH rat. (D) Bone volume (BV/TV). (E) Trabecular thickness (Tr. Th), (F) Trabecular number (Tr. N) and

superscript a indicates significant differences from ZOL/VEH rats (p <0.05).

(G) Trabecular separation (Tr. Sp). (H) Bone mineral density (BMD). (1) True mineral density (TMD). Error bars indicate Mean+SD. In figures D-I,

of oral lesions with GQG > 2. We obtained sections 250 pm apart from
each other, starting 1 mm lateral to the midline of the palate up to the
buccal surface.

The gingival epithelium of the mandible was assessed at four
regions: junctional, sulcular, free gingiva, and attached oral gingival
epithelium. The gingival epithelial thickness of the four regions was
measured with Osteomeasure software using a light microscope at
%200 magnification, averaging five different measurements per region.
We investigated gingival epithelial proliferation by assessing the
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immunoreactivity of Ki67, a well-established cell proliferation marker
(92), at the basal cell layer of each gingival epithelial region at the two
sites using immunohistochemistry. Briefly, sections were
deparafhinized, treated with 3% H,O, in methanol for 10 min, and
blocked for 30 min with 2% goat serum. Sections were then incubated
for 2h at room temperature with a rabbit polyclonal anti-Ki67
antibody [SP6] (ab21700; primary antibody), followed by incubations
with a biotinylated goat anti-rabbit IgG (secondary antibody) and

reagents of the ABC-HRP Kit (Vector Laboratories; Burlingame, CA,
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United States). In addition, Diaminobenzidine (Vector Laboratories;
Burlingame, CA, United States) was used as chromogen and
hematoxylin as a counterstaining. Gingival proliferation for each
gingival region at the mandibular M1 region was expressed as a
percentage of positive Ki67 basal epithelial cells of the total epithelial
cells (proliferating cells/total cells x100). The expression of Ki67*
epithelial cells was also evaluated at the gingiva of the involved
maxillary M2M3 area. However, due to the disruption and hyperplasia
of the gingival epithelium in the affected maxillary M2M3 region, the
expression of Ki67* epithelial cells was calculated considering the total
area of the epithelium without considering the four different gingival
zones. The number of proliferating cells was calculated by counting
the number of Ki67+ cells/mm’ gingival tissue at the M2M3
interdental region (#/mm?).

Quantification of T-cells and neutrophils in
oral soft tissues associated with MRONJ

To give an insight into the effects of iPTH treatment on the
inflammatory infiltrate associated with MRONT lesions, T-cells and
neutrophils were quantified at the maxillary ROI-1 lesion area by
determining the expression of CD3 and anti-neutrophil elastase
positive cells, respectively. Briefly, 4 pm-thick decalcified sections
of maxillae were deparaffinized and rehydrated through xylene and
graded alcohols. A rabbit polyclonal anti-CD3 antibody, present in
T-cell co-receptor for CD4 and CD8 positive cells (A0452, Dako,
Carpinteria, CA, 1 pg/ml) and a rabbit monoclonal anti-neutrophil
elastase (EPR7479, Abcam, Boston, MA, 2 ug/ml) were used as the
primary antibodies. Endogenous peroxidase was quenched using
3% hydrogen peroxide in methanol for 30 min. Heat-mediated
antigen retrieval was performed by incubating slides at 95°C for
20min in Dako Target Retrieval Solution pH 6.0 (Agilent, Santa
Clara, CA, United States). Antigens were visualized with a
Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA,
United States). Diaminobenzidine (DAB) was used as the
chromogen. Negative and positive control sections were always
used. The negative controls were sections of maxillae and
mandibles not incubated with the primary antibodies. The positive
control sections for CD 3* T cells and neutrophils were these rats’
spleen and femur diaphyseal bone marrow. Cell number and tissue
area were measured using the Osteomeasure software
(Osteometrics Corporation; Decatur, GA, United States). Data are
expressed as the number of CD3* and neutrophil elastase* cells/

mm? of oral soft tissue area at ROI-1 (#/mm?).

Statistics

Data are expressed as mean * standard deviation. Paired T-test
was used to determine the differences between the pre and post-
treatment periods of the same group. The Fisher Exact test was used
to determine differences in the severity of gross oral lesions and
MRONT] prevalence among treatment groups. Two-way ANOVA was
used to assess differences in total lesion area, empty osteocyte lacunae,
bone histomorphometry parameters, gingival thickness, gingival
proliferation, number of CD 3* T cells and number of neutrophils.
Significant differences among groups were determined by Holm-Sidak
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post hoc analysis. When linear model assumptions were not met,
non-parametric Kruskal-Wallis ANOVA was used, followed by the
pairwise Dunn test to assess group differences.

Results
General observations

All experimental animals completed the study uneventfully. No
significant clinical issues associated with body weight loss, body
condition score changes, or signs of pain/distress were observed (data
not shown).

Verification of systemic skeletal effects of
the treatments

ZOL and iPTH-treated rats had significantly greater BMC and BMD
at the femoral metaphysis and mid-diaphysis than VEH-treated control
rats (Supplemental Figure S2 and Supplemental Data for Figure S2).

Gross analysis of maxillary lesions

We found no differences in the severity grades (GQGs) of
maxillary lesions between pre-and post-treatment times in VEH/VEH
and VEH/PTH rats (Figure 1A). However, GQG in ZOL/VEH rats
was significantly higher post-treatment than pre-treatment (p <0.001).
In contrast, GQG in ZOL/PTH rats was the same post-treatment as
pre-treatment (p =0.204) (Figure 1A).

Figure 1B depicts representative ex-vivo high-resolution
photographs of maxillary lesions from rice rats of the different
experimental groups. No significant differences were found between
VEH/VEH and VEH/PTH rice rats (p =0.446). However, ZOL/VEH
rats had larger MRONJ-like lesions than VEH/VEH rats (p =0.0031),
with gingival ulceration and recession involving all three molars
extending toward the palatal midline. Noteworthy, ZOL/PTH rats had
smaller maxillary lesions than ZOL/VEH rats (p =0.034).

MicroCT analysis of maxillae

Figure 1C depicts representative 2D slices from MicroCT scans of
the maxillary lesions of ZOL/VEH and ZOL/PTH rats. The
quantitative Micro-CT analysis showed no differences in BV/TYV,
Tb.Th, BMD and TMD (Figures 1D,E,H,I) between ZOL/VEH and
ZOL/PTH rats. In contrast, ZOL/PTH rice rats had lower Tb. N
(p <0.001; Figure 1F) and greater Tb.Sp (p <0.001) than ZOL/VEH
rats (Figure 1G).

Histopathologic diagnosis of MRONJ and
its prevalence
Almost all (93%) of the ZOL/VEH rats with gross MRONJ-like

lesions at the end of treatment were histopathologically confirmed to
have MRONYJ (Figure 2A). In contrast, only 27% of the ZOL/PTH rats
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FIGURE 2

Histopathologic analysis of oral lesions. (A) Prevalence of MRONJ after 6 weeks treatment with saline or iPTH. (B) Percentage of empty osteocyte
lacunae (%). (C) Number of empty osteocyte lacunae per bone area (#/mm?). (D) Representative photomicrographs of the interdental M2M3 lesion
area in ZOL/VEH and ZOL/PTH groups stained with von Kossa and counterstained with tetrachrome. Exposed necrotic bone (red box, *) lacking
overlying gingival epithelium and lamina propria can be seen in ZOL/VEH rats. In contrast, viable bone (red box) covered with gingival epithelium can
be seen in ZOL/PTH rats. (E) Toluidine blue-stained sections of a ZOL/VEH rat shows exposed necrotic bone (*) with 10+ confluent empty osteocyte
lacunae or osteocytes with pyknotic nuclei (red arrowheads). In contrast, ZOL/PTH rats show minimal empty osteocyte lacunae and large areas of vital
bone with lacunae occupied by osteocytes with basophilic nuclei (black arrowheads).

with initial gross MRON]-like lesions had histopathologic MRON] at In line with the MRON]J prevalence, we observed a lower
the end of treatment, with significantly less MRON] prevalence than ~ percentage of empty osteocyte lacunae (p <0.001) and the number of
ZOL/VEH rats (Figure 2A). Furthermore, no MRON] lesions were ~ empty osteocyte lacunae/B.Ar (p <0.001) in the involved maxillary
found in the VEH/VEH or the VEH/PTH groups. bone of ZOL/PTH than ZOL/VEH rats (Figures 2B,C). In addition,
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very low values for these variables were found in VEH/VEH and
VEH/PTH rats. Figure 2D depicts a panel of representative
photomicrographs of sections stained with von Kossa counterstained
with tetrachrome of the involved maxillary M2M3 area in ZOL/VEH
and ZOL/PTH rice rats. The ZOL/VEH rat displays exposed necrotic
bone, ulceration of the gingival epithelium and fibrosis of the lamina
propria. In contrast, the ZOL/PTH rat shows vital alveolar bone with
overlying gingival epithelium. Figure 2E depicts representative
photomicrographs of sections stained with toluidine blue at the
maxillary M2M3 area of ZOL/VEH and ZOL/PTH rats. Exposed
alveolar bone with a greater number of empty osteocyte lacunae is
present in the ZOL/VEH rat. In contrast, osteocyte lacunae are
generally occupied by nuclei of viable osteocytes in the alveolar bone
of the ZOL/PTH rat.

