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Abstract

The ovariectomize:(OVX) rat, apreclinical model for studying
postmenopausal bone lpssayalso be used to studljfferencesn alveolar bone
(AB). Theobjectives of this studywere toquantify thedifferencesn AB following
estrogen replacement thergidRT), andto investigate the retebnship betwee\B
structure and densitgndtrabecular bone at tHemoral neck EN) andthird lumbar
vertebral body{LB3). Estrogen treated ratsada higher bone volume fraction
(BVITV) at theAB region(9.8%P < 0.000), FN (12%P < 0.000), andLB3
(11.5%P < 0.000) compared to th&VX group. BV/TVof the ABwas positively
correlated with the BV/TV at thEN (r = 0.69P < 0.0001) andheLB3 (r = 0.75P <
0.0001). The trabecular number (Th.Mabecular separatiditb.Sp) and structure
model indeXSMI) werealso positively correlated?(< 0.05) betweethe AB andFN
(r =0.42, 0.49and0.73 respectfully andbetweenhe AB andLB3 (r = 0.44, 0.63,
and0.69 respectfully. Given the capacity oAB to respond t&RT, future
preclinical drug/nutritional intervention studies aimed at improving skeletal health
should include théB as a region of intere$ROI).
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CHAPTER 1: LITERATURE REVIEW
1.1 Osteoporosis

A decline inovarian production oéstrogensit menopause oftaesults ina
rapid loss of trabecular microarchitecture, increased endocortical bone resorption, and
increased cortical porosity; all culminatingtire development of osteoporosis and the
associatethcreased risk fofragility fracture(Figure 1)[1]. Specifically, he number
and activityof osteoclasts increasesapointwherethe rate of bone resorption
exceeds the rate of bone format[@ih

b Production of

estrogen by
ovaries

\ B Trabecul ar

resorption
B Endocor cal
resorption

B Cortical porosity

B Risk of fragility
fracture

Figure 1. Overview of how osteoporosis develops after menopause

With the loss of endogenous estrogen produadipthe ovarieshere is an increase in
trabecular bone resorption, endocortical bone resorption and cortical ptinasity

el evates a womano6s risk of experienci

Based ordata fromthe WHO Global Burden of Diseapeoject in 2000an
estimatedb6 million peoplearound the worléxperiencalisability caused by a
fracture[3]. In 201Q there were 2.32 million new hip fractunesaduls over50 years
of ageworldwide, andapproximately half of thoskip fracturesvere due to

osteoporosis in thEN [4]. Based orosteoporosis prevalence rates reportettién



2010 USCensus and NHANE&0052010, it is estimated that 10.2 million
Americans over the age of 50 have osteopomgkike an additional 43.4 million

having low bone madbat predisposes themtite development of osteoporof$.

In Canada, it is estiated that 1 in 5 women and 1 in 10 men will experience a hip
fracture during their life. Even when adjusting for annual trends in mortality and hip
fracture, the estimated lifetime risk of hip fracture remains high at 8.9% for women
and 6.7% for mef6]. With the average hip fracture hospitalization in Canada costing
approximately $20,0Q@he financial burden of osteoporosis over the 220@8

fiscal year was estimated at $2.3 billion dollars, or 1.3% of the entire Canadian
healthcare budg¢f]. It is well documented thatemenaredisproportionally

affected by osteoporosis compared to npimarily due to the more sudden decline

in estrogen productioexperienced at menopause whereas sex steroid levels decline
more gradually in me[8-5, 8]. In the majority of postmenopausal wom#re risk of
experiencing a fragilityracture exceeds the risk of developing invasive breast cancer,
stroke, and cardiovascular disease combj@gdvioreover, there is substantive
morbidity [10] associated ith afragility fracture and an increasegk of death

especiallywithin thefirst year posfracture[11]

1.1.1 Osteoporosis estrogenand tooth loss
Osteoporosi s not onl yfraglity tacteesastedip,a wo man
spine and wristhut is alscassociated wittheloss ofAB and teeth[12-15]. For
example, steoporosis at thembar vertebrae;N, or total hipis a significant
predictor of molar tooth lo442]. A 5-yearlongitudinalstudy of 404 postmenopausal

womenconfirmed that women irhe highest tertile of annuabne mineral density



(BMD) loss at the lumbar spine akRtl had an adjusted relative risk of 1.38 and 1.27
for tooth lossrespectivelycompared to women in the lowest tertile of annual BMD
loss [13]. In a longitudinal study of even greater duration, 7 years, the relative risk of
tooth loss in 180 postmenopausal womssT(ml17-b tediol (E2) < 25 pg/ml) was
4.38 with each 1% annual decrease in whole body BMID A greaterdoss ofAB
height and lessalveolar crestal and subcresBNID i all critical for providing
support for teeth werealsoreported in a 2/ear longitudinal study of 38 women
with osteopenia andsteoporosist the lumbaspine Between the first and second
molars in particular, estrogateficient (mearserumg2 < 30 pgml) women lost more
alveolar crestal bone density compared to estresgéfitient (mearserumg2 > 40
pg/ml) women{15]. Because tooth retentigh6, 17]and functional dentitiofiL8, 19]
are key deteninants of nutritional status tmeaintenance ofAB is important for
overall healthRisk of many chronic diseases such as obesity, type 2 diabetes,
cardiovascular disease and some carnisakevatedy poor dietThus, strategies that
preservehe skeleton at key sites of fragility fractdaréip, spine, wrist as well as
AB in the jaw are important for healthy aging.

