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Abstract

Objectives: To determine the extent that zoledronate (ZOL) dose and duration is associated

with bisphosphonateelated osteonecrosis of the jaBRONJ) prevalencin rice rats with
generalizegeriodontitis PD); characterize stictural and tissukevel features oBRONJike
lesions in thissmodehlnd examine the specific antesorptiverole of ZOL in BRONJ

Materials.and.Methods: Rice rats 1=228) consumedtigh-sucrosecasein dietd enhance
generalized®D. Groups of rats received 0, 8, 20, 50 or 125ug/kg IV ZOL/4wks encompassing
osteoporosis anoncology ZOLdoses. Rats from each dose group (n=9-16) were necropsied
after 12,18, 24,/and 30wks of treatmeBRONJlike lesionprevalence antissuelevel features
wereassessed grossliistopathologically, and by MicroCEZOL bone turnoveeffects were
assessed by femoral pQCT, serum bamaever markeELISAS, and osteoclast
immunolabeling.

Results:Prevalence of BRONlike lesionswassignificantly associated with) ZOL
treatmentduration, buplateaued ahe lowest oncologic dose, andtBgre was similar dose
related plateau ithe systemic antiesorptive effect of ZOLZOL andBRONUIlike lesionsalso
altered the structural and tissiesel features of the jaw

Conclusien: Therelationslip betweerBRONUJlike lesionprevalence andOL dose and
durationvariesdepending on the cor preexisting oral risk factorAt clinically relevant doses

of ZOL, BRONUJlike lesions are associatedth antiresorptive activity.

Key words: preclinical antiresorptives; toxicologyhigh sucrose casein djétistopathology

Abbreviationsi:BRONJ: bisphosphonatelated osteonecrosis of the jaLP: food impaction-
induced*lacalized periodontitis, GQG: gross quadrant grade, HSC: high soasese-diet, M:
molar, MRONJ: medicaticrelated osteonecrosis of the jaw, OP: osteoporosis, pAR: @otent

resorptive, PDL; periodontal ligament, STD: standard rodent chow, ZOL: aokser
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1. Introduction

Medicationrelated osteonecrosis of the jaw (MRONJ) is a potentially severe adverse event
characterized by persistent exposure of necrotic bone in thiRjaggiero et al., 2014) in
patients treated withotentantiresorptives (pARS) [e.g. nitrogen-containing bisphosphonates,
N-BPs(Marx;2003, Ruggiero et al., 2014), and receptor activatSiFeB ligand antibodies
(Stopeck et al.;4 2010, Van den Wyngaert et al., 201jre recently MRONJ has been
observed in‘patients with candakingantrangiogenianedication(e.g. vascular endothelial
growth factor-antibodies) (Carlson & Schlott, 2014, Eleutherakis-PapaiakovamiaB, 2017,
Fusco et al., 2016, Khan et al., 2017, Ramirez et al., 2015, Voss et al., ROONJ cases in
which the enlyssystemicallgdministered medication is anBP, the term isphosphonate-
related osteonecrosis of the jaw (BRONJ) may also be used

Systemic administration of these medicatiaspecifiedin the clinical definition of MRONJ
as a requiremetior aformal diagnosis (Ruggiero et al., 2014). Howelaral factors in the
oral cavity,.despite being absdrdm the formaldefinition of MRONJ,also increase riskand
play a crugialrole in the disease procgsghaloo et al., 2015, Aljohani et al., 2017, Carlson &
Schlott, 2014 sEleutherakRapai&ovou & Bamias, 2017, Filleul et al., 2010, Hamadeh et al.,
2015, Khan.et al., 2017, Otto et al., 2012, Voss et al., 2017, Yoneda et al., 2017, Marx, 2003).
Discrete_ oraprocedures involving the dentoalveolar bone (e.g. tooth extractienpnsidered
the most commotocal oral factormassociated with MRON&Nd aresstimated to ccur in 52-
86% of MRONJ case$Aghaloo efal., 2015, Aljohani et al., 2017, Carlson & Schlott, 2014,
EleutherakisPapaiakovou & Bamias, 2017, Filleul et al., 2010, Hamadeh et al., 2015, Khan et
al., 2017, Marx, 2003, Otto et al., 2012, Ruggiero et al., 2014, Voss et al., 2017, Yoneda et al.,
2017). Elaying start of risk factor medicationatil surgical sitebiave healedand ensuring
appropriate peoperative managemeitmcluding antibiotic coveragayre often effective means
to prevent MRONJ associated with dentoalveolar surgery (Dimopoulos et al., 2009, Boefert
Eufinger, 2011, Montefusco et al., 2008, Ripamonti et al., 2009, Vandone et al., 2012).
However, periodontitis (PD) areriapical infectior{Aghaloo et al., 2011, Aghaloo et al., 2014,
Aguirre et'al,,2012b, Li et al., 2016, Song et al., 2016) have also been identified as important
risk factors foBRONJ/MRONUJin patients withoutecent dentoalveolar surgg(fyleutherakis
Papaiakovou & Bamias, 2017, Voss et al., 2017, Khan et al., 2017, Carlson & Schlott, 2014,
Marx, 2003). While, al diseaseswvolving the periodontal tissues appear to contribute to
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MRONJ directlytheymayalso contribute to cases related to dentoalveolar surgery, since teeth
that require extractionftenhave some degree of acute or chronic infection (e.g. infection from
caries, periodontal disease). Cases in which MRONJ arises without a recent dentoalveolar
surgery may be_more difficult to anticipate and tregpeciallyif these conditions are not fully
resolved beferbeginningpAR treatmentor if they arise after pARreatmentas started

Therefore, studies that investigate the role of speaiitinflammatory diseaseas local oral

risk factorsforMRONJ are important to develop a comprehensive understanding of the
pathophysitogy of the diseaseand contribute evidence that might be used to develop
preventative ortherapeutic strategies.

Rice rats Oryzomys palustris) develop two distinctive types of PD that requiresnogical or
local mechanical intervention: B generalized form, which affects both maxillae and mandibles,
and isaccelerated bg high sucroseasein diet (HSC)Aguirre et al., 2012a, Aguirre et al.,

2016, Gotcher & Jee, 1981, Gupta & Shaw, 1956a, Gupta & Shaw, 1956b);aluda)zed

form (foodimpaction localized PD, FILP), which overwhehglly affects the maxillary
interdentalsspace between molar (M) 2 and M3 and is fouridamats fed standard rodent chow
(STD) (Messer‘et al., 2017). Importantly, rice rats fed HSC diet do not develop KibRde
Thereforeptwo different PD modeatan be generated rice ratsby dietary modification alone.
The pelleted HSC diet that accelerates generalizeid B&sed on the powdered Harvard high
sucrose 700 and the ration 100 diets used in previous stu@iesclerate thenset of PD in rice
rats(Auskaps et al., 1957, Gotcher & Jee, 1981, Gupta & Shaw, 1956b, Gupta & Shaw, 19564,
Ryder, 1980).Thereason the pelletddSC dietdoes not produce FILEAQguirre etal., 2012a,
Aguirre etals2012bis possibly due to the low content (3%) of insoluble fibre provided as
powdered cellulosevhich is in contragio STD rodent chow (irradiated diet no. 7912, Teklad
LM-485 Rodent Diet; Envigo, Tampa, Fyhich contains 13.7%\eutral Detergent Fiber

(NDF) and.4.6% of crude fiber. These fibrous components @Tliechowdietappear to
contribute_to thénitiation and persistence of FILP lesions.