Maxillary bone histomorphometry

At ROI 1 (Lesion area): BV/TV was greater in ZOL/VEH than
VEH/VEH rats (p <0.001) and in ZOL/PTH than VEH/PTH rats
(p <0.001; Figure 3A). However, no differences in BV/TV were found
between ZOL/VEH and ZOL/PTH rats (p =0.062). Interestingly,
VEH/PTH rats had greater Ob.S/BS (p <0.001) and N.Ob/B.Pm
(p <0.001) than VEH/VEH rats (Figures 3B,C). Likewise, these
variables were greater in ZOL/PTH than in ZOL/VEH rats (p <0.001,
p <0.001). Furthermore, no differences were observed in Oc.S/BS

10.3389/fmed.2023.1179350

between ZOL/VEH and VEH/VEH rats (p =0.085; Figure 3D).
However, Oc.S/BS was greater in VEH/PTH than in VEH/VEH rats
(p=0.001). Similarly, greater Oc.S/BS was found in ZOL/PTH than in
ZOL/VEH rats (p =0.013; Figure 3D). The number of osteoclasts
(N.Oc/B.Pm) was greater in ZOL/PTH than in ZOL/VEH rats
(p <0.001) and lower in ZOL/VEH than VEH/VEH (p <0.001) and
VEH/PTH (p <0.001) rice rats, respectively (Figure 3E).

with the findings, dynamic
histomorphometry analysis showed greater MS/BS (p =0.011) and BFR/
BS (p <0.001) in VEH/PTH than VEH/VEH rats and ZOL/PTH than
ZOL/VEH rats (p =0.001; p <0.001), respectively (Figures 3EH).
However, no differences in MAR were found between these groups
(p =0.146; Figure 3G). In addition, MS/BS and BFR/BS were greater in
VEH/PTH than in ZOL/PTH rats (p <0.001, p =0.001), respectively
(Figures 3EH). Figure 4A depicts representative photomicrographs of

In line static  osteoblast

sections from ROI 1 of rats of the different groups stained with von
Kossa counterstained with tetrachrome. Figure 4B depicts representative
photomicrographs of unstained sections from ROI 1, showing single
and double fluorochrome labels on alveolar bone surfaces.

At ROI 2 (Non-affected area): VEH/PTH rats had greater BV/TV
than VEH/VEH rats (p =0.001; Supplemental Figure S3A). ZOL/VEH
rats also had greater BV/TV than VEH/VEH rats (p <0.001). However,
no differences in BV/TV were found between ZOL/VEH and ZOL/
PTH rats. Furthermore, VEH/PTH rats had greater ODb.S/BS
(p <0.001) and N.Ob/B.Pm (p <0.001) than VEH/VEH rats. Likewise,
ZOL/PTH rats had greater Ob.S/BS (p <0.001) and N.Ob/B.Pm
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FIGURE 3
Assessment of bone volume and static and dynamic bone histomorphometric parameters at the maxillary M2M3 lesion area (ROI 1). (A) Bone volume
(BV/TV). Static bone indices include. (B) Osteoblast surface per bone surface (Ob.S/BS). (C) Number of osteoblasts per bone perimeter (N.Ob/B.Pm).
(D) Osteoclast surface per bone surface (Oc.S/BS). (E) Number of osteoclasts per bone perimeter (N.Oc/B.Pm). Dynamic bone indices include.
(F) Mineralizing surface (MS/BS). (G) Mineral apposition rate (MAR). (H) Bone formation rate (BFR/BS). Data are expressed as Mean+SD. Superscripts a—c
denote significant differences from VEH/VEH, VEH/PTH and ZOL/VEH groups, respectively (p <0.05).
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FIGURE 4

alveolar bone in the VEH/VEH, VEH/PTH and ZOL/PTH groups.

Representative photomicrographs of cancellous bone tissue at maxillary interdental M2M3 lesion area. (A) Four-um sections stained with von Kossa
and counterstained with tetrachrome; magnification at 40x. Osteoclasts (red arrows) can be seen along the eroded surfaces in a VEH/VEH animal with
localized periodontitis. Osteoblasts (yellow arrows) can be seen along the surface of the alveolar bone in a VEH/PTH rice rat. A ZOL/VEH rice rat shows
exposed bone (*) lacking overlying gingival epithelium. Osteoblasts can be seen on the surface of cancellous bone (yellow arrows) in ZOL/PTH rice rats
and regions of the eroded surface with osteoclasts (red arrows). (B) Fluorescent declomycin (yellow) and calcein (green) labels administered with a
5-day inter-label period are observed on the bone surface; magnification 200x. Exposed necrotic bone (green arrows) can be seen in the ZOL/VEH
group without fluorochrome-labeled surfaces. Single-labels (white arrows) and double-labels (yellow arrows) can be seen along the surfaces of the

ZOL/PTH

ZOLNEH ZOL/PTH

(p <0.028) than ZOL/VEH rats, but both endpoints were lower than
VEH/PTH rats (p =0.003, p =0.023; Supplemental Figures S3B,C).

Oc.S/BS (p =0.004) and N.Oc/B.Pm (p =0.019) were greater in
ZOL/PTH than in ZOL/VEH rats.

Furthermore, Oc.S/BS (p =0.004) and N.Oc/B.Pm (p =0.019) were
lowerin ZOL/VEH thanin ZOL/VEH rats (Supplemental Figures S3D,E).
In addition, N.Oc¢/B.Pm was greater in VEH/PTH than VEH/VEH rats
(p =0.027), but no differences in N.Oc/B.Pm was found between both
groups (p =0.438; Supplemental Figures S3D,E).

Dynamic histomorphometry showed that ZOL/VEH rats have
lower MS/BS (p <0.001), MAR (p <0.001) and BFR/BS (p <0.001)
than VEH/VEH rats (Supplemental Figures S3F-H). Similarly,
lower MS/BS (p <0.001) and BFR/BS (p =0.032) were seen in ZOL/
PTH than in VEH/PTH rats. Furthermore, greater MS/BS
(p =0.004), MAR (p =0.006) and BFR/BS (p <0.032) were found
in ZOL/PTH than in ZOL/VEH rats. In addition, greater MS/BS
was observed in VEH/PTH than in VEH/VEH rats (p =0.012);
however, no differences in MAR and BFR/BS were seen between
these groups (Supplemental Figures S3F-H).
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Oral/gingival epithelium thickness and
proliferation

Oral/gingival epithelial thickness

The effects of ZOL and iPTH treatment on healthy gingival
epithelium were assessed in the mandible at the four different regions
depicted in Figure 5A. We found lower epithelial thickness of the
sulcular gingiva at the lingual (p =0.033) and buccal (p =0.021)
surfaces in ZOL/VEH compared to VEH/VEH rats (Figure 5B).
Furthermore, ZOL/VEH rice rats had thinner free gingiva epithelium
at the buccal surface than VEH/VEH rats (Figure 5B). We also found
that VEH/PTH rats have thicker gingival epithelium at the lingual
surface of the junctional (p =0.029) and attached gingiva (p <0.001;
Figure 5B) and at the buccal surface of the free gingiva (p =0.015) and
attached gingiva (p =0.023) compared to VEH/VEH rats (Figure 5B).
Moreover, we observed thicker epithelium at the lingual surface of the
sulcular (p =0.018) and attached gingiva (p =0.038) in ZOL/PTH than
in ZOL/VEH rats (Figure 5B). In addition, greater epithelial thickness
was found at the buccal surface of the junctional (p =0.007) and
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Effects of ZOL and iPTH on the gingival epithelial thickness of the mandible. (A) Representative photomicrograph of an H&E-stained section of the
gingival epithelium in the mandible at the lingual side of the M1 region. (B) Gingival epithelial thickness was evaluated at four different regions,
including the junctional, sulcular, free gingiva and attached gingival epithelium at the lingual and buccal surfaces. Bars represent mean+SD.
Superscripts a—c denote significant differences from VEH/VEH, VEH/PTH and ZOL/VEH rice rats, respectively (p <0.05).
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attached gingiva (p <0.001) in ZOL/PTH rats than in ZOL/VEH rats
(Figure 5B).

Oral/gingival epithelial proliferation

Figure 6A depicts representative photomicrographs of Ki67*
epithelial cell expression at the basal two layers of the four gingival
regions in the mandible. We found fewer Ki67* epithelial cells at the
sulcular epithelium, both lingual (p =0.012) and buccal (p =0.008)
surfaces, in ZOL/VEH than in VEH/VEH rats (Figure 6B). In contrast,
more Ki67* epithelial cells were observed at the lingual and buccal
surfaces of the junctional (p =0.002, p <0.001), sulcular (p <0.001;
p <0.001), free gingiva (p <0.001; p =0.002) and attached gingiva
(p <0.001; p <0.001) of VEH/PTH than VEH/VEH rats (Figure 6B).
Furthermore, more Ki67* epithelial cells were found at lingual and
buccal surfaces of the junctional (p =0.025, p <0.001), sulcular
(p <0.001, p <0.001) and free gingiva epithelia (p <0.001, p =0.002)
in ZOL/PTH than in ZOL/VEH rats. In addition, more Ki67*
epithelial cells were found at the lingual surface of the attached
gingival epithelium in ZOL/PTH than in ZOL/VEH rats (p =0.026;
Figure 6B).
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Figure 6C depicts representative photomicrographs of Ki67*
epithelial cell expression in the gingiva of the maxillary ROI 1.
We found no differences in the number of Ki67* epithelial cells
between VEH/VEH and VEH/PTH rats and ZOL/VEH and VEH/
VEH rats, respectively (Figure 6D). Furthermore, we found more
Ki67* epithelial cells in ZOL/PTH than in ZOL/VEH rats (p =0.036).
In addition, more Ki67* epithelial cells were found in the ZOL/PTH
than in VEH/PTH rats (p <0.001).