While ERT has been consistently shown to reduce fragility frastat the
hip, spine and wrig0, 21]the effect @ tooth retention and preserviA@ has been
less studied. Howevea, study of 42,171 postmenopausal wortegedO69 years)
overa2year period as part of reponedthdturrers e s 6
use ofhormone replacement theragyRT; estogen alone, in combination with
progestin, or progestin aloypwas associated with a 248écreasén the risk of tooth

loss. In women using conjugated estrogen glaha dose of 0.3 mg per day, the risk

He al



of tooth loss was 31% lower compared to{userg22]. In a cohort 088,921older
women, mediaageof 81 yearscurrentERT (with or withoutprogesterong was
associated with a 27% lower risk of tooth I§&3]. Another stuly showed that a

group of poghenopasal women (735 years of ageyhoused ERT (reported as any
use of estrogerfbr greater than 8 years retained an average of 3.6 more teeth than
women who never used ERZ4]. The duration of ERTestrogen aneor in
combination with progestoggwasalsoa significant predictor of total and posterior
teeth remaining in a group of 330 postmenopausal Japanese W&5herhe
mechanism behind tooth retention and ERT remains unclear, butyaae 3
longitudinal study of 135 women aged-4Q years concluded that women receiving
0.625 mg conjugated equine estrogetin or without 2.5 mg medroxyprogesterone
acetateexperienced a 0.9% increaseAB massas assessed by digitized radiographs,
compared to nomserg26]. HRT or ERT may therefore work tocrease the stability
of the toothsupportingAB and therebyromote toothretention andhe opportunity

to consume a greateariety of foods.

1.1.2 Tooth loss and nutritional status

Retention of natural teetk associated withealthiemutrient intake that may
have a role irpreventon ofchronic diseasd-or example, dietary calciu(@a)has
been studied in relation to tooth Idsscausechieving recommended intakes of
dietaryCa, in particular, is important fattenuatingpone lossaftermenopause and
duringaging.As suchthe recommended intake Ghis 1200 mg per day in women

aged 5170 yearsand men over age 70 ye§2§]. Amongdderme n and women ( O

65 years of ageyith unknown smoking statukigherdaily intake ofCa (884 versus



805 mgCa) was associated with a greater number of te@thl(versus 1120 teeth)
[16]. Another study reporteldwer tooth loss in a placelmontrolled 2year study of
nonsmoking women taking @asupplement 0500 ng per day smoking women
were excluded because smoking is a risk factor for tootH{1d$s

Fruit and vegetable intake relation to tooth loss has albeen studied. Data
from NHANES IIl, alargecrosssectionaktudy of Americans over age 50, shoveed
reduced number of posteritzeth associated withlower dailyintake of the
recommended amount of fruit servinggefected in a lower Healthy Eatingdex
(HEI) scoreand a highebody mass index@MI) [18]. Additionally, having no
posteriorteeth wasassociated witlalower dailyintake of the recommended amount
of vegetable servings, alseflected in a lower HEI scofé8]. Evenwhen controlling
for socieeconomic status, inadequate dentitjdafined by < 21 teeth remainingas
associated with reducadtakes offruit (stone fruits ad grapes/berries) and vegetable
(stir-fried or mixed vegetablesweetorn/'corn on the cobmushrooms, lettuce, and
soy beans/tofun a sample of 530 dentate Australian men and women over the age of
55[19]. The link between tooth loss and reduced fruit and vegetable intake is
important since a recent comprehensive review concluded that fruit and vegetable
consumption wasissociated with a reduced risk of chronic diseases such as
hypertension, coronary heart disease, and sf@8elnterestingly the relationship
between dower BMD in postmenopausal osteoporosis, higher rates of tooth loss, and
lower fruit and vegetable intake comes fullate given the study of 670
postmenopausal Chinese women that found higher fruit and vegetable intake was

associated witlgreateiwhole body, lumbar spine, and hip BMDhe regression



model predicted that@daily increase of 10 of fruits and vegetablesas associated
with a 6, 10, and 6 mg/chgreateBMD at the whole body, lumbar spine, and,hip
respectively[29].

The relationship between osteoporosis, tooth loss, and compromised nutrition
may prove to be cyclicgFigure 2)since compromised nutritiaccould exacerbate
osteoporosisAs discussed in section11l, HRT orERT has been shown fmromote
tooth retentiorandmayintervene in this selperpetuating, negative cycle of tooth
loss and the consequeagreaterisk of chronic diseasdevelopmentMoreover, there
are other pharmatmgical agents or diet interventions that may prove useful in
stopping the cycle shown in FigureThe ovariectomized rat can be used to evaluate
the effectivenessf an intervention fopreservingAB [30, 31] Findings from these
studies provide an important step in developing interventions to promote and support

bone healthi includingtheretention of natural teethfor postmenopausal women.
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Figure 2: Cyclical relationship among low BMD, tooth losscompromised
nutrition and risk for chronic disease

ERT/HRT or other interventions that benefit other skeletal sites such as hip, 1
and wrist may also prevent or slow the progression from low BMD tt loes.
Retention of natural teeth allows individuals to eat a more healthful diet that i
associated with a reduced risk of chronic disease.

1.2. The ovariectomized rat model

The OVXrat model isanapproved preclinicahodelby the Food and Drug
Administration (FDA)[32] for studyinghow the decline in endogenous estrogen
production by the ovaries at menopause leads to postmenopausal ostecgaiiosis
how potential interventions can preserve bone metabolism in thisAlthtaugh the
FDA guidelines do not specify which strain of rat to uisis, important to be aware
thatthere can be differenc@sBMD, bonesize, and biomechanichbnestrength
among inbred rat straii83]. Interventions include pharmacological agents as well as
lifestyle strategies such dgt By 12 weeks ohge,the female SpraguBawleyrati

among the most common strains studidths reached sexual maturity and has



achieved peak bone mdss the whole body, femora, and tibigg%]. Peak bone mass
was defined athe point aivhich therat skeleton had accrued gseatesamourt of
areal BMD determined by dlianergy xray absorptiometryDEXA) at the whole
body, femur, and tibiddowever, bngitudinal bone growth continues in the female rat
until the epiphyseal growth platetbse At 12 weekf age,the distal tibia growth
plate has closedhile the proximal tibia, and lumbar vertebral growth plates remain
open until 15, and 21 months respecti@]. Despite thecontinuedskeletal growth
ratsare commonly ovariectomized B2 weekf age sincéherats aresexually

mature and therefore capable of modeling bone loss due to estrogeendg{i@b].

By 9 months of agdongitudinal bonegrowth at the proximal tibia metaphysis has
slowed to 3 um/day, while growth at the lumbar vertebral body has slowed to < 1
pm/day[37].