The defining feature of the FILP model is direct injury to soft tissue in the maxillary
interdental'M2M3 space by persistent presence of impacted plant fibre and cellular debris.
Food impaction around teeth, dental implants, or embrasures in humans may also result in pe
implantitis or pericoronitis (Du et al., 2010), and is an important risk factor for localized PD in
humans (Matthews & Tabesh, 2004, Nunn, 2003). Converdigigat and histopathologic
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examination of gneralized PD in the rice rahows marked accumulation of microbial plaque on
molar surfaces and inflammatiofperiodontal tissues. This typ@pears to resemble human
PD, in which biofilmsarean important mediataand contributing factor to the pathophysiology
of the diseas€Genco & Borgnakke, 2013, Offenbacher, 1996, Salvi et al., 1997, Page et al.,
1997).

Rice rats with either type of Bland without dentoalveolar surgedgvelopBRONJ}like
lesions 'when'simultaneously exposed to clinicadlgvant doses of thsystemic pAR
zoledronat€ZOL) (Aguirre et al., 2012b, Messer et al., 2018). Importantly, theaneal
distribution of BRONJlike lesionsappears to be associated with the anatomical location of the
PD in individual rats. Specifically, rice rats fed STD diet and injected with ZOL developed
BRONJlikeflesionsprimarily at the same location as the Pllesiors, the M2M3 maxillary
interdental spacéMesser et al., 2018)\hereas ratked HSC diet and injected with oncoliag
ZOL devebpedBRONUIlike lesionsequally in the four jaw quadrants (Aguirre et al., 2012b).
These findings suggest that rats gieéinically-relevant doses atOL are more likely to
developBRONZlike lesionsin quadrants that are also direcdfjectedby oral inflammation.

In humansgvarioulcal oral risk factors (e.g. oral infections, surditalimaevents, and
inflammatory diseagewhen combined with sysmicrisk factormedicatiors, canresult in
MRONJ._However, i is not clear if different local oral risk factors result in distinctive patterns
in the relationship between MRONJ prevalence and dose and dwbsgstemic risk factor
medicaions. The rice rat provides a unique opportunity to explore this hypothesis given the
distinctivetypes, ofPD that exist in this specie®revious findings demonstrated tBERONJ
like lesionseceur inrice rats with localized PQFILP) in a positive dose-dependent manner, but
ZOL duration did not have a significant effect on prevalend@R®NJIike lesions which
plateaued.between 18 and 30 wks of treatment (Messer et al., 2018). Importaniys 50-
vehicle treated STD diet rats show Firfluced mucosal injury by age 16 wks. This finding is
in direct contrast to the agelated progression of generalized PD which doeb&odme
moderate tessevere in a majority of rats uatér, atage 22 wks. (Aguirre et al., 2012a)hese
findingssuggest thate effect of ZOL dose and duration BRONUJlike lesionprevalencen
rice rats with generalized PD could differ from that in rice rats with localized PD. Examining

how different oral risk factors work alongside systemic medicationsprayideimportantdata
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thatimprovesthe currenunderstanihg of how different periodontaisk factors interact with
systemic medication® initiate MRONJ.

The primarypurposes ofthis study vereto: 1) define the relationship between ZOL dose and
duration ancgrevalence oBRONU3like lesionsn rice rats with generalized PR) characterize
the owrall structure and tisstevel feature®f alveolar bone iZOL-treatedrice ratswith and
without BRONUJike lesionsby MicroCT andhistologic techniques, and 3) examthe
association'betwedhe antiresorptive effect of ZOlat clinically relevant doses and the
presence o0BRONJlike lesions

We hypothesize that: 1) increased dose and duration of ZOL will increase the prevalence of
BRONUlike lesionsin rice ratswith generalized PIh a pattern that is distinctive froprevious
findings inratsmwithlocalized PD2) ZOL andBRONUJlike lesionsalter the structure and tissue
level features of the jaw; and ADL doseis associated with reduced osteoclast number in the
jaw and suppressed systemic bone resorpfl@sting the first hypothesis will involve using
data from goreviously reporteéxperimen{Messer et al., 2018) conducted simultaneously to

this one.

2. Materials,and Methods

2.1 Animal-Care

A monogamous continuodmeeding systerwas usedo generate thexperimentatice rats
All rats were"housed {2 per cage) in static filter top cages (area: 14Bviith pine shavings
and continuous access to food and water. The housing roeramaintained aR0-26°Cwith
humidity 0f.30-70% and a 12:12hr light:dark cycle, or 14:10hreciml breederg§Aguirre et al.,
2015). Experimental animals ate pelletes®mipurified HSC diet (TestDiet 5SXA AIN3G
w/no Complex=Carbohydrates; Smelt Feed and Pet Supply, Tampa, FL USA), whickfed
for up to 30 wks without inducing significant metabolic abnormalities (Aguirre,e2Gl6).
This diet 5 based on the formula of the powdered Harvard high sucrose 700 diet and the ration
100 dietpreviously used axcelerate generalizgeriodontal disease in rice rats (Auskapal et
1957, Gotcher & Jee, 1981, Gupta & Shaw, 1956b, Gupta & Shaw, 1956a, Ryder, 1980).
Breeder ratate rodent breeder chow (Envigo Teklad, irradiated 29883y weight (BW) was
measured bweekly. If rats fiowed BW loss and/or reduced body condition score (B&Bhe

was administered subcutaneously and gel diet was offgikdan-Cullere & Foltz, 1999).The
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Animal Care Services resource at the University of Florida (UF) is an AAAkécCedited
program. Thdreeding [ACUC#201408452and experimentgl ACUC#201408453) protocols
wereapproved by the UF Institutional Animal Care and Use Committee (IACard)all
experimentswere compliant with the ARRIVE guidelines.
2.2 Study Design

Two hundred twenty-eighdlinically normal femaleweanlingrice rats(BW > 30g; BCS >
3.0)were BWrandomized into a baseline group=12; age 4 wks) or one of five dose groups
(Figure 1) witheffortsmadeto assign littermates into different dose groups. A previous
study showed that both male and female ricegiaen oncologic doses of ZOL develop
BRONJ(Aguirre et al., 2012b)Only females were used the current study to avoid
variaion in'measurements due to sexual dimorphism (Aguirre et al., 2@153roups were
fed pelleted HSC diet and receiviettavenous (IV)njections of O (n= 42), 8 (n=44), 20
(n=44), 50 (n=40) or 125ug/KB\W of ZOL (n=46) every four weeksgq4wk), starting a#
wks of age, After 12, 18, 24 and 3@ks of treatment, duration subgroups@al6) from each
of the five dese groups were necropsi8dplemental Tablel and Supplemental Figure
1). Theminimumsample size (ng) was determined by power calculation (Seatistial
Analysis,"®ction2.9). Animals were added to later time points based dd% censor rate to
account forrats removed from the study before readthgduledime points based on
attrition raes from previous longerm rice rat studiesTo compose each duration subgroup,
rats with progressivBW lossthat reachea15% were choseto comply with humane
endpoints speeified in the IACUC protocol. Tieenainingrats foreachduration sub-group
wereselected:by B\Wtandomization. No more than 30% of each dose/duration subgroup was
composed of ratthatmettheBW loss endpoint criteria fazuthanasia.
2.3Z0L Dose