Quantification of T-cells and neutrophils in
oral soft tissues

Figure 7A depicts representative photomicrographs of the
expression of CD3" T cells at the maxillary ROI 1. We found more
CD3* T cells in the MRONJ lesions of ZOL/VEH than in the
periodontal lesions of VEH/VEH rats (Figure 7B). Furthermore,
we found no differences in the number of CD3* T-cells between oral
lesions in ZOL/PTH and ZOL/VEH rats and between VEH/VEH and
VEH/PTH rats, respectively (Figure 7B). Figure 7C depicts
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Effects of ZOL and iPTH on regenerative capacity on the gingival epithelium of the mandible (non-lesion area) and maxilla (lesion area).
(A) Representative photomicrographs of brown stained Ki67* cells in the gingival epithelium of the M1 region of the mandible. The green arrows show
high proliferation. Red arrows indicate the low proliferation of the basal cells. (B) The percentage of proliferating cells was evaluated at four different
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FIGURE 6 (Continued)

interdental lesion’s gingiva.

regions, including junctional, sulcular, free gingiva, and attached oral epithelium on the lingual and buccal surfaces. Superscripts a—c denote significant
differences from VEH/VEH, VEH/PTH, and ZOL/VEH, respectively. (C) Representative photomicrographs of brown stained Ki 67* cells in the gingival
epithelium surrounding the lesion area. (D) The number of proliferating cells per tissue area was evaluated at the lingual aspect of the maxillary M2M3
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ZOL/VEH rice rats, respectively (p <0.05).

Assessment of CD 3* T cells and neutrophils at the M2M3 interdental lesion area. (A) Representative photomicrographs showing CD 3* T cells (red
arrows) in the gingival epithelium, lamina propria, and underlying connective tissue. (B) Number of CD 3* T cells per lesion area (#/mm?).

(C) Representative photomicrographs showing neutrophils (red arrows) in the gingival epithelium and lamina propria. Red arrowheads show necrotic
bone in the ZOL/VEH group. (D) Number of neutrophils per lesion area (#/mm?). Superscripts a and ¢ denote significant differences from VEH/VEH and
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representative photomicrographs of the presence of neutrophils at the
maxillary ROI 1. ZOL/VEH rats with MRONJ had more neutrophils
than VEH/VEH rats with periodontitis (p =0.001; Figure 7D). In
contrast, VEH/PTH rats had fewer neutrophils at the lesion site than
VEH/VEH rats (p =0.017). Similarly, ZOL/PTH rats had fewer
neutrophils than ZOL/VEH rats (p <0.001; Figure 7D).

Discussion

This experiment demonstrates a new use for an established,
infection-based pre-clinical model of MRONTJ (18, 20, 21, 74, 78).
We treated rice rats that were in the process of developing localized
periodontal lesions with a vehicle or an oncology dose of ZOL for
30+ 10 weeks. In past studies, rice rats exposed to this combination of
systemic (ZOL) and local (developing localized periodontitis) factors
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for 18-24 weeks exhibited a 70-100% prevalence of MRONJ (18, 21,
74, 78). Using bi-weekly in vivo oral examination, we identified and
subsequently tracked evolving localized oral lesions in the ZOL- and
vehicle-treated rats. When an oral lesion similar to those in past
studies had persisted for at least 8 weeks with sufficient severity to
be termed an MRONJ-like lesion, we continued vehicle or ZOL and
began 6 weeks of treatment with iPTH. On treatment, MRONJ-like
lesions in ZOL-treated rice rats not given iPTH enlarged, while those
in ZOL-treated rats given iPTH tended to shrink or did not enlarge.
At the end of the study, ZOL-treated rats with iPTH had smaller oral
lesions than ZOL-treated rats without iPTH. Furthermore, at the end
of the study, while 93% of ZOL-treated rats receiving vehicle had
histologically-verified MRONJ, only 27% of ZOL-treated rats receiving
iPTH had histologically-verified MRONJ (p <0.01).

Our non-invasive procedure to identify an MRON]J-like lesion
that is ready for treatment here basically resembles the algorithm
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currently used to diagnose MRONJ in humans. As in humans, when
an oral lesion with a similar location and gross characteristics to
those generally associated with necrotic alveolar bone in the
underlying tissue exists for 8 weeks, a diagnosis of MRONT] is made.
As in humans newly diagnosed with MRONYJ, no realistic possibility
exists here to histologically verify necrotic bone in each lesion in
7ZOL-treated animals at the start of treatment. We believe that, at this
point, it is reasonable to assume from past data of this model that
necrotic alveolar bone existed in the localized lesions of each
ZOL-treated rice rat at the start of the iPTH treatment. Future
experiments of this type might include a non-invasive imaging
modality such as in vivo MicroCT or pMRI to clarify the presence
of necrotic alveolar bone further when treatment begins and perhaps
also track its evolution.

Our study demonstrates that 6 weeks of iPTH treatment enhances
the healing of established MRONJ-like lesions in rice rats. While 93%
of ZOL/VEH rats had MRONYJ, only 27% of the ZOL/PTH rats had
MRON]J after treatment,
MRONJ. Consistent with this decrease, there were significantly fewer

representing a 70% decrease in
empty osteocyte lacunae in the involved maxillary alveolar bone area
in ZOL/PTH rats than in ZOL/VEH rats. Furthermore, iPTH-treated
ZOL rats had smaller oral lesions than vehicle-treated ZOL rats. While
MRONJ-like lesions in ZOL/VEH rats continued to enlarge during
the treatment period, MRON]-like lesions in ZOL/PTH rats stabilized.
ZOL/PTH rats also exhibited a higher bone turnover rate, implying a
higher necrotic alveolar bone removal rate than in ZOL/VEH rats.
ZOL/PTH rats also showed a higher gingival epithelial proliferation
rate and lower inflammation in the oral lesion tissue.

Most preclinical studies have examined iPTH as a preventative
therapy for tooth extraction-related MRON]. When given before the
development of MRONJ and immediately after a tooth extraction,
iPTH treatment is promising. It enhances bone healing of the socket,
promotes soft tissue coverage, and reduces the incidence of MRON]J
(43, 44, 46, 47). However, only a few preclinical studies investigated
the effects of iPTH in established MRONJ lesions (50, 51, 93, 94).
Indeed, Zandi et al. (50) showed that PTH dose-dependently
improved clinical and histologic oral lesion variables in Wistar rats
that developed MRONT after tooth extraction. Furthermore, Ersan
et al. (93) found that iPTH reduces the area of bone necrosis of
MRONT lesions in ZOL-treated Sprague Dawley rats following tooth
extraction. Liu et al. (51) also showed that iPTH reduced the area of
necrotic bone and the number of empty osteocyte lacunae in
MRONT] lesions following tooth extraction in ovariectomized
Sprague Dawley rats treated with ZOL and dexamethasone (DEX).
In addition, Yu and Su (94) showed that PTH (3, 10 or 30 pg/kg)
reduced the incidence of MRON]J in C57BL/6 mice treated with
ZOL/DEX for 16 weeks after tooth extraction. Similar to these
studies, our experiment indicates that iPTH is a promising treatment
for established MRONJ, this time using an MRONJ model that
involves infection.

This study provides unique data that further supports and
elucidates the action of iPTH on bone healing surrounding
MRONJ. The comprehensive histomorphometric analysis shows that
the turnover rate in alveolar bone is higher in ZOL-treated rats given
iPTH than in ZOL-treated rats not given iPTH. We found that iPTH
increases multiple histomorphometric bone resorption and formation
variables at the lesion site. First, we found that iPTH affected
osteoclasts and stimulated bone resorption in the vehicle- and
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ZOL-treated rats. Osteoclast surface was greater in VEH/PTH than in
VEH/VEH rats and ZOL/PTH than in ZOL/VEH rats. Furthermore,
osteoclast number was greater in ZOL/PTH than in ZOL/VEH rats.
Second, we found that iPTH stimulated bone formation. Greater
osteoblast surface, osteoblast number, mineralizing surface and bone
formation rate were seen in VEH/PTH than in VEH/VEH rice rats
and ZOL/PTH rats than in ZOL/VEH rice rats. The bone anabolic
effect of iPTH was partially blunted by ZOL, as indicated by the
significantly lower values for these histomorphometric variables in
ZOL/PTH compared to VEH/PTH rats. Though Micro CT showed no
differences in bone volume at the lesion area of ZOL/VEH and ZOL/
PTH rats, the trabecular number was lower in ZOL/PTH than in
ZOL/VEH rats. The lower trabecular number may be due to the
removal of trabeculae containing necrotic bone in ZOL/PTH rats that
are not removed in ZOL/VEH rats.