Two developmental stages have been used to describe theaaglsttleton
6mat ur e®monthismfm &g e &6 monthsaobhageskéletal growth is
rapid from 13 months, reduced from@months and negligle past 6 months of age
[38]. In addition to continued longitudinal bone growte extent oDV X-induced
bone loss is dependent on both skeletalsite and theéime sinceOVX. For example,
in the proximal tibiaa significantdecreasén trabeculatbone volume (BV)s
observed® weeks posOVX compared tehamcontrol with aplateau by 14veeks
postOVX [39]. At theFN, asignificantdecrease in trabeculBV occurred a#
weeks posDVX with aplateau by 3%veekspostOVX [40]. The lumbar vertebea

was much more resistant@vX-induced changes in trabecul than either the



proximal tibia orFN. It wasnot until 7 weeks posOVX that a decrease in trabecular
BV was significant andeached plateaubetween 39 and AeekspostOVX [41].
The effect otime sinceOVX onthe rat mandible is less cleso the studies
discussed in this reviearesubsequentlgivided into thos¢hat areD12 weeksin
durationand thosehat areD12 weeksduration aftelOVX. Thistime pointwas
chosen since a ®eek period afte©OVX has been shown to Isefficient todecrease
trabeculaBV at the proximal tibid39], FN [40], and lumbar vertebrgd1]. Figure 3
is an image of a hemimandidi®m aSpragueDawley ratwith key landmarksnd
directionshighlightedandserves as a guide to the specific study regions of interest
(ROI) discussed in the next secti@milarly, Figures 4 through 6 are included to
assist the reader in identifying regions that have been analyzed in the studies that are
discussed in this reviewigure 4is a sagittal slice through the first molar (M1) with
the interradicular septum containiA@® highlighted. Figure s athreedimensional
(3D) rendering of the 4 roots of Minesial, Ingual, buccal, and distal roots) and
shows how these roots enstotheAB of the interradicular septurfigure 6 is a 3D
rendering of M1 in its bony socket and viewed as sagdy to show landmarks used

to defineAB ROI.
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Figure 3: Hemimandible from a 6-month old SpragueDawley rat

Fromright to left incisor, F'molar (M1), 29 molar (M2),3 molar (M3) the
coronoid process and condyMesial is the front, distal the back, buccal the
lateral side, lingual the medial side ahdcoronal plane dividgethe mandible into
mesial and disl portions
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Figure 4: Sagittal slice through molar 1 (M1)of a 6 month old Sprague

Dawley rat with interradicular septum
The interradicular septum is highlighted in red and extends from the furcatior
to the root apies. The occlusal surface of M1 is highlighted in blue and the
arrowhead denotes the approximate location of the central sulcus.
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Figure 5: Four roots of M1
The mesial, distal, buccal, and lingual roots enclose the AB aftir@adicular
septum.
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Figure 6: Landmarks to define ROI of AB at M1

M1 in its bony socket (left) with the distance between the cerrardmel junction
(CEJ) andbone crest (pink), the mandibular canal (orange), and the incisor roo
(yellow). In a cutaway model of M1 in its bony socket (right) the AB of the
interradicular septum (purple) is superior to the AB (red) between the incisor c
(blue) and mesial ro@tpex (green).
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1.2.1 Short-term effects ofOVX on mandibular bone findings from studies less
than 12 weeks aftelOVX

In only threeof thesix studies with at©®VX duration< 12 weeksOVX
reduced eitheAB structurgl42, 43]or density[44] (Table ). In thosestudiesthe
time sinceOVX was g@proximatelynineweeksand therats were ovariectomized at
17, 25 and 26 weeks of apg2-44]. The first study42] usedhistomorphometryo
measurehe M1 sagittal surface containing the central sulcus of the occlusal surface
and both the mesial and distal root canals. The ROI was the entire interradicular
septum of M1 extending from the furcation roof to the mesial and distal root apices
(Figure 4. Relatiwe to the sham group, there waser BV andTh.N with higher
Th.Spbutno differencen trabecular thicknegd'b.Th) between the sham aivX
group.

Similar results were reported by a stubgtalsoinvestigatedAB nineweeks
afterOVX, the only difference being an older ag®&tX, 25versus 1iveeks[43].
The hemimandibles were scannedmi@ro-computed tomographymCT) between
the mesial and distal roots of M1 at a resolution offs0 The ROI was delineated
inferiorly by a plane connecting the apiadghe buccal and lingual roofBigure 5)
and superiorly by a contour along the interradicular sefkigure 4) Relative o the
sham group, there wésssBYV andTh.Thwith greatefTb.Sp There was no
differencein Th.N between thaham andVX group.

Changes in thAB density ofSpragueDawleyrats ovariectomized at 26
weeksof ageandmaintained fothe samaineweekspostOVX werealso reported
[44]. To measure the tissue mineral density (TMD) distribution, hemimandibles were

cut into 5 mm sections and scannedm@T at a resolution of 26m. The ROl was a
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volume ofAB extending 200mm from the surface of each tooth along the 5 mm
section if visualized in 3D the ROI would ba 200 um thick cast of the tooth
surfaces irdirectcontact with theAB. This ROI included both the periodontal
ligament (~ 150rm) and theAB in dired contact with the tooth surface (~ 6t).
Therewere highestandardized grey values of the TMD distribution at the 5
percentilein the OVX group compared to the sham grddighergrey values at the
5™ percentile implied moreammature bone formatiodue to accelerated bone
remodeling. There was alsohigherstandardized TMD distribution coefficient of
variation(CV) in the OVX group compared to the sham grolgreateiICV
suggested that bone turnover increagegummarythese studies have showrat by
nineweekspostOVX there is aeducedAB volume and increasetb.Sp[42, 43]
and testability of theAB directly supporting the molars also compromisef4].