The dbsingstrategyhas been previously described (Messer et al., 2@8gfly, we used
8ug/kg IV gdwkdas the rat equivalent of the humanosteoporosis@P) dose. Thelose gradienin
the currentstudy includes 0, 8, 20, 50, and 125ug/kg, which encompasses QiRlatiua
range of oneologiZOL doses. For each dose concentration, ZOL was dissolved in normal
sterilesaline (pH 7.2) ZOL wasinjected into the tail vein of rats placed in rodent restraiaers
the rate 00.4mL/100g BW ZOL was kindly provided by Novartis Pharma AG (Basel,
Switzerland).
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2.4 Euthanasia and tissue collection
Rats were euthanizdry CO; followed by cardiac puncture to withdraw aboutmiL5of
whole blood. @rvical dislocation was uses asecondary confirmatory method efithanasia.
Maxillae and mandiblesereexcised avefore (Messer et al., 2018). High resolution (HR)
photographs.from the mediaspect of each hemmandible SupplementalFigure 2A) and
ventral aspect of each hemiaxillae(SupplementalFigure 2B) were takerwith a digital
camera’(Canon' EOS 6D; Tokyo, Japan) attached to a macro lens (Canon EF 100 mm 1:2.8;
Tokyo, Japan)."alv quadrantsvere fixed a#°Cin freshly prepared% paraformaldehydehen
transferredo 70% ethanoéfter 48 hours.
2.5 Gross Analysis of Oral Lesions
Jaw quadrant photograph&re independently assesdsblinded observers (JGM, DBK,
JIA). Quadranswere assigned @ross Quadrant Grade (GQG) that reflected the severity @
gross lesionsI{able 1) (Messer et al., 2018). Photographs of representaiivellae and
mandiblesepresenhg eachGQG are shown irBupplementalFigure 2. When at least one
guadraninsagrat hadan area of exposed bone, the rat was considered positagruss
BRONUJlike'lesion Neither pocket depthor clinical attachment levdly probingwere
evaluated-RPhotographs that did not receive the s&Q6& from all three independent observers
were reexaminedoy all threeobserversogethey and aGQG was assigned when consensus was
reached.
2.6 Histopathol ogic Assessment of Quadrants
2.6.1 Specimen Selection for Histopathologic BRONJ-like lesion Analysis. Histopathologic
confirmation.of BRONJlike cases waandertakenn rats that werel) diagnosed with gross
BRONUJliKe lesions 2) not diagnosedith grossBRONJlike lesions but had quadrants with
orallesions ofGQG > 2; and 3) not diagnosed witdrossBRONJlike lesions butexperienced
pre-necropsyBW loss(see SupplementaFigure 1). Quadrantsvith GQG > 2 were selected
because thesequadradisplayed gross gingival recession and ulceratfeor.rats with BW
loss, all quadrantwereanalysedecause data frompeviousstudyshowed thatice rats with
BRONJlike"lesions hadBW losscompared taice rats without these lesiofidesser et al.,
2018). In the current study37% (80/218pf rats necropsied ateeks 1230 exhibited BW loss.
92% of rats with grosBRONJlike lesions(22/24), and 736 (2230) of rats with BRONJ3like

lesions diagnosed only using histopathologiti{out prior gross diagnosis) had BW loss.
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2.6.2 Specimen Selection for PD Analysis. Right maxillae and mandibles from all ZQL
rats and right maxillae fronbaseline ratgegardless of GQGyere examinetb determine
periodontal statuand assigned a PD Scdfi@ble 2). When right quadrantsexenot available,
left quadrants wreused.

2.7 Histologieal Preparation of Jaw Quadrants

Maxillae_ and mandibles seled for sectioning were decalcifigd 5% formic acid under
gentle agitation‘for four wks, with threbanges per wkDecalcified jawquadrarg were
trimmed paraffirembedded, and sectioned at 5timekness in the mesiodistal plainem the
lingual to buccal aspect of eaghadran{Leica/Jung 2265 and Accu-Cut SRM 200 Sakura
microtomes Sakura Finetek Europe B.V, Zoeterwoude, The &idhnds). Maxillaend
mandiblesnvere’serially sectioneat five or six levels starting approximatelymm lateral tahe
midline of the palater at the lingual plate, respectiveliievek were separated by
approximately 250 pmallowing thoroughexaminatiorof tissues athe lingual surface(one or
two levels), around thmolars (three levels), anak thebuccalsurface(one level). 8ctions were
H&E-stainedrand cover slipped

2.7.1 Histopathologic Definition of BRONJ-Like Lesions and Quantification of Necrotic
Bone. Histopathologic BONJlike lesions were defined as bone that was both exposed and
necrotic in-at least one level withenquadrant. Exposed bone was identified by a lack of
overlying gingival epitheliumlamina propriaandperiodontal ligamentRDL). Necrotic bone
was identifiedusingl) a pattern recognition approaah previously described (FranBoetto et
al., 2014, Hellstein, 2014, Zheng et al., 2018, Yang et al., 2009®) drnyspecificcriteria used
in previouswpreelinical studies of BRONJ thakefine necrotic bone d®ne matrixcontaining
>10 adjacent lacunae that were emptyr hadpyknotic osteocyte nucleir cellulardebris
(Kuroshima & Yamashita, 2013, Yamashita et al., 2011) leselswere surveyed
independently by two observers (JGM and JIA). When diagnoses differed, agraament
reached after reviewinglides togetherA rat with at least one quadrant that met the definition
above wasa@nsidered positive for BONJ.

To quantify,bone necrosis, the number of lacunae that were empty or contained pyknotic
nuclei were countedDatacollection was performed at 200x magnification in sections within a
0.15-0.25 mrhregion of interest (ROI) that contained exposed bone matrix R@N\BHike
lesion or an area of bone with periodontal tissue destruction and inflammation ireBilufs|
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with GQG> 1. Total bone are@B.Ar, mnf), total number of osteocyte lacunae, and number of
empty osteocyte lacunaeere measuredThe percentage of empty lacunae, and the number of
empty lacunae per B.Ar (#/nfinwere calculated

2.7.2 Histopathologic Characterization of PD. Sections weressessdfor PD Score(Table
2) and alveolar. bone loss as previously described (Aguirre et al., 2012a). A quathrdiD
Score> 1 was considered positive fBD. A ratwith at least one quadrant with PD Scare
wasconsideredpositive for PDTherat PD Scores the highest quadrant PD scdoe that
animal Alveolar bone height (ABH) was assessethoth maxillae and mandibles by measuring
the distance between the cementoenamel junction (CEJ) and the crest of the alveolar bone, as
previously.deseribed=gure 2D) (Aguirre et al., 2012b, Aguirre et al., 201®)fleasurements
were maderin one section from the lingual aspect of the M1M2 interdental gpkrger ABH
valueindicates greater loss of alveolar bone.edsurements were maitkeblinded, randomized
order (JGN. ABH in baseline ratsvas only measured maxillae

2.7.3 Osteoclast quantification. To assess thiecal effect of ZOL.PD, and BRON&N
osteoclasts#intthe jawssteoclastsvere analysed on the surfacé maxillary alveolar boneavith
PD (PD Score) in ratstreated with ZOL 0 (n¥1) or ZOL 8-125 (n=4-12), ZOL-treated rats
with BRONJ(n=10) or ZOL Oratswith no PD (n=12).Osteoclasts werieentifiedin sections
of paraffirembedded maxillae using immunohistochemical staining of targsigtant acid
phosphatase 5@ RAP), aproteinspecifically expressed in active osteodaslides were
deparaffinisecaind endogenous peroxidases were blocked with 3% hydrogen peroxide in
methanol, andithere-hydrated Sides wereblocked with 26 goat serum in tribuffered saline
with 1% Tweenandincubated overnight withrpmary rabbit antiTRAP at 1:600 dilution
(Abcam Cambridge, United Kingdom)VectastairABC Rabbit IgGkit (Vector Labs
Burlingame, CA, USAard ImnmPACT DAB peroxidase substrate Ritector Lab3 were used
to detect signalising manufacturers’ instructions. Tissue was counterstainedelgicTech
haematoxylinrb60 (eica; Wetzlar, Germany Negative control tissues were processed the
same, butverenot incubated with primary antibody:RAP-positive &lls were countedn
alveolar bone,surfacesd bone perimetéB.Pm mm) was measured using Osteomeasure
software(Osteometrics Corporation; Decatur, GA USA) in sections from regionstatled
interdental M1M2 and M2M3 and were proximal to the lingual aspect of thersnd he

number ofTRAP+ cellsper millimetre ofB.Pmwas calculate@/mm)
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2.8 MicroCT

A subset oforty mandibles underwent igroCT scanningprior to decalcificatiorio
characterize theffect of ZOL and BRONJ on calcified tissues of the jaw. Mandibles
(n=10/group from rats treated with or 20-125pg/kg BW.OL weregrouped according to: 1)
grossBRONJ;2) GQG 1-4 with histopathologic RONJ; 3 GQG 1-4 without gross RONJ
and 4 GQG=0(Z0OL0). Two-dimensional (2D) bone morphology of theandible was
evaluatedbyr0um voxel size MroCT (Bruker Skyscan 117Rpntich, Belgium)asdescribed
(Beck et al.;"2014, Yarrow et al., 2014b, Yarrow et al., 20ddd)ecommende@Bouxsein et
al., 2010).Images were acquired usingetfollowing parameters: 80 kVP/120 pA, 0.5mm
aluminiumfilter;,2k camera resolution, 10 um voxel size, 0.5° rotation step, and 360°
tomographic retation.