Altogether, our data suggest that iPTH promotes the remodeling
of alveolar bone, positively affecting bone healing in
MRONJ. We believe it can be readily inferred that in ZOL-treated rats
that had developed necrotic alveolar bone, inducing a high turnover
state in alveolar bone caused the removal of a significant amount of
that necrotic bone and its replacement with new viable bone within
6weeks. Furthermore, our study provides insight into the healing
effect of iPTH on soft tissue. MRONT] lesions with the exposed bone
are almost always accompanied by ulceration of the oral epithelia and
underlying soft tissues. It has been proposed that when N-BPs are
released to the oral microenvironment from the alveolar bone matrix
surrounding the MRONTJ lesion as a result of an event involving
inflammatory bone resorption (e.g., inflammatory dental disease, oral
trauma, invasive surgeries, etc.), induce toxic effects to the overlying
soft tissues, including the oral epithelia, and alter oral soft tissue
homeostasis and its healing capacity (57, 95). In addition, N-BPs
reduce proliferation, number and migration and increase cell cycle
arrest of oral keratinocytes (96-99). N-BPs have also been
demonstrated to reduce epithelial thickness in a 3D oral mucosa
model containing oral fibroblasts and keratinocytes on a scaffold
analogous to in vivo tissue (100).

In this study, the ZOL-treated rat groups had lesser epithelial
thickness and proliferative capacity of their healthy gingival
epithelium, particularly at the sulcular region, than their respective
VEH control rat groups. However, iPTH-treated rats had greater
epithelial thickness and proliferative capacity in the absence and
presence of ZOL administration in most of the gingiva/oral epithelium
regions. In addition, the response of the oral epithelium to PTH was
significantly less in the presence of ZOL than in the absence of
ZOL. Contrasting findings have been reported in an in vitro study, in
which treatment with PTH (1-34) inhibited the proliferation of
keratinocytes in a dose-dependent manner (65). The differences in the
proliferative capacity may be due to the mode in that PTH is
administered, considering that continuous and intermittent
administration of PTH has contrasting catabolic and anabolic effects
on bone (101-103). In a separate study, intermittent versus continuous
PTH (1-34) was assessed in human periodontal ligament cell
proliferation and survival in vitro (104). Low-dose exposure to iPTH
enhanced proliferation in periodontal ligament cell cultures,
something that continuous PTH did not do.

iPTH reduced inflammation in the localized periodontitis or
MRON] lesion. Indeed, VEH/PTH rice rats had fewer neutrophils
than VEH/VEH rice rats with periodontitis, and ZOL/PTH rice rats
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had fewer neutrophils than ZOL/VEH rats with MRONJ. Thus, iPTH
may play an anti-inflammatory role by reducing the number of
neutrophils at the MRONJ lesion site preventing further tissue
destruction through the regeneration of reactive oxygen species and
pro-inflammatory cytokines (105).

Together, these findings support further experimentation with
PTH for treating MRONJ in non-cancer patients. They may also
suggest that any agent that elevates bone turnover, even transiently,
can be useful in treating MRON] by driving the removal of necrotic
alveolar bone. These data suggest that iPTH treatment would also
be effective in denosumab-induced MRON]. Currently, most literature
consists of case studies in osteoporosis patients treated with
teriparatide to resolve MRONTJ with positive results (31, 32, 34, 106).
However, it is important to remember that PTH is contraindicated in
patients with cancer because it increases bone remodeling, possibly
contributing to bone metastasis (107). In addition, clinical studies in
patients with severe osteoporosis showed that Teriparatide in
combination with denosumab induced higher BMD gains and was
more effective than each agent alone, as occurs with the combination
of Teriparatide and N-BPs (108-111).

We recognize the limitations of this study. One of these is that
we did not use invasive or non-invasive in vivo approaches, such as
MicroCT or pMRI, to identify oral necrotic bone at baseline and
throughout treatment in the rice rats with MRONJ lesions. Another
limitation is that for evaluating inflammation in the MRONJ and
periodontitis lesions, we limited the investigation to quantifying CD3*
and neutrophils in the affected oral tissues and performing tissue
histopathology. A more comprehensive evaluation, including other
different inflammatory cell types and the subpopulations of CD3*
cells, would be advantageous to understand oral inflammation
in MRONJ.

Conclusion

Our data suggest that iPTH is an efficacious non-operative
therapy that enhances the resolution of the hard and soft tissue
pathology in established MRONT lesions in a validated preclinical
animal model of MRONJ.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

References

1. Ruggiero SL, Dodson TB, Aghaloo T, Carlson ER, Ward BB, Kademani D. American
Association of Oral and Maxillofacial Surgeons' position paper on medication-related
osteonecrosis of the Jaws-2022 update. ] Oral Maxillofac Surg. (2022) 80:920-43. doi:
10.1016/j.joms.2022.02.008

2. Khan AA, Morrison A, Hanley DA, Felsenberg D, McCauley LK, O'Ryan E, et al.
International task force on osteonecrosis of the, diagnosis and management of
osteonecrosis of the jaw: a systematic review and international consensus. ] Bone Miner
Res. (2015) 30:3-23. doi: 10.1002/jbmr.2405

3. Rugani P, Walter C, Kirnbauer B, Acham S, Begus-Nahrman Y, Jakse N.
Prevalence of medication-related osteonecrosis of the jaw in patients with breast
Cancer, prostate Cancer, and multiple myeloma. Dent J (Basel). (2016) 4:32. doi:
10.3390/dj4040032

Frontiers in Medicine

14

10.3389/fmed.2023.1179350

Ethics statement

The animal study was reviewed and approved by IACUC.

Author contributions

EC performed most of the experiments under the supervision of
JA. EC analyzed the results and wrote the manuscript with JA. JJ, CCr,
DF, and CCa contributed to the attainment of data and preparation of
samples for analysis. JY helped with ex vivo micro CT scanning and
analysis. IB and DK gave feedback on the manuscript and experimental
procedure. JA designed the experimental procedure, performed
experiments himself, supervised EC, co-analyzed the results with EC
and wrote the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This research was supported by the National Institute of Dental
and Craniofacial Research (NIDCR); RO1DE023783-01A.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1179350/
full#supplementary-material

4. Coleman RE, Collinson M, Gregory W, Marshall H, Bell R, Dodwell D, et al.
Benefits and risks of adjuvant treatment with zoledronic acid in stage II/III breast cancer.
10 years follow-up of the AZURE randomized clinical trial (BIG 01/04). ] Bone Oncol.
(2018) 13:123-35. doi: 10.1016/j.jb0.2018.09.008

5. Stopeck AT, Lipton A, Body JJ, Steger GG, Tonkin K, de Boer RH, et al. Denosumab
compared with zoledronic acid for the treatment of bone metastases in patients with
advanced breast cancer: a randomized, double-blind study. J Clin Oncol. (2010)
28:5132-9. doi: 10.1200/JC0.2010.29.7101

6. Van den Wyngaert T, Wouters K, Huizing MT, Vermorken JB. RANK ligand
inhibition in bone metastatic cancer and risk of osteonecrosis of the jaw (ONJ):
non bis in idem? Support Care Cancer. (2011) 19:2035-40. doi: 10.1007/
s00520-010-1061-0

frontiersin.org


https://doi.org/10.3389/fmed.2023.1179350
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2023.1179350/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2023.1179350/full#supplementary-material
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1002/jbmr.2405
https://doi.org/10.3390/dj4040032
https://doi.org/10.1016/j.jbo.2018.09.008
https://doi.org/10.1200/JCO.2010.29.7101
https://doi.org/10.1007/s00520-010-1061-0
https://doi.org/10.1007/s00520-010-1061-0

Castillo et al.

7. Ruggiero SL, Dodson TB, Fantasia J, Goodday R, Aghaloo T, Mehrotra B, et al.
American Association of Oral and Maxillofacial Surgeons position paper on medication-
related osteonecrosis of the jaw--2014 update. ] Oral Maxillofac Surg. (2014) 72:1938-56.
doi: 10.1016/j.joms.2014.04.031

8. Van Poznak C, Somerfield MR, Barlow WE, Biermann JS, Bosserman LD, Clemons
M]J, et al. Role of bone-modifying agents in metastatic breast Cancer: an American
Society of Clinical Oncology-Cancer Care Ontario focused guideline update. J Clin
Oncol. (2017) 35:3978-86. doi: 10.1200/JCO.2017.75.4614

9. Aapro M, Abrahamsson PA, Body JJ, Coleman RE, Colomer R, Costa L, et al.
Guidance on the use of bisphosphonates in solid tumours: recommendations of an
international expert panel. Ann Oncol. (2008) 19:420-32. doi: 10.1093/annonc/mdm442

10. Yu EW, Tsourdi E, Clarke BL, Bauer DC, Drake MT. Osteoporosis Management in
the era of COVID-19. ] Bone Miner Res. (2020) 35:1009-13. doi: 10.1002/jbmr.4049

11. Soundia A, Hadaya D, Esfandi N, de Molon RS, Bezouglaia O, Dry SM, et al.
Osteonecrosis of the jaws (ONJ) in mice after extraction of teeth with periradicular
disease. Bone. (2016) 90:133-41. doi: 10.1016/j.bone.2016.06.011

12. Song M, Alshaikh A, Kim T, Kim S, Dang M, Mehrazarin S, et al. Preexisting
periapical  inflammatory condition exacerbates tooth extraction-induced
bisphosphonate-related osteonecrosis of the jaw lesions in mice. ] Endod. (2016)
42:1641-6. doi: 10.1016/j.joen.2016.07.020

13. Wan JT, Sheeley DM, Somerman M]J, Lee JS. Mitigating osteonecrosis of the jaw
(ONYJ) through preventive dental care and understanding of risk factors. Bone Res.
(2020) 8:14. doi: 10.1038/s41413-020-0088-1