Of the gudieswith anOVX duration< 12 weeksthat dd notreport an effect
onAB, two had times pogDVX of less thamineweeks[45, 46]andone had dime
postOVX of exactlynineweeks[47]. Different techniques used to measure changes
to AB may abo explain whyamong thestudies with at©VX duration of
approximately® weeks,one study reportedo effecs [47] while threeothers reported
effects[42-44]. The study with the shortestudy periodpostOVX measured
mandibular BMDin SpragueDawleyrats ovariectomized &bur weeksof ageandx-
ray radiographsf hemimandibles were takéour weeks afteOVX [45]. The ROI
began 1.5 cm mesial to M1 and extended until the end &Bhsupporting the distal
root of M3(Figure 3. The ROI was delineated inferiorly by the crest of the incisor

root and superiorly by the contours of the molar r@bigure 6) This ROlincluded
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the AB supporting MiIM3 and the surrounding cortical bone. There was no
differencein BMD between thaham andVX grouy. AB loss was also measured by
calculating the difference in height eten the CEand the bone crest at the
midpoint of themesial roofFigure 6)of each molar. There was no differencé\B
lossbetween the sham a@VX group

At five weeks posOVX, the mandibular BMD o$pragueDawleyrats
ovariectomized at 1®&eekswas measured usindeEXA [46]. TheROI of left
hemimandibles was a rectangle extendiogn the angle mesial to M1 until the distal
root of M3 (Figure 3) The following weremcluded in the ROI: molaréB, cortical
bone, and the incisor root. There was no differen&MD between the sham and
OVX group. Additionally, the mandibular boneea fraction and area moment of
inertia were measured using coronal sect{®mgure 3)of the distal most aspect of
the M1 mesial roofFigure 5) An image of the newly exposed surface constituted the
ROI and included th&B, cortical bone, and incisoret There was no difference
bone area fraction or area moment of inertia betwleeshanandOVX group.

Evennineweelks afterOVX, Wistar rats ovariectomized at Wwkeksof age
showedno differencan themandibular BMDbetweerthe shamandOVX group
[47]. The mandibular BMD was measuregIDEXA equipped with small animal
software. The ROI was a rectangle encompassing the alveolar, condylar, and coronoid
processegFigure 3) the molar crowns and incisor were removed. Since changes in
AB structurg42, 43]and density44] have been reported bynine weekspost
OVX, it is possible thaDEXA may not besensitive enough to detetie OVX-

induced changes in the rat mandible. Studies that follow for a longer time period after
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OVX are likely needed to dete®VX-induced loss of mandibular BMD byEXA.
Future studis that use {CT to measure changesAB structure in response VX
are also neededtt.is likely thatpu-CT would detect a more subtle chang\B after a
shorter amount of time pe&VX than CEXA due to its superior resolution, ability to
guantify structural changeand highly spedic ROI in 3D. Also, in order to detect a
robust change iAB afterOVX that can be correlated with changes at other typical
skeletal sites such as the long bones and lumbar vertebrae, a tinGa/post

greaterthan 12 weeks is likely needed.
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Table 1: Summary of studies investigating changes in mandibular health in rats less than 12 weeks af@vX

Rat strain Sample Age at Time post Diet Technology Main findings for mandible Reference

size OVvX OovX compared to shm control

per group _ (wks) (wks)
Sprague n=>5 4 4 0.89% Ca  Radiographs fNo change in BMD [45]
Dawley fINo AB loss
Sprague n=8 13 5 1.00 % Ca DEXA, fNo change in BMD, bone [46]
Dawley Histomorphometry area fraction, or area

Stereology moment of inertia

Fischer n=8 17 9 Unknown Histomorphometry 925 % decrease in BV/TV [42]

917 % decrease in Th.N
132 % increase in Th.Sp
fNo change in Tb.Th

Sprague n=10 26 9 Unknown pu-CT 17 % increase in thEMD [44]
Dawley distribution grey values at
the 3" percentile
125 % increase in thEMD
distribution CV

Wistar n==6 17 9 Unknown DEXA fINo change in BMD [47]
Wistar n==6 25 9 1.17% Ca, u-CT 115 % decrease in BV/TV [43]
091%P 114 % decrease in Tb.Th

122 % increase in Th.Sp
fNo change in Tb.N

AB, alveolar boneBMD, bone mineral densityBV/TV, bone volume fractiorDEXA, dualenergy xray absorptiometryTb.N,
trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickkE3stissue mineral density-CT, microcomputed
tomography
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1.2.2 Longer-term effects ofOVX on mandibular bone findings from studies that are12
weeks or longer afterOVX

All of the studies with a®VX duration oflonger tharl2 weeks (Table Preporta
reduction inbone mineral and/astructural changes AB. Of thesenine studiesfive reported
changes irAB structureg[48-52], threereportedsignificant reductions ithe BMD of AB [53-55]
and a single study reported a decreagh&Ct.Thof AB [56].

Two studis used conventional histomorphometric methods to report changés in
structure followingOVX [48, 51] One study ovariectomized ratssat weeksof ageandstudied
them until1l2 weekspostOVX [48]. To measure the mandibular histomorphometry,
hemimandibles were sectioned coron@figure 3)into 50mm thick slices. The ROl was a
rectangle, with an area of 0.1B881?, inferior to the apices of the buccal and lingual roots of M1
(Figure 5)and superior to the mandibular caff@igure 6) There was a decreaseBN between
thesham grou@ndOVX group. Anothestudy ovariectonziedSpragueDawleyrats at 26veeks
and maintained them for 2@eeks[51]. To measure the mandibular bone area fraction and the
area moment of inertia, the lefmimandibles were sectioned corondfjgure 3)between the
mesial and buccal roots of MEigure 5)and also between the roots of M2. The ROI for the bone
area fraction was the entire surface of the M1 section with the molar crown/roots and incisor
remowed. The ROI for the area moment of inertia was the entire surface of the M2 section with
the incisor removedihe bone area fraction of tk#/X group wadessthan the sham group
There was no differenaa themoment of inertia betweesham an®VX grougs.

The remaininghreestudies to report changesAB structure used{CT [49, 50, 52] To
measure the mandibular morphometryait ovariectomized at Meeksandmaintained for 16

weeks, left hemimandibles were scannedw(@T beginning at the mesial plane of M1 and

extending 25 slices toward the distal r@égure 5) the scan wasta resolution of 1%m [49].
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The ROI was delineated superiorly by the apex of the M1 mesialFigpire 5)and inferiorly by
the crest of the incisor sockg@tigure 6) The buccal and lingual wall$ oortical bone that
flanked the ROI were removed. Relative to the sham group, therelaxasrdV, lowerTb.Th,
higherTb.Spand ahigherSMI in theOVX group A higherSMI indicated a shift in trabeculae
shape from platéke to rodlike; rod-like trabeculaeare thinner trabeculae aadethusindicative
of structurallycompromisedAB.