Two analyses were completeHirst, 2D images were aligned in the mesiodistal plane with
all molars simultaneously visible for qualitativenage analysis Second, 2D images from the
mesial aspect of M2 were aligned in the buccolingual plane and the width of theuahchgs
was measured={gure 9D). Mandibles from ZOL 0 rats were compatedats teated with
oncologicZOL«(20-125). To consistently measure the same area in all mandibles, the slice
through the,apical foramen of the mesial root of M2 was selected. thieerertical length of
M2 between'the CEJ and apex of thesialroot was measude The buccolingual width of the
alveolar ridge was then measured perpendicular to thend&2alroot at 30% (coronal width)
and 60% (apical width) the total length of the Gipéx distance (Imag&bftware NIH). After
scanning, gquadrants underwent histopathologic analysesg&ctios 2.6 and 2.7).

2.9 Peripheral“Quantitative Computed Tomography (pQCT)

Peripheral quantitative computed tomography (pQCT) analysis of the femeonascted to
verify the antiresorptive efficacy of ZOLand act as a pharmacodynamic marker of anti
resorptive activity that can be compared to BRONJ prevalence. At necrigbsyemurs were
disarticulated from the acetabulum and separated intact from the tibia, diiamadine-soaked
gauze, andsstored frozen at -20°C until analy€isemm+-thick cross sectionsere scanned
using a Stratec XCT Research M instrument (version 5.40, Norland Medical SyBt&in
Atkinson, WI) withmanufacturer'software. Sites of interest were 5mm proximal to the distal
end of the femur (dial metaphysis), and the longitudinal midpoint of the femur {dégbhysis).
Volumetric bone mineral content (vBMC, mg), volumetric bone mineral density uBM
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mg/cnT), and cortical area (nmfinwere determined for total bone (cancellous and cortical bone at
the metaphysis, and cortical bone at the-thaphysis), as previously described (Ke et al., 2001).
2.10 Serum ELISA

Serum concentration of PLNP, a bone formation markertaatrete resistant acid phosphatase
5b (TRACP_5h, a marker of osteoclast number, were measured to characterize the systemic
effects of ZOL.on the skeleton. After cardiac puncture, blood was alloweat tat cbom
temperature;centrifuged, and serum was collected and stodif &. Rat/Mouse P1NPIA
and the MouseTRAP kits were used, per manufacturer’s instructions (Immunodi@agnosti
Systems; Tyne & Wear, UK), in serum collected from rats treated for 24 wks.

2.11 StatigticalvAnalysis

Chi-squarestest was used to determine the relationship betwedod3\&hd occurrence of

BRONJ, between PD type and ofteakionlocation(maxilla or mandible)and between PD type
(localized or generalizednd total number of BONJ casesMultiple logistic regression
analysis was used to determine whettese and duratiowere significant predictors &@RONJ
prevalenceamong individuatiose levelsand when the doses were stratified in three groups:
control ZOL 0);y OP ¢OL 8) and oncology doses (ZOL 20, 50, 125pr ABH and ELISA,
data are expressed Mean+® for each group, and orveay ANOVA with Holm-Sidak post
hoc analysis'wassed to assesstergroupdifferences When assumptions of data normality
were not met, a Kruskawallis ANOVA on Ranksfollowed by Dunn’s multiple comparison was
applied. SpearmarfRank Correlation was used tletermine if PD Score increased with age.
Student’s ttestwas used to determine differences in the alveolar ridge width measurements
betweernZzOk.0and ZOl-treated ratsTwo-way ANOVA was used to assess the main effects of
ZOL dose and duration on pQCT measurememtgo-way ANOVA wasalso used to determine
the main effects of oral health status (healthy, PD, BRONJ) and ZOL doseAdt+TBRPm
The means, of the ZOL dose groups were collapsed into a single PD group for compigiison w
BRONJ using.student’stest. A power calculation was performed using SAS PROC POWER
logistic regression. This experiment has 80% power to determine signdiffanénces in
BRONJ prevalence betweeontrol and 125 g'kg BW ZOL. In all casesp < 0.05 was
considered statistically significant.

3. Results
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3.1 Periodontitis status (ZOL 0 rats)

All quadrants in baseline rats h&GO0 with PD Score 0+0. PD was prevalent in 60, 56, 80,

and 92% of ZOL O rats at 12, 18, 24, and 30,w&spectivelyFigure 2A). In rats with PDPD
Score ranged from-4, andthere was a significant positive correlation between PD Score and
duration on.HSC diet (R = 0.496= 0.00124) Figure 2B). There wassignificantly greater
alveolarbone loss at 24 and 30 wksan atl2 and 18 wks in mandibles, and at 12, 24, and 30
wksthan athaselindn maxillae(Figure 2C). Moderate PD in rice rats (PD Score 3) rats
showed bacterial plaque, apical migration of junctional epithelium, alveolar bampties,
increased ABHgingival hyperplasia, inflammatory infiltrate, aR@L disruption(Figure 2D).
3.2 Prevalenceof BRONJ-like lesions

The prevalence of groBRONUIlike lesions is shownHigure 3A). Neither dose = 0.41§
nor duration |p =.0.210 were significant predictors of groBRONJ prevalenceWhen ZOL
groups were stratified by ZOL 0, OP, and oncologic dagéd. (20-125), grossBRONJwas
prevalent in 0%2% (1/44) and 180 (23/130) of ratsrespectively. Multiple logistic regression
showed thatidesg & 0.008), but not duratiomp & 0.165) was a significant predictor of gross
BRONJ prevalence when stratified this way

Histopathologic examinatioconfirmedall 24 cases of grosSBRONJ andevealed 30
additionaleasedor a total of 54 cases of histopathologiR@BNJ The prevalence of
histopathologic BRONJ is showRigure 3B). Histopathologic RONJ prevalence increased
steadilywith timethroughouthe experimengFigure 3C), but histopathologic BONJ
prevalencereachedptateauat theZOL 20 dose Figure 3D). Multiple linear regression
showed that.duratiorp(< 0.001), but not dos@ £0.076), vas asignificant predictor of overall
histopath@logic RONJprevalence When ZOL groups were stratified by ZOL 0, OP, and
oncologic doses, histopathologic BRONJ was prevalent in 2% (1/42 rats), 18% (8/4dnihts),
35% (45/130.rats), respectively. Both ZOL dgse (0.001) and duratiorp 0.001) were
significant predictors of histopathologidRB®INJ prevalence when stratified this w&@ne
maxilla metall criteria for BRONJ in a ZOL O rat at age 34 wks.
3.3 Featuresof BRONJ lesions

3.3.1 Gross and Histopathologic. GrossBRONU}like lesions were found in both maxillae

(Figure 4A) and mandiblesHigure 4D), and showed exposed boné&erated mucosglaque,
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and irregular gingival contours around the margins of the motargss oral lesions were
distributedevenly betweetthe maxillae(46%)and mandible$54%) { = 0.1953)

Histopathologic B®NUJlike lesionsin both maxillae Figure 4B, 40 and mandibles
(Figure 4E, 4F werecharacterizetby confluent areas of empty osteocyte lacunae in bone
exposed to.the oral cavitgnd the surfaceasusually colonized by bacteria. Mucosal and
periodontal tissues around the margins of the lesions had marked inflammattatenfil
Haemorrhagefibrosis, numeroueeversal linesn bone, and necrot&oft tissuewere also
apparent

BRONUlike lesionsoccurredin different areas of alveolar bone, including interdental
regionstheMda=interradicular bone, distal to M3, or on the hard palate or lingual plaerotic
bone was observed underneath intact mucosame sectionsHowever,in all suchcases
exposed necroti¢ bonevas presenn sections from adjacent levedsthin the same quadrant
(Supporting Information 3 and Supplemental Figure 3).