14. Katsarelis H, Shah NP, Dhariwal DK, Pazianas M. Infection and medication-
related osteonecrosis of the jaw. J Dent Res. (2015) 94:534-9. doi:
10.1177/0022034515572021

15. Kikuiri T, Kim I, Yamaza T, Akiyama K, Zhang Q, Li Y, et al. Cell-based
immunotherapy with mesenchymal stem cells cures bisphosphonate-related
osteonecrosis of the jaw-like disease in mice. ] Bone Miner Res. (2010) 25:1668-79. doi:
10.1002/jbmr.37

16. Hasegawa T, Hayashida S, Kondo E, Takeda Y, Miyamoto H, Kawaoka Y, et al.
Japanese study Group of co-operative Dentistry with, medication-related osteonecrosis
of the jaw after tooth extraction in cancer patients: a multicenter retrospective study.
Osteoporos Int. (2019) 30:231-9. doi: 10.1007/s00198-018-4746-8

17. Aghaloo TL, Kang B, Sung EC, Shoff M, Ronconi M, Gotcher JE, et al. Periodontal
disease and bisphosphonates induce osteonecrosis of the jaws in the rat. ] Bone Miner
Res. (2011) 26:1871-82. doi: 10.1002/jbmr.379

18. Aguirre JI, Akhter MP, Kimmel DB, Pingel JE, Williams A, Jorgensen M, et al.
Oncologic doses of zoledronic acid induce osteonecrosis of the jaw-like lesions in rice
rats (Oryzomys palustris) with periodontitis. ] Bone Miner Res. (2012) 27:2130-43. doi:
10.1002/jbmr.1669

19.de Molon RS, Cheong S, Bezouglaia O, Dry SM, Pirih F, Cirelli JA, et al.
Spontaneous osteonecrosis of the jaws in the maxilla of mice on antiresorptive treatment:
a novel ONJ mouse model. Bone. (2014) 68:11-9. doi: 10.1016/j.bone.2014.07.027

20. Messer JG, Jiron JM, Mendieta Calle JL, Castillo EJ, Israel R, Phillips EG, et al.
Zoledronate treatment duration is linked to bisphosphonate-related ONJ prevalence in
Rice rats with generalized periodontitis. Oral Dis. (2019) 25:1116-35. doi: 10.1111/
0di.13052

21. Messer JG, Mendieta Calle JL, Jiron JM, Castillo EJ, Van Poznak C, Bhattacharyya
N, et al. Zoledronic acid increases the prevalence of medication-related osteonecrosis of
the jaw in a dose dependent manner in rice rats (Oryzomys palustris) with localized
periodontitis. Bone. (2018) 108:79-88. doi: 10.1016/j.bone.2017.12.025

22.Kang B, Cheong S, Chaichanasakul T, Bezouglaia O, Atti E, Dry SM, et al.
Periapical disease and bisphosphonates induce osteonecrosis of the jaws in mice. ] Bone
Miner Res. (2013) 28:1631-40. doi: 10.1002/jbmr.1894

23. Migliorati CA, Woo SB, Hewson I, Barasch A, Elting LS, Spijkervet FK, et al. A
systematic review of bisphosphonate osteonecrosis (BON) in cancer. Support Care
Cancer. (2010) 18:1099-106. doi: 10.1007/s00520-010-0882-1

24.Kuhl S, Walter C, Acham S, Pfeffer R, Lambrecht JT. Bisphosphonate-related
osteonecrosis of the jaws--a review. Oral Oncol. (2012) 48:938-47. doi: 10.1016/j.
oraloncology.2012.03.028

25.Ruggiero SL. Emerging concepts in the management and treatment of
osteonecrosis of the jaw. Oral Maxillofac Surg Clin North Am. (2013) 25:11-20. doi:
10.1016/j.coms.2012.10.002

26.Khosla S, Burr D, Cauley ], Dempster DW, Ebeling PR, Felsenberg D, et al.
Bisphosphonate-associated osteonecrosis of the jaw: report of a task force of the
American Society for Bone and Mineral Research. ] Bone Miner Res. (2007) 22:1479-91.
doi: 10.1359/jbmr.07070nj

27.Ruggiero SL, Dodson TB, Assael LA, Landesberg R, Marx RE, Mehrotra B.
American Association of Oral and Maxillofacial Surgeons position paper on
bisphosphonate-related osteonecrosis of the jaws--2009 update. ] Oral Maxillofac Surg.
(2009) 67:2-12. doi: 10.1016/j.joms.2009.01.009

28. Vescovi P, Merigo E, Manfredi M, Meleti M, Fornaini C, Bonanini M, et al.
Nd:YAG laser biostimulation in the treatment of bisphosphonate-associated
osteonecrosis of the jaw: clinical experience in 28 cases. Photomed Laser Surg. (2008)
26:37-46. doi: 10.1089/ph0.2007.2181

Frontiers in Medicine

10.3389/fmed.2023.1179350

29. Lee CY, David T, Nishime M. Use of platelet-rich plasma in the management of
oral biphosphonate-associated osteonecrosis of the jaw: a report of 2 cases. ] Oral
Implantol. (2007) 33:371-82. doi: 10.1563/1548-1336(2007)33[371:UOPPIT]2.0.CO;2

30. Wutzl A, Biedermann E, Wanschitz F, Seemann R, Klug C, Baumann A, et al.
Treatment results of bisphosphonate-related osteonecrosis of the jaws. Head Neck.
(2008) 30:1224-30. doi: 10.1002/hed.20864

31.Cheung A, Seeman E. Teriparatide therapy for alendronate-associated
osteonecrosis of the jaw. N Engl ] Med. (2010) 363:2473-4. doi: 10.1056/NEJMc1002684

32. Harper RP, Fung E. Resolution of bisphosphonate-associated osteonecrosis of the
mandible: possible application for intermittent low-dose parathyroid hormone
[rhPTH(1-34)]. ] Oral Maxillofac Surg. (2007) 65:573-80. doi: 10.1016/j.
joms.2006.10.076

33. Kakehashi H, Ando T, Minamizato T, Nakatani Y, Kawasaki T, Tkeda H, et al.
Administration of teriparatide improves the symptoms of advanced bisphosphonate-
related osteonecrosis of the jaw: preliminary findings. Int ] Oral Maxillofac Surg. (2015)
44:1558-64. doi: 10.1016/j.ijom.2015.07.018

34.Lau AN, Adachi JD. Resolution of osteonecrosis of the jaw after teriparatide
[recombinant human PTH-(1-34)] therapy. J Rheumatol. (2009) 36:1835-7. doi:
10.3899/jrheum.081176

35. Favia G, Tempesta A, Limongelli L, Crincoli V, Maiorano E. Medication-related
osteonecrosis of the jaw: surgical or non-surgical treatment? Oral Dis. (2018) 24:238-42.
doi: 10.1111/0di.12764

36. Ristow O, Ruckschloss T, Muller M, Berger M, Kargus S, Pautke C, et al. Is the
conservative non-surgical management of medication-related osteonecrosis of the jaw
an appropriate treatment option for early stages? A long-term single-center cohort study.
J Craniomaxillofac Surg. (2019) 47:491-9. doi: 10.1016/j.jcms.2018.12.014

37. Eguchi T, Kanai I, Basugi A, Miyata Y, Inoue M, Hamada Y. The assessment of
surgical and non-surgical treatment of stage II medication-related osteonecrosis of the
jaw. Med Oral Patol Oral Cir Bucal. (2017) 22:788-95. doi: 10.4317/medoral.22013

38. McGowan K, Acton C, Ivanovski S, Johnson NW, Ware RS. Systemic comorbidities
are associated with medication-related osteonecrosis of the jaws: case-control study.
Oral Dis. (2019) 25:1107-15. doi: 10.1111/0di.13046

39. Kawahara M, Kuroshima S, Sawase T. Clinical considerations for medication-
related osteonecrosis of the jaw: a comprehensive literature review. Int. J. Implant Dent.
(2021) 7:47. doi: 10.1186/s40729-021-00323-0

40. Lombardi G, Di SC, Rubino M, Faggiano A, Vuolo L, Guerra E, et al. The roles of
parathyroid hormone in bone remodeling: prospects for novel therapeutics. ] Endocrinol
Investig. (2011) 34:18-22.