Another study measurdble mandibular morphometry odts ovariectomized at 28 weeks
andstudiedl7 weekslaterby scaning the left hemimandibles usingCT. This analys was
donebetween the mesial and distal borders of (Figure 5)at a resolution of 16m [50]. The
ROI was an interpolated shape encompassingB&om the apices of the buccal and lingual
roots(Figure 5)to the crest of the incis¢Figure §, and from the mesial to distal surfac# the
M1 interradicular septur(Figure 5) Relative to the sham group, there wasveer Th.N and
connectivity densityn theOVX groupbutno differencesn BV or Tbh.Thbetween the sham and
OVX group

To investigate longr-term changes in mandibularorphometry, the right hemimandibles
of rats ovariectomized at 28eeksandstudied52 weekslater were scanned usingCT at a
resolution of 20m [52]. The ROI was the interradicular septum of M1 delineated inferiorly by a
straight line between the mesial and distal r@eigure 4) Only a single sagittal slice exposing
the interradicular septum of M1 was used for the ROI, not the entire volume of the interradicular
septum. Relative to the sham group there wasvar BV, alower Th.Th, alower Th.N, anda
higherTb.Spin theOVX groupi indicating compromised structure AB.

Of the studies to evaluate changes in mandibular BMD followiw using CEXA [50,

51, 55] none reported any changeBMD while each of the studiagported changes in
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mandibular density or structure by eitlp@ripheral quantitative computed tomograpb@CT)
[55], p-CT [50] or histomorphometr{s1]. Of thethreestudies to evaluate changes in mandibular
density by pQCTall threereporteda loss of BMDpostOVX [53-55]. These studies provide
evidence that mandibular BMD measured X2 cannot represent the changes\B
following OVX in the rat and thdtigher resolution technigasuch as pQCT or4CT are
needed.

In a study of ratevariectomized at 3&eeksandstudiel at13 weeksafterOVX, the
BMD of hemimandibles was measured via pQCT between the mesial root of M1 and the distal
root of M2 (Figure 3)at a voxel size of 100m and a section thickness of 7% [53]. The ROI
was the entire surface of each coronal section with the molar ¢rovats and the incisor root
removed; this included both tracular and cortical bone. Relative to the sham group, there was a
lower total, trabeculaand cortical bone mineral density (Ct.BMiD)theOVX group

Another study inyoungerovariectomizedats (L3 weeksold) that were studietlé weeks
postOVX, scanedhemimandibles usingQCT from the mesial border of M1 to the distal border
of M3 (Figure 3)[55]. The ROI was the surface of each coronal pQCT section with the molar
crowns/roots anthe incisor root removed.hE lowestrabecular BMID(Th.BMD) in theOVX
group compared to the sham group whserved 3.5 mm from the mesial border of. Nihere
was no difference between the sham group an@th¢ groupCt.BMD. Additionally, the
hemimandibles ofats ovariectomized at 28eeksand maintained for 1&eekspostOVX were
scanned via pQCT at one 78t thick coronal slice through the midpoint of NHigure 3)at an
in-planeresolution of 106m [54]. The ROI was the entire surface of the caicslice with the
molar crown/roots and the irsar root removed. There was a lowaial mandibular BMDn the

OVX groupcompared to the sham graup
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A long-term studyof rats ovariectomized at Meeksand maintained for 5&eekspost
OVX measured chaes in mandibular cortical bone thickn§ss]. Left hemimadibles were
exposed to a 70 kW7 mA xray source and images were digitally captured at a resolution of 12.5
line pairs/mm with a total image size of 640 by 480 pixels. The ROl was a corgputnated
contoured shape encompassing the lower mandibular border; it figganorly where the lower
border met the incisor root and extended to the most inferior aspect of the lower border. There
was alower mandibularCt.Thin theOVX groupcompared to the sham group.

In summary, théonger the time sinc®VX, the greater the magnitude of the observed
changes irAB structure. Likewise the age of the raQAtX determines its skeletal maturity, and
thus changem bone density anstructure in a mature ré¢ 3 months of agegkeleton ismore
likely to mimic those in a mature adult human skeleton. An immaturg<ratmonths of age)
skeleton would experience competing skeletal growth @téx and that may skew arQVX-
induced changefobust changes #B following OVX have consistently been reported in
studieshat analyze mandible outcomes at or after 12 weeks@¥&r. The combination of
studying a rat with anature skeletoraf least 12 weeks of age 3 months) andaleally closer to
6 months of age @VX to exclude skeletal growth) and a time p@atX of at least 12 weeks,
would yieldchanges té&\B structure and densithat are optimato represent postmenopausal
bone lossFuture studiesleveloping interventions fareserveAB should consider this time

frame.



Table 2: Summary of studies investigating mandibular health in rats for 12 weeks or more aftedVX

Ratstrain  Sample  Age at OVX Diet Technology Main findings for mandible  Reference
size OovX duration compared to shamontrol
per (wks) (wks)
group
Wistar n=>5 6 12 1.15 %Ca, Histomorphometry 24 % decrease in BV [48]
0.35% P
Wistar n=15 35 13 001% Ca pQCT 17 % decrease in total BMD [53]

911 % decrease in Th.BMD
91 % decrease in Ct. BMD

Sprague n==6 13 16 Unknown DEXA, fNo change in BMD [55]
Dawley pQCT 113 % decrease in Th.BMD

fNo change in Ct.BMD
Lewis- n=12 11 16 Unknown pu-CT 118 % decrease in BV/TV  [49]
Brown- 128 % decrease in Th.Th
Norway 167 % increase in Th.Sp

122 % increase in SMI
Wistar n=12 26 16 0.1 % Ca pQCT 13 %decrease in total BMD [54]
Sprague n=11 28 17 1.1 % Ca, DEXA, fNo change in BMD [50]
Dawley 0.80 % P, u-CT 116 % decrease in Th.N