The percentage of empty osteocyte lacundRONJ ratsvas significantly highefp <
0.05) thanm=PDcontrolratsin the oncologic ZOldose group$20-125) Figure 4G), and

similar resultsswere found when empty osteocyte lacunae frequency was normalized to bone area

(Figure 4H).

3.3.2 MicroCT. PD-affected mandibkeexhibited lossof alveolar bone heighmhesial to M.,
in the M1furcation andin the M1M2 interdental regionHigure 5B), compared taormal
mandiblesigure 5A). Mandiblesaffected byBRONUJlike lesionsexhibited large regions of

mottled alyeolar bone with numerous pores, giving the entire alveolar bone region a hdneycom

like appearanc@-igure 5C and 5D). In severdBRONJlike lesions, profound alveolar bone
osteolysis, tooth igration andspaces witlapparent missing teetherenoted (Figure 5D).
Histological analysisrom quadrants shown in Figures 5C andcdabfirmed localized areas of
exposed, necrotic bone at the M1M2 interdental alveolae locest, andistal to M3.

3.3.3 Alveolar bone osteoclasts. Compared t&ZOL 0 ratswith no PD Figure 6A), ZOL 0
ratswith PDhadmorenumerous visible multinucleatddR AP+ osteoclats at maxillary alveolar
bone surfaces{gure 6B). TRAP+ cellswere also visible oalveolarbone surfacesf ZOL-
treatedratswith PDin all dose groupsHigure 6C-F), and numerous TRAP+ cells were visible
on alveolar bone witBRONJ Figure 6G). There was a TRAP+ staining detected inegative
controlsectiongFigure 6H). Two-way ANOVA revealed no significamffect of ZOL dose on
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TRAP+ cellg¢ B.Pm(p = 0.827), but there was a significant effect of disease statu8.001),
where alveolar bone with PD and BRONJ kaghificantly more TRAP+ cellB.Pm compared
to the alveolar bone of rats with no P@atedwith ZOL 0. There weranore TRAP+ cells in
maxillary alveolar bones in th2OL 0 PD, ZOL8 PD, and ZOL 123D groups compared the
alveolar bong,of ZOL 0 noPDrats(Figure 61). Since there were no significant effects of ZOL
dose, the means of each ZOL dose group were collapsed into a single PD grouparédoon
maxillary alveolar bone from rats with BRONUThere weresignificantly higher numbersf
TRAP+ cells/B:Pm = 0.037) in naxillae with BRONJlike lesionscompared tanaxillae with
PD (Figure 6J).

3.4.1 Skeletal effectsof ZOL. pQCT analysis confirmed the amésorptive effects of ZOL
in both the*eancellous and cortical bone compartments. Total metaphyseal ¥gME (7A)
and vBMC gigure 7B) were significantlyhigher in ZOLtreated animals, and the response was
dependent on both doge< 0.001) and duratiorp(< 0.001). The highe&MD was observed at
30 wks inZOL 50 and ZOL 125 groupéoth of which veresignificantly different from botlhe
ZOL 0 and*ZOL &roups. Botmid-diaphyseal (corticalarea Figure 7C) andmid-diaphyseal
vBMC (Figure=7D) were higher with dose(< 0.001) and duratiorp(< 0.001). There were no
significantdifferences among tleacologic dose§ZOL 20-125)at any time.

SerumPINP was dose-dependently loweZ@L-treated ratsp< 0.001) Figure 8A). All
doses of ZOL resulted in significantly lower serum P1NP compared to ZPk 0.05). There
were no differences iserumP1NPamong the 20, 50, and 125 ZOL grou@erum TRAcPSb
wassignificantly higheronly at theZOL 50 compared tather dose group$igure 8B). Serum
P1NP was'significantly lowen rats treated with ZOL 2025with BRONJ}like lesions
compared to ratseated with eitheZOL 0 or ZOL 20125 without BRONJKigure 8C).
ConverselyserumTRACP 5b was significantly higher irice ratstreated with ZOL 20125 with
BRONUlike lesions compared to rice ratsated with either ZOL 0 or ZOL 20-125 without
BRONJ Figure/8D).

ZOL-treated rats hasignificantlyincreased width of mandibulatveolar processdp <
0.05) Figure 9A). While buccal plate widtlf ratstreated with ZOL 2a125was the same as
ZOL 0 control Figure 9B), the lingual plate was significantly wider at the apical portion of the

alveolar procesfp < 0.05) Figure 9C).

This article is protected by copyright. All rights reserved



10

12

14

16

18

20

22

24

26

28

30

Pagel7 of 38

4. Discussion

This studydemonstratethat longer duration of oncologic doses of Z@lassociated witla
higher prevalence @RONJin rice rats thaare simultaneously developiggneralizedPD.
BRONJ prevalencappeared to plateat an oncologiZOL dose (ZOL 20jhat wasonly 2.5-
fold higher_than th©P dose A similar plateawat the ZOL 20 was observed for the knoawti-
resorptive effect of ZOL, as indicated by a plateau in bone.nfasally, ZOL treatmentind
BRONUJikelesions producetissuelevel effects on the jasthatwere distinctive fronboth
healthy ratsandratswith generalized PD that did not recek®L. The pattern of prevalence
andthetissuelevel effects on the jaws support the overall hypothesisisa¢micZOL
administratioprinducesBONJlike lesionsin distinctpatternsdepending on thdifferenttypes
of local orakinflammatory conditions

This study supportthe role of locabral inflammationas akey component ithe
development of RONJthat isnotdirectlyrelated to dental surgeryThe current studyalong
with studies_ in other rodent models, have shown tiR®B}like lesionscan arise from several
types of orakinflammatioprocessesr wounds, which is consistent with human MRONJ.
BRONUJlike'lesions have been observed wh&dl Areatment is combined with mechanically
expoeddental pulp (Kang et al., 2013, Wayama et al., 20§)erimental PD via dental
ligature (Liset al., 2016), and in association with localized intraoral lesions where ieapfacid
and hair produce periodontiaflammation(de Molon et al., 2014, Messer et al., 2018he
requirement of local oral factors is also supported in the currghy biya subpopulation of rice
rats (32%).given oncologic dosesZOL that never developd8RONJ despite receiving
cumulative’ZOL doses up to 1000ug/kg over 30 wks. These rats@adf 0 (92%) or 1 (8%),
and exhibited no BW loss at necropsy, suggestaajthy oral cavities Smilarly, Sprague
Dawley rats treated up two years withalendronate at up to ten timgeee OP dose andOL at
up to seven.times the oncology dose, show RORJlike lesions(Merck, 2018, Novartis,
2018), possibly because of the known resistancedaintsfrom the genusattus to develogPD
(Graves etal; 2012, Oz & Puleo, 2011, Weinberg & Bral, 1999, Struillou et al., 2010).