41. Silva BC, Costa AG, Cusano NE, Kousteni S, Bilezikian JP. Catabolic and anabolic
actions of parathyroid hormone on the skeleton. ] Endocrinol Investig. (2011) 34:801-10.
doi: 10.3275/7925

42. Sim IW, Borromeo GL, Tsao C, Hardiman R, Hofman MS, Papatziamos Hjelle C,
et al. Teriparatide promotes bone healing in medication-related osteonecrosis of the jaw:
a placebo-controlled, randomized trial. J Clin Oncol. (2020) 38:2971-80. doi: 10.1200/
JCO.19.02192

43. Kim KM, Park W, Oh SY, Kim HJ, Nam W, Lim SK, et al. Distinctive role of
6-month teriparatide treatment on intractable bisphosphonate-related osteonecrosis of
the jaw. Osteoporos Int. (2014) 25:1625-32. doi: 10.1007/s00198-014-2622-8

44. Kuroshima S, Entezami P, McCauley LK, Yamashita J. Early effects of parathyroid
hormone on bisphosphonate/steroid-associated compromised osseous wound healing.
Osteoporos Int. (2014) 25:1141-50. doi: 10.1007/s00198-013-2570-8

45.Kim JY, Jang HW, Kim JI, Cha IH. Effects of pre-extraction intermittent PTH
administration on extraction socket healing in bisphosphonate administered
ovariectomized rats. Sci Rep. (2021) 11:54. doi: 10.1038/s41598-020-79787-w

46. Keskinruzgar A, Bozdag Z, Aras MH, Demir T, Yolcu U, Cetiner S.
Histopathological effects of Teriparatide in medication-related osteonecrosis of the jaw:
an animal study. ] Oral Maxillofac Surg. (2016) 74:68-78. doi: 10.1016/j.joms.2015.07.005

47. Dayisoylu EH, Senel FC, Ungor C, Tosun E, Cankaya M, Ersoz S, et al. The effects
of adjunctive parathyroid hormone injection on bisphosphonate-related osteonecrosis
of the jaws: an animal study. Int ] Oral Maxillofac Surg. (2013) 42:1475-80. doi: 10.1016/j.
ijom.2013.05.001

48.Jung J, Shim GJ, Kim M, Yoon Y, Kim JE, Jue SS, et al. Effect and timing of
parathyroid hormone analog administration for preventing medication-related
osteonecrosis of the jaws in a murine model. ] Craniomaxillofac Surg. (2021) 49:719-25.
doi: 10.1016/j.jcms.2021.02.023

49. Zandi M, Dehghan A, Mohammadi-Mofrad A, Amini P, Vahdatinia F. Short-term
perioperative teriparatide therapy for the prevention of medication-related osteonecrosis
of the jaw: a randomized, controlled preclinical study in rats. ] Craniomaxillofac Surg.
(2017) 45:275-80. doi: 10.1016/j.jcms.2016.12.010

50. Zandi M, Dehghan A, Zandipoor N, Amini P, Doulati S. Effect of different doses
and durations of teriparatide therapy on resolution of medication-related osteonecrosis
of the jaw: a randomized, controlled preclinical study in rats. ] Craniomaxillofac Surg.
(2018) 46:466-72. doi: 10.1016/j.jcms.2017.12.027

51. Liu J, Mattheos N, Deng C, Su C, Wang Z, Luo N, et al. Management of medication-
related osteonecrosis of jaw: comparison between icariin and teriparatide in a rat model.
] Periodontol. (2021) 92:149-58. doi: 10.1002/JPER.19-0620

frontiersin.org


https://doi.org/10.3389/fmed.2023.1179350
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.joms.2014.04.031
https://doi.org/10.1200/JCO.2017.75.4614
https://doi.org/10.1093/annonc/mdm442
https://doi.org/10.1002/jbmr.4049
https://doi.org/10.1016/j.bone.2016.06.011
https://doi.org/10.1016/j.joen.2016.07.020
https://doi.org/10.1038/s41413-020-0088-1
https://doi.org/10.1177/0022034515572021
https://doi.org/10.1002/jbmr.37
https://doi.org/10.1007/s00198-018-4746-8
https://doi.org/10.1002/jbmr.379
https://doi.org/10.1002/jbmr.1669
https://doi.org/10.1016/j.bone.2014.07.027
https://doi.org/10.1111/odi.13052
https://doi.org/10.1111/odi.13052
https://doi.org/10.1016/j.bone.2017.12.025
https://doi.org/10.1002/jbmr.1894
https://doi.org/10.1007/s00520-010-0882-1
https://doi.org/10.1016/j.oraloncology.2012.03.028
https://doi.org/10.1016/j.oraloncology.2012.03.028
https://doi.org/10.1016/j.coms.2012.10.002
https://doi.org/10.1359/jbmr.0707onj
https://doi.org/10.1016/j.joms.2009.01.009
https://doi.org/10.1089/pho.2007.2181
https://doi.org/10.1563/1548-1336(2007)33[371:UOPPIT]2.0.CO;2
https://doi.org/10.1002/hed.20864
https://doi.org/10.1056/NEJMc1002684
https://doi.org/10.1016/j.joms.2006.10.076
https://doi.org/10.1016/j.joms.2006.10.076
https://doi.org/10.1016/j.ijom.2015.07.018
https://doi.org/10.3899/jrheum.081176
https://doi.org/10.1111/odi.12764
https://doi.org/10.1016/j.jcms.2018.12.014
https://doi.org/10.4317/medoral.22013
https://doi.org/10.1111/odi.13046
https://doi.org/10.1186/s40729-021-00323-0
https://doi.org/10.3275/7925
https://doi.org/10.1200/JCO.19.02192
https://doi.org/10.1200/JCO.19.02192
https://doi.org/10.1007/s00198-014-2622-8
https://doi.org/10.1007/s00198-013-2570-8
https://doi.org/10.1038/s41598-020-79787-w
https://doi.org/10.1016/j.joms.2015.07.005
https://doi.org/10.1016/j.ijom.2013.05.001
https://doi.org/10.1016/j.ijom.2013.05.001
https://doi.org/10.1016/j.jcms.2021.02.023
https://doi.org/10.1016/j.jcms.2016.12.010
https://doi.org/10.1016/j.jcms.2017.12.027
https://doi.org/10.1002/JPER.19-0620

Castillo et al.

52. Walter C, Pabst A, Ziebart T, Klein M, Al-Nawas B. Bisphosphonates affect
migration ability and cell viability of HUVEC, fibroblasts and osteoblasts in vitro. Oral
Dis. (2011) 17:194-9. doi: 10.1111/§.1601-0825.2010.01720.x

53. Ziebart T, Halling F, Heymann P, Neff A, Blatt S, Jung J, et al. Impact of soft tissue
pathophysiology in the development and maintenance of bisphosphonate-related
osteonecrosis of the jaw (BRONYJ). Dent J (Basel). (2016) 4:36. doi: 10.3390/dj4040036

54. Landesberg R, Cozin M, Cremers S, Woo V, Kousteni S, Sinha S, et al. Inhibition
of oral mucosal cell wound healing by bisphosphonates. ] Oral Maxillofac Surg. (2008)
66:839-47. doi: 10.1016/j.joms.2008.01.026

55. Sedghizadeh PP, Kumar SK, Gorur A, Schaudinn C, Shuler CF, Costerton JW.
Identification of microbial biofilms in osteonecrosis of the jaws secondary to
bisphosphonate therapy. J Oral Maxillofac Surg. (2008) 66:767-75. doi: 10.1016/j.
joms.2007.11.035

56. Scheper MA, Badros A, Chaisuparat R, Cullen KJ, Meiller TE. Effect of zoledronic
acid on oral fibroblasts and epithelial cells: a potential mechanism of bisphosphonate-
associated  osteonecrosis. Br ]  Haematol. (2009) 144:667-76. doi:
10.1111/j.1365-2141.2008.07504.x

57.Reid IR, Bolland MJ, Grey AB. Is bisphosphonate-associated osteonecrosis of the
jaw caused by soft tissue toxicity? Bome. (2007) 41:318-20. doi: 10.1016/j.
bone.2007.04.196

58. Stutz C, Batool F, Petit C, Strub M, Kuchler-Bopp S, Benkirane-Jessel N, et al.
Influence of parathyroid hormone on periodontal healing in animal models: a systematic
review. Arch Oral Biol. (2020) 120:104932. doi: 10.1016/j.archoralbio.2020.104932

59. Shen YE Huang JH, Wang KY, Zheng J, Cai L, Gao H, et al. PTH derivative
promotes wound healing via synergistic multicellular stimulating and exosomal
activities. Cell Commun Signal. (2020) 18:40. doi: 10.1186/s12964-020-00541-w

60. Wang MW, Yang Z, Chen X, Zhou SH, Huang GL, Sun N, et al. Activation of
PTHIR alleviates epididymitis and orchitis through Gq and beta-arrestin-1 pathways.
Proc Natl Acad Sci U S A. (2021) 118: €2107363118. doi: 10.1073/pnas.2107363118

61. Gilbert W, Goodin JL, McPherson JC, Chuang AH. The effects of continual
intermittent parathyroid hormone treatment on human periodontal ligament fibroblasts
in an in vitro wound repopulation model. Mil Med. (2020) 185:644-8. doi: 10.1093/
milmed/usz252

62. Colston KW. Vitamin D and breast cancer risk. Best Pract Res Clin Endocrinol
Metab. (2008) 22:587-99. doi: 10.1016/j.beem.2008.08.002

63. Cataisson C, Lieberherr M, Cros M, Gauville C, Graulet AM, Cotton J, et al.
Parathyroid hormone-related peptide stimulates proliferation of highly tumorigenic
human SV40-immortalized breast epithelial cells. ] Bone Miner Res. (2000) 15:2129-39.
doi: 10.1359/jbmr.2000.15.11.2129

64. Hastings RH, Berg JT, Summers-Torres D, Burton DW, Deftos LJ. Parathyroid
hormone-related protein reduces alveolar epithelial cell proliferation during lung injury
in rats. Am ] Physiol Lung Cell Mol Physiol. (2000) 279:L194-200. doi: 10.1152/
ajplung.2000.279.1.1194

65. Bu X, Bi X, Wang W, Shi Y, Hou Q, Gu J. Effects of recombinant human parathyroid
hormone (1-34)on cell proliferation, chemokine expression and the hedgehog pathway
in keratinocytes. Mol Med Rep. (2018) 17:5589-94. doi: 10.3892/mmr.2018.8567