119 % decrease in Conn.D
fINo change in BVITV
fNo change in Tb.Th

Sprague n=15 26 29 1.0 % Ca DEXA, fNo change in total or molar [51]
Dawley Histomorphometry region BMD
18 % decrease inone area
fraction
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fNo change in area moment

of inertia
Lewis- n==6 13 52 Unknown Radiograph 116 % decrease in Ct.Th [56]
Brown-
Norway
Fischer n==6 26 52 1.15% Ca, p-CT 175 % decrease in BV/TV [52]
0.88 % P, 146 % decrease in Th.Th
0-50 1U/g vit 158 % decrease in Th.N
D 1354 % increase in Th.Sp

BMD, bone mineral densityrb.BMD, trabecular BMD; Ct.BMD, cortical BMD; B\hone volumg2D); BV/TV, bone volume
(3D); Th.N, trabecular number; Th.Spabecular separation; Th.Th, trabecular thickn@s3;h, cortical thickness; SMI, structure
model index; Conn.D, connective densiDEXA, dud-energy xray absorptiometrypQCT, peripheral quantitative computed
tomographyu-CT, microccomputed tomogghy
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1.3 Effect of dietary calcium on mandibular health in ovariectomized rats

In addition to considering age @ X and time fromOVX, dietaryCalevels are also
important to consideiTwo studied48, 52]used the samlevel of Cain the diet(1.15 %Ca) but
studied the rats fatifferentperiodsof time postOVX andreported differenpercentchanges in
AB volume (24% versug5%). Thus, theobserved differences B volume aredue to
differencesin the time posOVX. In other studies that were of similar length a@&X (16
weeks[54] versusl3weeks[53]), differentdietaryCalevels affecteanandibular outcomes. For
examplea tenfold differencén dietaryCa of which both levelsverec o n s i d eCae @Y% | o w
Caand 0.01%Ca), resulted ira 2.88% and 7.35% decreaseatal mandibular BMD
respectivelyThus, nandibular healtlis dependent on thege atOVX, time postOVX and the
level of dietaryCa To control for such variation, futustudiescould use sermpurified diet such
as theAIN93M that is speciallyjormulated to meet the nutritional needs of the adu[5@&tand
facilitates a standardization of the effects of diet on bone outcdtliesugh not specifically
studiedin the ovariectomized rat modeither aspects of a dieicluding macronutrient or
micronutrient corgntcanalso likely affectthe outcomes of mandibular health if not tightly
controlled among studies.
1.4ERT therapy preservesmandibular health in ovariectomized rats

A single human trial has reported higlhd density with ERT[26], yet with the
ovariectomized rat model it is clear tlestrogertreatmentcanpreserve both the periodontium
[58, 59]andAB density[30, 60] and also reducenandibular bone turnov¢dl] (Table 3. Rats
that were ovariectomized at an unrdgpd age and maintained fiovo weeks were divided into
sham,0OVX, andOVX + estrogenand were implanted with mini osmotic pumpgtmtinuously

deliver eithewehicle (sham an@VX groups) orestrogen(OVX + estrogen groudpb8]. The
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treatmenthat theOVX + estrogen group received was frifday of E2 this dose was not
standardized to body weigbo it is difficult to place irthe context of the other studie§o
measure mandibular osteoclastogenesis, right hemimandibles were sectionednrtack
slices at the M1 mesial ro(feigure 5)and stained forartrateresistant acid phosphataJdrAP)
activity. The ROI was the buccpériodontium surroundg the mesial root of M1. Atvo weeks
postOVX, there were less nuclei/osteoclass@ived in th®©VX + egrogen group compared to
theOVX group. There was no difference in the number of nuclei/osteoclasekla the sham and
OVX + estrogen group Thus, strogen treatmersttenuatedhe OVX-induced
osteoclastogenesis observed in the rat buccal periodontium of M1.

Another studyn ratsthat wereovariectomized at 1®&eeksof age wereadministerede2
by injectionat a dose of 16y/kg for5 days/weekior sevenweelks postOVX [59]. To measure
the periodontal ligament space, left hemimandibles wetrsagittally at the buccal/lingual
midpoint(Figure 5)to expose MAM3, and were scanned via scanning electron microscopy. The
ROI was the distance between a molar saoface and the supportidd atthreerandomly
chosen sites per rat. There was an increase in the periodontal ligament spaea bege sham
andOVX groups. Estrogen treatment inhibited the expansion of the periodontal ligament space,
and by extensiomAB resorption.

Rats ovariectomized at Meeksreceived a daily subcutaneous injectiorE@fat a dose
of 20ny/kg for 11weeks[30]. To measure thAB density, hemimandibles were sectioned into 6
mm thick slices in the coronal plag€igure 3)between the mesial and d@iktoots of M1(Figure
5). The ROI was the volume & within 2000mm of the furcation roof ofive equally spaced

slices within the M1 inteadicular septum. There was a lowd® densityin the OVXgroup
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compared to the sham graufhere was no differeeén AB densitybetween the shaandthe
OVX + estrogen group.

A similar study also used Wistar rats ovariectomized at 11 weeks$reated the rats with
an oral dose of estriol at 100 pg/kg, 5 days/week for 12 weekg€d6st[60]. To measure
changes iMTh.BMD andbone mineral conteffBMC), the hemimadibles were scanned using
pQCT at a resolution of 100 pum at 11 slices beginning 0.5 mm from the mesial boarder of M1 to
the distal border of M8Figure 3) The ROI extended from the superior edge of the incisor root
(Figure 6)to themolar furcation roof and excluded the molarneng roots, and surrounding
cortical bone. The OVX + estrogen treatedup had a highefb.BMD and BMC at multiple
slices compared to the OVX group; the sites of greétBgtreservation were the slices directly
beneath M1 and M2.