While inflammation or infection fronoral disease®r directcompromise of thgingival
barrier via avound,appears to be crucitdr developing BRONJ evidence fom rice rat studies
suggest thathe type of oral inflammatiomay producd8RONJ in distinctivepatternsand with
distinctive featuresvhen bone resorption is suppressed by Z@ithe FILP modelBRONJ
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like lesionsdevelod primarily in maxillae(74%) compared to mandibles (26%5)<0.0001),
andthere was aignificantincrease in prevalenaependent on dose, but not duration of ZOL
treatmen{Messer et al., 2018). In the current study, rice rats fed the HSC diet delvelope
generalized PD_but not FILRN this generalize PD mod&RONJ lesions were distributed
evenly between maxillae and mandibles, and was assdeidthZOL duration, but not dose.
The FILP model also produced a significantly higto¢al prevalence of histopathologic BRONJ
compared-tahe generalized Phodel ¢ < 0.0001), at 47% (82/174) vs 31% (53/171),
respectivelyMesser et al., 2018). hEdistinctive relationships between ZOL anBRBNJ
prevalencenayreflect differences in the initiation and progression of the two types ofTPB.
highest BRONdJyprevalence in the generalized PD model occurred at 30 wks, while the highest
prevalencesoBRONJin the FILP model occurred at 18 wks and plateaued at later time points
(Messer et al., 2018). This pattern is congruent with the time points in which thei¢ti3 les
become moderate to severe in each model, as FILP oonayrdo 75%of rice rats by age 16
wks (Messer et al., 2017, Messer et al., 2018), while destruction of tissues in theipeth&tBl
modelwasmore prevalent anchore severa this studyafter 2430 wks. These datsuggest
that the FIEP"model may beore severe,ral produces RONJZJlike lesions more rapidly
comparedit@eneralized PD Thedirecttrauma to theofttissues from the impacted materiatd
the FILPlesionmay directlyintroduce microorganisms to periodontal tissues through the wound,
whichis in contrastto generalized PDwhichis characterized bgccumulation of plaque on
tooth surfaces, and inflammation in the gingival and periodontal tiSduedifferent effects of
the local oraFactors on the timés-onset of BRONJ inthe tworice ratPD modet may partly
explainfindings'in humans, in whicthétime-to-onset of BRONJ after exposure to pARS is
widely variable, ranging from 0.19.9 yeargFung et al., 2017).

Thehistopathological examination BRONJlike lesions at the tissue lewshsconsistent
with previous studies in rice rats, where exposed necrotic bone with attsxttedalcolonies
were observed/(Aguirre et al 2012). In the current study, osteonecrosis was not found unde
intact mucosa'in any of the 198 examined quadrantkliti@nally, four lesions showed bone
that was exposed, but vital. Taken together, these novel findings suggest that bone in the
periodontal lesion of pARreated subject:ay become exposed before becoming necrotic.
“Stage 0" MRONJ in humans, in whiclomspecific clinical findings, radiographic changes and

symptoms are reported without clinical evidence of necrotic bone, could have exposetit; ne
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bone in deep periodontal pockets, or in periapical regions of severely carious or endodontically
treated teethwith chronic infection Patients taking pARs with clinical findings of
moderate/advanced R® periapical pathology, such as bleeding on probmgtermittent tooth
sensitivity may actually have exposatkecrotic bone in periodontal pockets or in the periapical
regionthat is.enly histologically detectable.

One maxilla met all criteria faa BRONUJlike lesionin a ZOL 0 rat at age 34 wks, indicating
that dead 'alveolar bone in rice rats with severdtDwere not treated withpAR, can
occasionally'accumulatie sufficient quantity tde diagnosed as BRONJ. Bone necrosis is not
generally observed in clinical examination of humans with severe PD who do not take pAR
This may be due to lack of routine tissue biopsy of severe PD lesions in humans, or because
necrotic bone may be promptly removed by normal osteoclastic activity in tecabsf pARS.
Indeed, delayed removal of necrotic bone in humans taking pARs has been observely atinical
the treatment of femoral head osteonecrisset al., 2005, Luo et al., 2014, Hong et al., 2014,
Agarwala & Shah, 2011), suggesting that pARs may also cause persistencetit heoe
induced byssevere PD in the oral cavity, which could eventually result in diyriestectable
MRONJ. Alternatively, oral ulceration with bone sequestratidmazrooa & Woo, 2009, Farah
& Savage2003, Khan et al., 2015, Palla et al., 2016, Peters et al., 1993, Sonnier & Horning,
1997)occursin humans not taking pARs, and may have sogte/ane to this finding.

MicroCT images of mandibles affected wBRONJlike lesionsrevealedmottling of
alveolar bone distant from the necrotic bone tissue radentified histologically. Tiese pores
maybe thesresult of osteoclast activity far from localized sites where necrotic bone has
accumulated:Fhis finding suggests théte presence @xposed necrotic bone tissue may
activate bone resorption throughout the entire alveolar process of the afflictzdrgquzearing
similarity to a regional acceleratory phenomenon (RAP) (Frost, 1983, Frost, 2006 2B00a,
Duncan et.al.,.1969, Mueller et al., 1991, Verna, 2016, H.M., 1983). Indeed, the number of
TRAP+osteoclastper mmbone perimeter wasignificantly higher iimaxillary alveolar bone
of BRONJ affected ratgompared tanaxillary alveolar bonef ratsaffected byPD, suggesting
thatexposed necrotic bone withmore extensive area of soft tisslaanage and inflammation
promote a greater recruitment and activationsiéoclas.

MicroCT analysis also revealed that Z@lonotherapyan increase the width of the alveolar

processn rice rats This provides further evidence thatats at risk foBRONJ, the entire
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alveolar processot just thanterdental and interradicular alveolzone is altered This finding
mayalsohave important implication®r patients withcompleteor partialremovabledentures.
Expanding bone width under the denturesy increaséhelikelihood of mucosal tissue
compression, anitiate pressure sores andicosl epithelium necrosithat can lead to bone
exposure an¥IRONJ. MRONJ has beedocumented in patients wearirggnovable complete
or partialdentures (Bamias et al., 2005, Kyrgidis et al., 2008, Levin et al., 2007, Niibe et al.,
2015, Tsujiretal., 2017, Zarychanski et al., 2006hile observation of edentulous alveolar
ridges in pAR"patients with cone beam @&y becurrentlylimited by theconventional
0.125mmivoxel size, these findings suggestphgingcloseattertion to the condition of the
mucosa underlyingemovabledenures in pAR patientsnayreduce the incidence RONJnot
related to dental surgery

Oncologic doses of ZOL resulted in a roughly tietd higher prevalence 8RONJ
compared tahe OP dose (35% vs 18%, respectively), supporting the idea that oncologic doses
of ZOL result in higher RONJ prevalenceHowever, the prevalence of BRONJ wa$38
(20/53) in rats+treated with ZOL 20, which is only 2.5-fold higher than the OP dose, and at the
low end of‘thesoncologic range, whilget prevalence of BRONJ wi#OL 125, roughly 16-fold
higher than,the OP dossasonly 26% (14/53) These datenost likely indica¢ a prevalence
plateau beginning at ZOL 2@ similar plateau was observedbone mass anslystemic
measurement of bone formatiorarker P1NP Specifically,ZOL increasd femoral BMD and
BMC, whichplateauediround the ZOL 20 dose, asdrumP1NPwas reduced to similar levels
by ZOL after24 wks of treatmenSerum TRACP 5b was not significantly altered by ZOL except
at the ZOL'60-dose, which was higher than control (ZOL 0) and other ZOL doses. Together
these findings suggest that BRONJ prevalence may be associated speuifibhathe welt
characterized antiesorptive effect of ZOL, and that the primaggstemic effect of ZOL on

osteoclast#, this models likely attributed to decreased osteoclast activity, rather than decreased

osteoclast. numbers. Whhavels ofserum turnover markevgere stratified by RONJ status,
ZOL-treatedsrats with BRONJ had significantly lower PANP and significaiglyer TRAcCP 5b
compared te ZOlireated rats without BRONJI hese findingsndicate thaBRONJ was
associated with significantly suppressgdtemicbone formation and high numbers of
osteoclasts.Togetherthese findings have important implications in clinical studies that attempt

to reduce the cumulative dose of pARs in oncology patients to reduce the incidenc®ONIMR
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(Corso et al., 2007, Amadori et al., 2013, Hortobagyi et al., 2017, Himelstein et al., #017)
both prevalence of MRONJ and prevention of skelettated events are associapetarily

with antiresorptive activity, then lowering the pAR dose enough to reduce MRONJ prevalenc
may concidently compromise the efficacy of pARs in reducing skeleti@ted events.