66. Kaiser SM, Laneuville P, Bernier SM, Rhim JS, Kremer R, Goltzman D. Enhanced
growth of a human keratinocyte cell line induced by antisense RNA for parathyroid
hormone-related peptide. J Biol Chem. (1992) 267:13623-8. doi: 10.1016/
S0021-9258(18)42258-2

67. Fiaschi-Taesch N, Sicari BM, Ubriani K, Bigatel T, Takane KK, Cozar-Castellano
I, et al. Cellular mechanism through which parathyroid hormone-related protein
induces proliferation in arterial smooth muscle cells: definition of an arterial smooth
muscle PTHrP/p27kipl pathway. Circ Res. (2006) 99:933-42. doi: 10.1161/01.
RES.0000248184.21644.20

68. Finkelman RD, Mohan S, Linkhart TA, Abraham SM, Boussy JP, Baylink DJ. PTH
stimulates the proliferation of TE-85 human osteosarcoma cells by a mechanism not
involving either increased cAMP or increased secretion of IGF-I, IGF-II or TGF beta.
Bone Miner. (1992) 16:89-100. doi: 10.1016/0169-6009(92)90879-1

69. Onishi T, Zhang W, Cao X, Hruska K. The mitogenic effect of parathyroid
hormone is associated with E2F-dependent activation of cyclin-dependent kinase 1
(cdc2) in osteoblast precursors. ] Bone Miner Res. (1997) 12:1596-605. doi: 10.1359/
jbmr.1997.12.10.1596

70. Barros SP, Silva MAD, Somerman MJ, Nociti FH. Parathyroid hormone protects
against periodontitis-associated bone loss. J Dent Res. (2003) 82:791-5. doi:
10.1177/154405910308201006

71. Otawa M, Tanoue R, Kido H, Sawa Y, Yamashita J. Intermittent administration of
parathyroid hormone ameliorates periapical lesions in mice. ] Endod. (2015) 41:646-51.
doi: 10.1016/j.joen.2014.12.008

72.Chen H, Fu T, Ma Y, Wu X, Li X, Li X, et al. Intermittent administration of
parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in
streptozotocin-induced diabetic rats. Arch Oral Biol. (2017) 83:76-84. doi: 10.1016/j.
archoralbio.2017.06.033

73.Zhang W, Wu SZ, Zhou ], Chen HM, Gong YL, Peng FF, et al. Parathyroid
hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats. Arch
Oral Biol. (2017) 83:13-9. doi: 10.1016/j.archoralbio.2017.06.013

Frontiers in Medicine

10.3389/fmed.2023.1179350

74. Castillo EJ, Messer JG, Abraham AM, Jiron JM, Alekseyenko AV, Israel R, et al.
Preventing or controlling periodontitis reduces the occurrence of osteonecrosis of the
jaw (ONYJ) in Rice rats (Oryzomys palustris). Bone. (2021) 145:115866. doi: 10.1016/j.
bone.2021.115866

75. Aguirre JI, Castillo EJ, Kimmel DB. Preclinical models of medication-related
osteonecrosis of the jaw (MRONJ). Bone. (2021) 153:116184. doi: 10.1016/j.
bone.2021.116184

76. Aguirre JI, Edmonds K, Zamora B, Pingel ], Thomas L, Cancel D, et al. Breeding,
husbandry, veterinary care, and hematology of marsh Rice rats (Oryzomys palustris), a
small animal model for periodontitis. ] Am Assoc Lab Anim Sci. (2015) 54:51-8.

77. Messer ]G, Jiron JM, Chen HY, Castillo EJ, Mendieta Calle JL, Reinhard MK, et al.
Prevalence of food impaction-induced periodontitis in conventionally housed marsh
Rice rats (Oryzomys palustris). Comp Med. (2017) 67:43-50.

78. Messer ]G, Castillo EJ, Abraham AM, Jiron JM, Israel R, Yarrow JF, et al. Anti-
vascular endothelial growth factor antibody monotherapy causes destructive advanced
periodontitis in rice rats (Oryzomys palustris). Bone. (2020) 130:115141. doi: 10.1016/j.
bone.2019.115141

79. Ullman-Cullere MH, Foltz CJ. Body condition scoring: a rapid and accurate
method for assessing health status in mice. Lab Anim Sci. (1999) 49:319-23.

80. Gasser JA, Ingold P, Venturiere A, Shen V, Green JR. Long-term protective effects
of zoledronic acid on cancellous and cortical bone in the ovariectomized rat. ] Bone
Miner Res. (2008) 23:544-51. doi: 10.1359/jbmr.071207

81. Aguirre JI, Leal ME, Rivera MF, Vanegas SM, Jorgensen M, Wronski TJ. Effects of
basic fibroblast growth factor and a prostaglandin E2 receptor subtype 4 agonist on
osteoblastogenesis and adipogenesis in aged ovariectomized rats. ] Bone Miner Res.
(2007) 22:877-88. doi: 10.1359/jbmr.070313

82. Yarrow JE, Conover CF, Beggs LA, Beck DT, Otzel DM, Balaez A, et al. Testosterone
dose dependently prevents bone and muscle loss in rodents after spinal cord injury. J
Neurotrauma. (2014) 31:834-45. doi: 10.1089/neu.2013.3155

83.Bouxsein M, Boyd SK, Christiansen BA, Guldberg R, Jepsen KJ, Muller R.
Guidelines for assessment of bone microstructure in rodents using micro-computed
tomogrraphy. ] Bone Miner Res. (2010) 25:1468-86. doi: 10.1002/jbmr.141

84. Franco-Pretto E, Pacheco M, Moreno A, Messa O, Gnecco J. Bisphosphonate-induced
osteonecrosis of the jaws: clinical, imaging, and histopathology findings. Oral Surg Oral Med
Oral Pathol Oral Radiol. (2014) 118:408-17. doi: 10.1016/j.0000.2014.04.017

85. Zheng LZ, Wang JL, Kong L, Huang L, Tian L, Pang QQ, et al. Steroid-associated
osteonecrosis animal model in rats. ] Orthop Translat. (2018) 13:13-24. doi: 10.1016/j.
jot.2018.01.003

86. Yang L, Boyd K, Kaste SC, Kamdem Kamdem L, Rahija R], Relling MV. A mouse
model for glucocorticoid-induced osteonecrosis: effect of a steroid holiday. ] Orthop Res.
(2009) 27:169-75. doi: 10.1002/jor.20733

87. Kuroshima S, Yamashita J. Chemotherapeutic and antiresorptive combination
therapy suppressed lymphangiogenesis and induced osteonecrosis of the jaw-like lesions
in mice. Bone. (2013) 56:101-9. doi: 10.1016/j.bone.2013.05.013

88. Yamashita J, Koi K, Yang DY, McCauley LK. Effect of zoledronate on oral wound
healing in rats. Clin Cancer Res. (2011) 17:1405-14. doi: 10.1158/1078-0432.
CCR-10-1614

89. Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA, Malluche H,
et al. Standardized nomenclature, symbols, and units for bone histomorphometry: a
2012 update of the report of the ASBMR Histomorphometry nomenclature committee.
] Bone Miner Res. (2013) 28:2-17. doi: 10.1002/jbmr.1805

90. Aguirre J, Buttery L, O'Shaughnessy M, Afzal E Fernandez DM, Hukkanen IM, et al.
Endothelial nitric oxide synthase gene-deficient mice demonstrate marked retardation in
postnatal bone formation, reduced bone volume, and defects in osteoblast maturation and
activity. Am ] Pathol. (2001) 158:247-57. doi: 10.1016/S0002-9440(10)63963-6

91.Beggs LA, Ye F, Ghosh P, Beck DT, Conover CE Balaez A, et al. Sclerostin
inhibition prevents spinal cord injury-induced cancellous bone loss. ] Bone Miner Res.
(2015) 30:681-9. doi: 10.1002/jbmr.2396

92. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell
Physiol. (2000) 182:311-22. doi: 10.1002/(SICI)1097-4652(200003)182:3<311::AID-
JCP1>3.0.C0O;2-9

93. Ersan N, van Ruijven L], Bronckers AL, Olgag V, Ilgiiy D, Everts V. Teriparatide
and the treatment of bisphosphonate-related osteonecrosis of the jaw: a rat model.
Dentomaxillofac Radiol. (2014) 43:20130144. doi: 10.1259/dmfr.20130144

94. Yu W, Su J. The effects of different doses of teriparatide on bisphosphonate-related
osteonecrosis of the jaw in mice. Oral Dis. (2020) 26:609-20. doi: 10.1111/0di.13275

95. Landesberg R, Woo V, Cremers S, Cozin M, Marolt D, Vunjak-Novakovic G, et al.
Potential pathophysiological mechanisms in osteonecrosis of the jaw. Ann N'Y Acad Sci.
(2011) 1218:62-79. doi: 10.1111/j.1749-6632.2010.05835.x

96. Saito T, Izumi K, Shiomi A, Uenoyama A, Ohnuki H, Kato H, et al. Zoledronic acid
impairs re-epithelialization through down-regulation of integrin alphavbeta6 and
transforming growth factor beta signalling in a three-dimensional in vitro wound healing
model. Int ] Oral Maxillofac Surg. (2014) 43:373-80. doi: 10.1016/j.jjom.2013.06.016