To measure lorg-term danges in mandibular bone remodeliatsrwere ovariectomized
at 13weeksand left untreated fds2 weekpostOVX [31]. After the52 week periogdonegroup
receivedestrogen treatmembdr 10 weeksasa subcutaneous injection &2 for four days each
weekat a dose of 16g/kg. Flurochrome bone markers were aglministerecat 17 andseven
days prior to necropsy. To measure the mandibular histomorphometry, right hemimandibles were
sectioned coronally at M@Eigure 3)into 30mm thick slices and visualized with a fluorescence
microscope to quantify bone turnover. There were twosRi¢ pelosteal bone surface around
the outside of the mandibular cortical bone, and the endosteal bone surface around the trabeculae
within the M2 supportind\B. On the periosteal surfadde mineralizing sugice of theDVX
group was highethan theOVX + estrog@n group. On the endosteal surfabe doubleabeled
surfaces, mineralizing surfaces, and enalapposition rates were all highierthe OVX

compared to th®VX + estrogen group.
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Estrogen treatment reduced osteoclastogenesis, stdlilire turnover, and theogé
preserveddB massn theovariectomized rat. Howevehe preservation oAB structure
following estrogen treatmen¢mains uncleafFuturestudies should correlate the preservation of
AB structure following ERT with other kesites rich in trabecular borieat areknown to
respond to ERT in order to place the baparing effects of ERT oAB in the context of

systemic bone health.



Table 3: Summary of studies investigatingeRT and mandibular health in ovariectomized rats
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Ratstrain Sample size Age at Estrogen dose; Main findings for mandible Reference
per group OVX (wks)  duration duration (wks) compared t@VX

Wistar n=4 Unknown 2 17 b-estradiol fLess nuclei ¢steoclas) [58]
1.5ng/day
continuous infusion;
2

SpragueDawley n=5 13 7 17 b-estradiol 136 % lesperiodontal [59]
10no/kg ligament space
5 days/wk;
7

Wistar n=14 11 11 17 b-estradiol 741 % geater bone density [30]
20 ny/kg dalily;
11

Wistar n=15 26 16 Estriol fimprovedTh.BMD and [60]
100ny/kg BMC
5 days/wk
12

SpragueDawley n=9 13 62 17 b-estradol 138 % less periosteal [31]
10 ngy/kg mineralizing surface
4 days/wk; 188% less endosteal double
10 labeled surface

151% less endosteal
mineralizing surface

171% less endosteal minere
apposition rate

OVX, ovariectomized; BMDbone mineral densityBMC, bone mineral content
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1.5 Objectives
There are two main study objectives:
1) To quantify the change® AB structuredensityand strengtfiollowing ERT
in the OVXrat, a preclinical model of postmenopausal osteoporosis, using p
CT.
2) To investigate the relationship betwe®B structuredensityand strength
following ERT with trabeculastructureand density at the FN and LB3
The aim ofthese two objectiveis to provide strong preclinical evidence that
the effects of ERT on tooth retention in human studies may, at least in part, be
explained by the preservationAB structure. Addionally it will establish the
magnitude of the responseAB to ERT in the context of other skeletal sjtesch
findings will provide arevidencebased rationale for includin§B as a potential
skeletal site that may be modified by an intervention rfugritional intervention)
targeting trabecular bone.
1.6 Hypotheses
1) ERT will preserve both the structudgnsityand strengttof AB in the
ovariectomized rat model as assessep-Bf.
2) Preservation oAB will be positively correlated with the known the

sparing efiects of ERT at the FN and LB3
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CHAPTER 2: METHODOLOGY
2.1 Animals

Ovariectomized Sprague Dawley rats<28) were purchased from Charles
River LaboratoriesKingston, NY,USA). Prior to arrival, all rats underwe@X at
Charles River at 11 weeks of age. Upon arrival at Brock University, rats were 11
weeks of age and were housed two per cage with a 12:12 hour light/dark cycle and
were fed AIN93M(TD.94048; Harlan Teklad, Mississauga, ON, Can§si#)diet
(Table 4 for the duration of the studyhis animal study protoca@omplied with the
Canadian Council on Animal Care awds approved by the AUC& Brock
University, St. Catharines, Ontario (AUP #Q201).

Table 4: Composition of AIN93M diet

Ingredient Amountper kg ofdiet
Cornstarch 466 dkg
Casein®0 85% protein) 140 dgkg
Dextrinized cornstarch 155 dkg
Sucrose 100 dkg
Soy bean oil 40 gkg
Fiber 50 gkg
Mineral mix AIN93M 35 gkg

Calcium 5 g/kg
Vitamin mix AIN93M 10 gkg

Vitamin D3 1000 1Ukg
L-Cystine 1.8 gkg
Choline bitartrate 2.5 gkg
Tert-butylhydroquinone 0.008 gkg

Macronutrientsummary

Fat (soybean oil) 40 g/kg (10% total energy)
Protein (purified casei® 85 pr ¢ 126 g/kg (14% total energy)

Carbohydrate (sucrose, cornstarch) 727 g/kg (76% total energy)
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2.2 Study design

The ovariectomized rats were randomized into two grodpss alone 6 =
14) or estrogen replacementX 14). At 12 weeks of age, the estrogen replacement
group received a subcutaneous pellet that released 1.5BE2peer 90 days
(Innovative Research é&merica, Sarasota, FL, USA). The ovariectomized control
group also received a subcutaneous placebo pellet to compensate for any stress
endured during the surgical proceduké.pellets were placed using a trochar into a
subcutaneous pocket created abdweright scapula region while the rats were under
isoflurane anesthesiafter 12 weeks oE2 treatment, both th©VX alone and
estrogen replacement groups were euthanized by exsanguination under isoflurane
anesthesia. The studsign is summarized in kige 7 The left and right
hemimandibles, femurs, and lumbar vertebrdevlere excised, cleaned of soft

tissue, wrapped in saline soaked gauze, and stor86°&t until further analysis.

Time post-ovariectomy (13 wks)

° °
Time post-E2 pellet surgery (12 wks)
° °
| 1 |
I I !
OovX E2 pellet surgery Euthanize
Age atOVX  Age at surgery Age at euthanization
(11 wks) (12 wks) (24 wks)

Figure 7: Study design

The rats were OVX at 11 weeks of agel12 wks of age, an E2 or placebo pellg
was placed. The intervention occurred from 12 through 24 weeks of age. Tiss
collection occurred at the end of theii2ek intervention.
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2.2.1E2 dose

TheE2was delivered by a slow release pellet that was implanted
subcutaneously. The pellet delivered 1.5 mg E2 oveate§@, resulting in a daily
dose of approximately7ing of E2 or50 my-kg?! body weight, assuming an average

body weight of 30 g based on présus studies.