The localeffects of ZOL, PLand BRONJ on the number of osteoclasts present in maxillary
alveolar bonesof the experimental rice ra#s alschistopathologicallyevaluated.In this study,
increasediumberof TRAP+ osteoclasts and increased loss of alveolar bone height were
observed irZOL 0 rats with PD, compared @OL 0 healthy ratswhich representvell-
establishegbathdogic features of PD.The addition of DL treatment to rats with P8id not
result in any significant alteration in thember ofTRAP+ cellsat any dose These findings
swggest thatl)the inflammation associated with PD plays an important ralleeiincreased
number ofosteoclast®bserved iimaxillary alveolar bones of rice ratsut2) ZOL does not
have ay significant influence in affecting the number of osteoclasts in the guwes, at very
high oncolegic dosesThis is incontraswith thefindings publishedby Weinstein etlaof
human transilial biopsy samples frarsteoporosis patients treated with alendronate, which
showed higher'numbers of osteoclasts in cancellousdfqragients treated with asteoporosis
dose of 10mg/d compared to placebo, luefiecs in osteoclast number at 1 omg/d
(Weinsteinset al., 2009). These discrepant findings at the bone tissue level beteeparosts
patients and rice rateay bedue to variation in the dose (osteoporosis vs oncolagidype of
bisphospheonaté&ZOL vs alendronate), and particular, differences in the specific bdgpeand
microenvironments associated with PD and osteoporosis. Maxillary alveolar bone is
anatomicallysandunctionally different from the trabecular bofiem the pelvis In addition,
jaw bones oPD-affected rats, arm close proximity to pathogenic micresof theoral cavity
The inflammatory microenvironmerdf PD, thereforebears limited similarity to the nen
inflamed microenvironment in trabecular bone of the iliac crest. Taken togétse,findings
support the.idea that the unique anatomical and phystaldgatures of alveolar bone play an
important rele’in the specificity of osteonecrosis to the jaws.

The design. of this study limits the interpretation of our findings in a few impawviayg.
First,ZOL injections began in normal, periodontatigalty rice rats Twoinjectionsoccurred
at ages 4 and 8 wks, when the skeleton is considered juvemize NMRONJ is an adverse event

that occurs in humans first exposed to pARs in adulthood, future rice rat studies shauld begi
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administration oMRONJJinducing medications after the skeleton has matured (after age 12
wks) to improve the parallel with the human condition. Second, hiMiR@NJalsooccurs in
the setting otancer or osteoporosigherepatients unlike rice ratspot only have a prinrgt
disease, hut alg@ceiwe other types of medications. These underlying health issues, or drug
treatmentsparticularlyin cancer patienisnay elevate the risk of MRONJ. For example,
corticostereids; which negatively influence healifRyibin & Palestine, 1989, Zitelli, 1983je
frequently'used'in treatment protoctds patients with cancemr@utoimmune/inflammatory

diseaseghat'cause secondary osteoporosis (agumatoid arthritls and may suppress healing

of oral wounds.' This could account for the observation that humans exposed to oncology doses

of ZOL have awroughly 200-fold higher prevalence of MRONJ than osteoporosis patients
(Coleman‘etali, 2011a, Coleman et al., 2011b, Grbic et al., 2010, Rathbone et al., 2013,
Ruggiero et al.,»2014), which is much higher compared to rickatatwhere oncology doses
produced only 2- to 10-fold highelR®NJprevalence&eompared to the OP dose after 30 wks.
Third, this'study is limited by our inability to fully examif® and BRONJ in live animals.
Thirty-six pereent 0BRONJ cases were found in ricas with no gross oral cavity lesions
(GQG < 1),"but‘were symptomatic in the sense that the rats experienced loss of ity wei
Diagnostie.criteria available in the clinical setting (e.g., periodontal probing, pegjgmted
pain, dentalradiography, cone beam CT, etc.) cannot be achieved in a rodersiostieyexact
progression of PD and BRONJ, or any spontaneous healing, could not be assestigd. F
observation®f BRONJIn rice ratsat necropsyid not allowassessment ofieduration of bone
exposure. songitudinal observatiorendoral exams in liverice ratsin future studiesnay
address some-of thelmitations.

The reduction of morbidities and mortality, along with the low risk of MRONJ, diyong
favours the continued use of pARs in humahkerefore, completely describing thetiology
and pathophysiology of MRONJ iisoreimportantthan eveto patient safetyandcould provide

evidence that allows development of prevention and treatment stratediestfdental surgery

related anchonsurgeryrelatedMRONJ. Additionally,recent case reports describe patients with

MRONJ whoe were not exposed to anti-resorptive or amgiiogenic medicationgAghaloo &
Tetradis, 20173uggeshg thatMRONJremainsan emerging dease that may bassociated

with yet other medicalconditions or drugs.
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Conclusion

This studydemonstratea durationdependent increase in the prevalencBRONJwith
oncologic ZOLin rice rats with progressive generalized.PBRONJ prevalence plateaued at a
dose only 2.5-fold higher thgrevalence withhe osteoporosis dose, and was consistent with a
similar plateau.ithe antiresorptive effects of ZOLBRONJ and ZOL also produced unique
alterations.at the tissue level compared to PD and healthy rats treated witiT E©findings
demonstrate‘that éal oral risk factas play a key role iestablising an environment in which
systemiamedications can indud@RONJ but that differentocal factorsmay interact witlpARs
in distinctive ways.
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Figure Legends

Figure 1. ExperimentaDesign. Rats were weanedage4 wks, placed on HSGiet, and
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randomized into dosing groups. Starting at agse] rats received tail vein injections of 0,
8, 20, 50, or 125glkg ZOL g4wks until necropsyOne group of rats was necropsedage 4
weeks(n.=.12). Groups ofrats (n=9-16) within each dose level were necropsied at 12, 18,
24, or 30wksof ZOL treatment.

Figure 2. PD statuof control(ZOL 0) rats afteweaning ontdHSC diet A) PD prevalence

was 0% ab'wks and peaked at 92% by 30 wks). Dbt density ot of PD Score for eachtra
There was @ositive correlation between PD Score and time on HSC diet (R= 0.496,
p=0.00124)» G Alveolar bone heightABH), measured as the distance between the
cementoenael junction (CEJ) to the alveolar bone crest, in mandivkes significantly

lower after 24 and 30 wkihan atl2 and 18 wksABH in maxillae was significantly lower
after 12, 24, and 30 wks compared to basglimslicatesp < 0.05 compared to 22ksin
mandibles, indicatesp < 0.05 compared to8lwksin mandibles, #ndicatesp < 0.05
comparedt®d wks in maxillae Meant+3. D) Comparison of mandibular interdental regions
(M1M2)'of PD Scordd andPD Score3; PD Score 3 isharacterized by plagquecumulation
(), epithelial(epi) hyperplasia, junctional epithelial apical migration, inflammatory infiltrate

(black.arrow head) in periodontal ligaméRDL), and alveolar bone loss.