97. Pabst AM, Ziebart T, Koch FP, Taylor KY, Al-Nawas B, Walter C. The influence of
bisphosphonates on viability, migration, and apoptosis of human oral keratinocytes--in
vitro study. Clin Oral Investig. (2012) 16:87-93. doi: 10.1007/s00784-010-0507-6

frontiersin.org


https://doi.org/10.3389/fmed.2023.1179350
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/j.1601-0825.2010.01720.x
https://doi.org/10.3390/dj4040036
https://doi.org/10.1016/j.joms.2008.01.026
https://doi.org/10.1016/j.joms.2007.11.035
https://doi.org/10.1016/j.joms.2007.11.035
https://doi.org/10.1111/j.1365-2141.2008.07504.x
https://doi.org/10.1016/j.bone.2007.04.196
https://doi.org/10.1016/j.bone.2007.04.196
https://doi.org/10.1016/j.archoralbio.2020.104932
https://doi.org/10.1186/s12964-020-00541-w
https://doi.org/10.1073/pnas.2107363118
https://doi.org/10.1093/milmed/usz252
https://doi.org/10.1093/milmed/usz252
https://doi.org/10.1016/j.beem.2008.08.002
https://doi.org/10.1359/jbmr.2000.15.11.2129
https://doi.org/10.1152/ajplung.2000.279.1.L194
https://doi.org/10.1152/ajplung.2000.279.1.L194
https://doi.org/10.3892/mmr.2018.8567
https://doi.org/10.1016/S0021-9258(18)42258-2
https://doi.org/10.1016/S0021-9258(18)42258-2
https://doi.org/10.1161/01.RES.0000248184.21644.20
https://doi.org/10.1161/01.RES.0000248184.21644.20
https://doi.org/10.1016/0169-6009(92)90879-I
https://doi.org/10.1359/jbmr.1997.12.10.1596
https://doi.org/10.1359/jbmr.1997.12.10.1596
https://doi.org/10.1177/154405910308201006
https://doi.org/10.1016/j.joen.2014.12.008
https://doi.org/10.1016/j.archoralbio.2017.06.033
https://doi.org/10.1016/j.archoralbio.2017.06.033
https://doi.org/10.1016/j.archoralbio.2017.06.013
https://doi.org/10.1016/j.bone.2021.115866
https://doi.org/10.1016/j.bone.2021.115866
https://doi.org/10.1016/j.bone.2021.116184
https://doi.org/10.1016/j.bone.2021.116184
https://doi.org/10.1016/j.bone.2019.115141
https://doi.org/10.1016/j.bone.2019.115141
https://doi.org/10.1359/jbmr.071207
https://doi.org/10.1359/jbmr.070313
https://doi.org/10.1089/neu.2013.3155
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1016/j.oooo.2014.04.017
https://doi.org/10.1016/j.jot.2018.01.003
https://doi.org/10.1016/j.jot.2018.01.003
https://doi.org/10.1002/jor.20733
https://doi.org/10.1016/j.bone.2013.05.013
https://doi.org/10.1158/1078-0432.CCR-10-1614
https://doi.org/10.1158/1078-0432.CCR-10-1614
https://doi.org/10.1002/jbmr.1805
https://doi.org/10.1016/S0002-9440(10)63963-6
https://doi.org/10.1002/jbmr.2396
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
https://doi.org/10.1259/dmfr.20130144
https://doi.org/10.1111/odi.13275
https://doi.org/10.1111/j.1749-6632.2010.05835.x
https://doi.org/10.1016/j.ijom.2013.06.016
https://doi.org/10.1007/s00784-010-0507-6

Castillo et al.

98. Scheller EL, Baldwin CM, Kuo S, D'Silva NJ, Feinberg SE, Krebsbach PH, et al.
Bisphosphonates inhibit expression of p63 by oral keratinocytes. J Dent Res. (2011)
90:894-9. doi: 10.1177/0022034511407918

99. Ohnuki H, Izumi K, Terada M, Saito T, Kato H, Suzuki A, et al. Zoledronic acid
induces S-phase arrest via a DNA damage response in normal human oral keratinocytes.
Arch Oral Biol. (2011) 57:906-17. doi: 10.1016/j.archoralbio.2011.11.015

100. Colley HE, Hearnden V, Jones AV, Weinreb PH, Violette SM, Macneil S, et al.
Development of tissue-engineered models of oral dysplasia and early invasive oral
squamous cell carcinoma. Br J Cancer. (2011) 105:1582-92. doi: 10.1038/bjc.2011.403

101. Hanyu R, Wehbi VL, Hayata T, Moriya S, Feinstein TN, Ezura Y, et al. Anabolic
action of parathyroid hormone regulated by the beta2-adrenergic receptor. Proc Natl
Acad Sci U S A. (2012) 109:7433-8. doi: 10.1073/pnas.1109036109

102. Silva BC, Bilezikian JP. Parathyroid hormone: anabolic and catabolic actions on
the skeleton. Curr Opin Pharmacol. (2015) 22:41-50. doi: 10.1016/j.coph.2015.
03.005

103. Siddiqui JA, Johnson J, Le Henaff C, Bitel CL, Tamasi JA, Partridge NC. Catabolic
effects of human PTH (1-34) on bone: requirement of monocyte chemoattractant
Protein-1 in murine model of hyperparathyroidism. Sci Rep. (2017) 7:15300. doi:
10.1038/s41598-017-15563-7

104. Lossdorfer S, Gotz W, Jager A. Parathyroid hormone modifies human periodontal
ligament cell proliferation and survival in vitro. ] Periodontal Res. (2006) 41:519-26. doi:
10.1111/j.1600-0765.2006.00899.x

Frontiers in Medicine

17

10.3389/fmed.2023.1179350

105. Zhang W, Gao L, Ren W, Li S, Zheng J, Li S, et al. The role of the immune
response in the development of medication-related osteonecrosis of the jaw. Front
Immunol. (2021) 12:606043. doi: 10.3389/fimmu.2021.606043

106. Tsai KY, Huang CS, Huang GM, Yu CT. More on the resolution of
bisphosphonate-associated osteonecrosis of the jaw. ] Rheumatol. (2010) 37:675. doi:
10.3899/jrheum.091022

107. Tashjian AH Jr, Gagel RE. Teriparatide [human PTH(1-34)]: 2.5 years of
experience on the use and safety of the drug for the treatment of osteoporosis. J Bone
Miner Res. (2006) 21:354-65. doi: 10.1359/JBMR.051023

108.Sun Y, Li Y, Li J, Xie X, Gu E Sui Z, et al. Efficacy of the combination of
Teriparatide and Denosumab in the treatment of postmenopausal osteoporosis: a meta-
analysis. Front Pharmacol. (2022) 13:888208. doi: 10.3389/fphar.2022.888208

109. Zhang C, Song C. Combination therapy of PTH and Antiresorptive drugs on
osteoporosis: a review of treatment alternatives. Front Pharmacol. (2020) 11:607017. doi:
10.3389/fphar.2020.607017

110. Anastasilakis AD, Polyzos SA, Yavropoulou MP, Makras P. Combination and
sequential treatment in women with postmenopausal osteoporosis. Expert Opin
Pharmacother. (2020) 21:477-90. doi: 10.1080/14656566.2020.1717468

111. Tsai JN, Lee H, David NL, Eastell R, Leder BZ. Combination denosumab and
high dose teriparatide for postmenopausal osteoporosis (DATA-HD): a randomised,
controlled phase 4 trial. Lancet Diabetes Endocrinol. (2019) 7:767-75. doi: 10.1016/
$2213-8587(19)30255-4

frontiersin.org


https://doi.org/10.3389/fmed.2023.1179350
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1177/0022034511407918
https://doi.org/10.1016/j.archoralbio.2011.11.015
https://doi.org/10.1038/bjc.2011.403
https://doi.org/10.1073/pnas.1109036109
https://doi.org/10.1016/j.coph.2015.03.005
https://doi.org/10.1016/j.coph.2015.03.005
https://doi.org/10.1038/s41598-017-15563-7
https://doi.org/10.1111/j.1600-0765.2006.00899.x
https://doi.org/10.3389/fimmu.2021.606043
https://doi.org/10.3899/jrheum.091022
https://doi.org/10.1359/JBMR.051023
https://doi.org/10.3389/fphar.2022.888208
https://doi.org/10.3389/fphar.2020.607017
https://doi.org/10.1080/14656566.2020.1717468
https://doi.org/10.1016/S2213-8587(19)30255-4
https://doi.org/10.1016/S2213-8587(19)30255-4

	Intermittent parathyroid hormone enhances the healing of medication-related osteonecrosis of the jaw lesions in rice rats
	Highlights
	Introduction
	Materials and methods
	Animal care and management
	Study design
	In vivo oral exams and definition of MRONJ-like lesion
	Euthanasia and tissue collection
	Gross ex vivo analysis of maxillary lesions
	MicroCT analysis of maxillae
	Preparation of sections from undecalcified maxillae
	Assessment of MRONJ and quantification of necrotic bone
	Bone histomorphometry of maxillary alveolar bone
	Oral/gingival epithelium thickness and proliferation
	Quantification of T-cells and neutrophils in oral soft tissues associated with MRONJ
	Statistics

	Results
	General observations
	Verification of systemic skeletal effects of the treatments
	Gross analysis of maxillary lesions
	MicroCT analysis of maxillae
	Histopathologic diagnosis of MRONJ and its prevalence
	Maxillary bone histomorphometry
	Oral/gingival epithelium thickness and proliferation
	Oral/gingival epithelial thickness
	Oral/gingival epithelial proliferation
	Quantification of T-cells and neutrophils in oral soft tissues

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