2.2.2Body weight and food intake

Body weight was measured weekly as a marker for overall health. Food intake
per cage was measured biweekly. Since the rats were housed two per cage, the cage
food intake was divided in half and treatedrdake per rat.
2.3 Body composition

One day prior to euthanization, rats were fasted and body composition was
measured using duahergyx-ray absorptiometry (DEXA; pSabre, Orthometrix,
Naples, FL, USA) to determine bone, lean, and fat mass. Theessawesthetized
with isoflurane and placed on the DEXA scanning stage in a prone position. The
resolution was set at 0.5 x 1.0 cm and the speed at 10 mm/s. Because the area of the
rat is larger than the scaielfi, aROIl was measured using specializedwafe (Host
Software version 3.9.4; Scanner Software version 1.2.0)RTiavas defined by a
rectangle 7 cm long and 10 cm wide, beginning at the most proximal aspect of the
femoral head¢hus excluding the hind limb3he absolute values for bone, leand
fat mass wereorrected for differences in body mass within the ROI. This was
performed by expressirtge absolute values as a function of the mass of the ROl and

multiplying the value byl00%.
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2.4 Scanning skeletal sites by-CT
2.4.1Sample preparation

The right hemimandible, left femur, an@8 were removed directly from
storage at80°C and subsequently wrapped in parafilm to prevent sample dehydration
during the scan. The wrapped bones were then aligned axially in a foam tube for the
scan. B placing multiple samples in a foam tube, the samples were scanned
sequentially in batches; this worked to reduce variation due to scanning. An example

of the sample saip is shown in igure 8
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Figure 8: Sample preparation for (-CT
A hemimandiblaemoved from80°C storage (top). The hemimandible was

wrapped in parafilm and placed axially in a foam tube (middle). The foam tub|
shown on the scanning platform (used for mice) before entering the scanning

(bottom).

2.4.2Scanning acquisition and reconstruction parameters

The scanning parameters for the hemimandible, femur_BBdvere guided

by the aim of a minimum sample transmission of 30%. To achieve this aim, the
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voltage, current, and filter selection were optimized for each sample type.
Additionally, the xray exposure time was set to give an average transmission of 60%
to yield the best image contrast. The rotation step was set at 0.2° to provide the best
resoluton while also achieving a manageable scanning duration of approximately 30
minutes per sample. The reconstruction of the individual images into a 3D dataset
was also governed by image quality. Due to the density of the cortical bone
surrounding thé\B, rdative to the cortical bone surrounding i or lumbar

vertebral body, there was more noise in the images &&Bhdo compensate, a

higher smoothing factor and a defect pixel masking was applied to reduce noise in the
AB image slices. All scanning wagrformed using a Skyscan 117€ (Bruker,

USA) using host software (1176 version 1.1) and reconstruction software (NRECON
version 1.6.6.0). All scans were set as a 180° rotation around the sample with an
isotropic voxel size of 9 um. A summary of thesning and reconstruction

parameters foeach site is provided in Table 5
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Table 5: Scanning acquisition and reconstruction parameters for mandiblefemoral
neck, and lumbar vertebrae

Mandible Femoral neck Lumbar
vertebrae

Acquisition parameters

Voltage (kV) 82 68 68

Current (MA) 298 368 368

Filter 2 mm Al 1 mm Al 1 mm Al

Exposure (ms) 1254 1140 1140

Rotation step 0.2°0 0.2°0 0.2°
Reconstruction parameters

Smoothing 4 1 1

Ring artifact 8 8 8

Beam hardening 30% 30% 30%

Defect pixel mask 3% 0% 0%

2.4.3Mandible positioning and analysis

As seen in Figure,®ach mandible scan was reoriented so that a sagittal slice
at M1 exposed a level furcation roof and a frontal slice at the mesial root showed that
the root was vertically straight. The images analyzed were the coronal slices passing

first through the odosal surface until the molar root apices.



38

Figure 9: Mandible positioning at M1
A sagittal slice through M1 exposed a level furcation roof (right). A frontal slig
through the mesial root showed that the root was aligned vertically (top). The
imagesthat were analyzed were the coronal sections proceeding through the
encased by the four roots of M1 (left).

As seen in Figure 1@he beginningf theROI was the slice near the furcation

roof at which the mesial, distal, lingual, and buccal roots were independent structures
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surroundingAB. An interpolated shape was drawn contouring the root surfaces in

contact with theAB of the interradicular septum untile end of the mesial root.

Figure 10: Mandible ROI

The first slice was the point at which all four roots are independent structures
(left). The ROI contoured the inner surfaces of the roots to encompass the Al
the interradicular septum (middld@)he last slice was the point at which the meg
root ended (right).

As seen in Figure 14 subregion ofAB between the lingual and buccal roots
was also drawn. This striegion was designed to capture largabeculaavithin the

AB and exclude the densercation roof for later 3D BMD analysis.
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Figure 11: Three-dimensionalalveolar boneROI with sub-region
The entire interradicular septum (light blue; center right) and the ABegibn
between the buccal and lingual roots (light blue; far right)

2.4.4Femoral neckpositioning and analysis

Only the proximal aspect of the femur was scanned in order to imag&lthe
TheFN site was chosen since changes in BMD at the hip in human studies has
correlated with an increased likelihood of tooth loss. An aim of this work is to show
that a similar relationship exists within the OVX rat model betweeRthgabecular
bone andAB sothat the OVX rat model can be used in future studies targeting both
trabecular an@B preservation. As seen in Figure, BachFN was reoriented so that
a sagittal slice exposed the neck aligned horizontally and a coronal slice exposed the

neck aligned wdically.
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Figure 12: Femoral neckpositioning
A sagittal slice exposed a FN that is aligned horizontally (right). A coronal slid
exposed a FN that is aligned vertically (top). A frontal slice exposed the trabg
bone within the FN from which @Ol was drawn (left).

TheFN ROI began at the last slice to have any femoral head growth plate and
continue until thd=N became continuous with the main yroal femoral medulla

(Figure 13.



























































































