Figure 3. Prevalence oBRONJ A) Prevalence of gro&8RONJ(High Resolution

photographs). One case was found at 24iwkise ZOLOP dose; 28ases were found after
12-30wkswith ZOL oncology dose€0-125). B) Prevalence dhfistopathologiddRONJ

One case:was found aZOL O ratat d wks. Eightcases were found at 3 wks with the
ZOL OP dose Forty-five cases were found 42-30 weeks with ZOL oncology dos@®-
125). Prevalence dfiistopathologi@RONJcase within C) eachtime pointand D) each

dose group.

Figure 4. Eeatures of necroticone inBRONJaffectedmaxillae andnandibles of rats injected

with ZOLsat gross (A, D) andhicroscopic levels (BC and EF). High resolution
photograph®f gross BRONJ lesions in A) maxillae and D) mandible; note heavy plaque
accumulationf) andulcerated mucosa with exposed bone (arrowhite lines indicate
approximate location of sections shown in B, C and ER&asagittal sectiasrthrough(B,C)

the palatal bone of maxillae ag#é, F) the mandibuldmgual plate with H&E stain; ulcerated
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mucosa with inflairmation(black arrowheadsn the lamina propria (LP) and epithelial (epi)
hyperplasiagxposed bonsurfaces mlonized by bacteriat]. Border between healthy and
necrotic bone is demarcated in yellow. C, F) Higher magnification of exposedissre t
showsextensive field of empty osteocyte lacunae (yellow arrowhedds)he percentage of
empty osteocyte lacunae in alveolar bone was highg@Ri@NJlesions in rats treated with
ZOL 20,50,/0r 125 compared BRONJlesionsin ZOL 0 (*p < 0.05)and ZOL 8 (1 < 0.05)
rats H) Thenumber of empty osteocyte lacunms bone area (mfwas sgnificantly higher
in ZOL20;20, or 125 doses compared to ZOf @< 0.05). Mean + P.

Figure 5. Representative 2DicroCT slices of mandiblefsom ratstreated with oncologic

doses of ZOL20-125). A) Normal mandible. B) Mandiblesth PD-only showed loss of
alveolarbone height mesial to Mf,the M1 furcation, and in the M1M2 interdental region
(red lines). €) Madibleswith BRONJshowedmottled,honeycomHtike appearance in the
entire alveolar process (green arrowhegaois) notthe cortical bone of the inferior border of
the mandible. D) Imore sever8RONJ profound bone destruction, tooth migration, and

tooth lossswas observed along witie honeycombike appearance of the alveolar process

Figure 6. Osteoclasts in the maxillary alveolar bone of rice rats treated with ZOL.

Representativenagesof TRAP+ immunolabeleasteoclastgred arrow heads)mothe
maxillaryalveolar bone surfaces 4 ratswith no PD treated with ZOL Qand rats with PD
treated witheitherB) ZOL O, C) ZOL 8, D) ZOL20, E) ZOL 50, or F) ZOL 125. G)
NumerousT RAP+ osteoclasts in alveolar bone affected by BRORIhque () is visible in
PD-affectedumaxillae, anis directly attached to necrotic bone (demarcated in yellow) in
BRONJH)'Absence of TRAPstainingin negative controll) Number ofTRAP+
osteoclasts per muaf boneperimeter (B.Pm) in alveolar bowérats with no PD treated with
ZOL 0, and ratswith PD treated witlvarious doses aZOL (0-125);* indicatesp < 0.05
compared.t&ZOL 0 no PD control. JTRAP+ cells per mnB.Pmin alveolar bone affected by
PDor BRONJ. *indicatesp < 0.05 compared to PMeantdD.

Figure 7. _Peripheral quantitative computed tomography of the fendistdl metaplysis and

mid-diaphysis after treatment wigOL 0-125 for up to 30 wks, starting at age 4wka&) (
Total distal metaphyseal volumetric bone minelesity(vBMD; mg/cn?); (B) total
volumetric distal metaphyseal bone minarahtent(vBMC; mg/mnj; (C) total cortical bone

area(mnr); and D) cortical vBMC(mg/mm) The main effects of dosp € 0.001) and time
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(p < 0.001) were significant for all measurements, and there weressgniigcant differences
2 among doses within each time poiktowever, there were no significant differences among
the ZOL oncology doses at any timendicatesp < 005 compared to 0 ZOL,; ihdicatesp <
4 0.05 compared to 0 ZOL and 8 ZOMean+SD.
Figure 8. Serum bone turnover marker concentration in rice rats. A) PINP and B) TRAcP 5b
6 after treatment with ZOD-125 for 24 wks. s < 0.05 compared to ZOL (p < 0.05
comparedto'ZOL 8C) P1NPand D) TRACP 5b in rats treated with ZOL 0 or oncologic
8 ZOL doses(20-125) for 24 wks and grouped by BRONJ status; *indjgat@05 compared
to nonBRONJ ZOL 0;**indicatesp < 0.05 compared to non BRONJ ZOL 0 and non BRONJ
10 ZOL 20-1254Non BRONJZOL 0, n=9; norBRONJZOL 20-125, n=18BRONJZOL 20-
125, n=8'Meantd.
12  Figure 9. Width of alveolar process afandibles in rice rats treated wiZloL 0 or oncologic
ZOL doses (20-125)A) total alveolaprocess width, B) buccal plate width, and C) lingual
14 plate width; D) diagram of apical and coronal sites of measurementicates p < 0.05
comparedtZOL 0 at each measurement si2OL 0, n=9; ZOL 20-125n=25 MeantP.
16
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Table 1. Criteria for Gross Quadrant Score GQG)

Score Degree | Description
0 none | Normal gingival contours
1 slight Minimal plaque, minimal gingival recession
2 mild Plague, recession/ulceration of gingiva with limited extension

towards lingual plate or palatal midline;

inflammation/swelling/redness at margin of lesion

3 moderate| Plagque, recession/ulceration gingival extending into lingual muc
towards midline in maxilla or onto lingual mucosa in mandible;
inflammation/swelling/redness at margin of lesion; possible

involvement of buccal mucosa, possible tawilyration

4 severe | Profound plague accumulation, extensive gingival
recession/ulceration involving all three molars and extending imto
lingual mucosa toward the midline and onto the buccal mucosa,;
gingival inflammationtedness; loss of alveolar bone with

furcation exposure, tooth migration, or tooth loss

BRONJ Lesion of GQG=3 or 4 withexposure of alveolar or palatal bone

See Figure 2 for corresponding photographs

Table 2.PD Score (nflammation scoring system)

Score | Degree Description

0 apbsence | None

1 slight Gingivitis: slight hyperplasia of GE, intraepithelial inflammat
cell infiltration. Bacterial plaque accumulatiddormalLP,
PDL and ABC.

2 mild Gingival hyperplasia, inflammatory cell infiltration of the GE

and LP. Bacterial plaqueeccumulation. Normal PDL and ABC.

3 moderate | Erosion/ulceration and hyperplasia of the GE and marked
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bacterial plaque accumulation. Moderate inflammatory cell
infiltration of LP, disruption of PDL, migration of the
junctional epithelium, and mild ABC regaion.

4 severe | Ulceration/hyperplasia of the GE with marked bacterial plaqt
accumulation. Severe inflammatory cell infiltration of LP,
disruption of PDL, migration of the junctional epithelium, and

marked ABC resorption.

GE- gingival epithelium; LPlamina propria;
PDL- periodental ligament; ABCalveolar bone crest
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