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Bone Quality Analysis of Jaw Bones in Type 2 Diabetes and Alcoholic Liver Cirrhosis:
Anatomical and Microstructural Evaluation

Abstract:

Increasing prevalence of type 2 diabetes mellitus (T2DM) in general population due to
the aging society, sedentary lifestyle, and obesity results in growing numbers of T2DM
patients in dental practice. Recent studies have suggested increased bone fragility in patients
with T2DM; however, the mechanisms of T2DM-associated bone changes in jaw bones are
still poorly understood. Indeed, patients with T2DM often present with a need for dental
implant placement in the edentulous alveolar bone. Furthermore, titanium fixation screws,
which need to be placed in the mandibular angle in case of a fracture located in that region
are sometimes required in T2DM patients. T2DM-related alterations in jaw bone quality,
which may have direct effects on osseointegration and implant survival in this patient
population, have not yet been investigated. The question remains as to whether alterations in
jaw bone quality in T2DM contribute to implant failure.

Alcoholic liver cirrhosis (ALC) has a proven negative influence on bone quality at
various skeletal sites, such as femur and spine. On the other hand, evidence about the
influence of ALC on jaw bone quality is scarce. Dental patients with a history of alcohol
abuse and possibly compromised liver function sometimes need surgical interventions on the
jaw bone, in post-traumatic cases, tooth extractions etc. Information about the jaw bone
quality in patients with ALC is needed to make an evidence-based decision about the
possibilities for oral and maxillofacial surgery in these patients.

There is still poor understanding of bone quality in patients with T2DM and ALC;
however, these patients, especially T2DM patients, are often met in the dental practice and
decisions to treat or not to treat them are usually based on personal opinion of a physician.
Therefore, there is a great need for evidence-based recommendations in clinical practice. In
that context, we believe that understanding how T2DM and ALC affect bone quality on
several hierarchical levels of observation could have significant clinical relevance in
medicine and dentistry. Currently, patients treated with different antidiabetic medications are
not distinguished clearly in clinical practice and the current clinical approach is not based on
strong evidence. Therefore, the focus on the effects of T2DM treatment options (Insulin vs.
OAD) on bone quality may also be of great practical value in oral and maxillofacial surgery.
And it is important to clarify whether T2DM and ALC should be considered absolute or
relative contraindications for oral interventions on bone, at least when it comes to the bone
tissue status of these patients.

The aim of this thesis was to explore bone quality of T2DM and ALC patients
compared with healthy control group on several hierarchical levels in the edentulous region
of the lower first molar and the mandibular angle, so as to provide structural evidence to
estimate possibilities of for common treatments in oral and maxillofacial surgery.

The following specific objectives were stated:

i.  to compare the jaw bone microstructural, compositional, and cellular properties
between patients with T2DM and healthy controls;
ii.  toinvestigate the influence of OAD vs. insulin in T2DM individuals in a site-specific
manner, and to
iii.  to compare the jaw bone microstructural, compositional, and cellular properties
between individuals with ALC and healthy controls, in a site-specific manner.



Mandible bone samples were collected during autopsy at the Faculty of Medicine,
University of Belgrade, from male individuals aged over 65 years. The specimens were
divided into three groups: T2DM group (n=10), ALC group (n=6), and age- and sex-matched
healthy controls (n=11). Bone microstructure of the angulus and the molar regions was
assessed using micro-computed tomography (Skyscan 1172 micro-CT, Bruker, Kontich,
Belgium) at a spatial resolution of 10 um. A separate analysis was performed for the cortical
and trabecular compartments, providing 3D quantitative parameters of bone
microarchitecture. Morphological analysis of osteons and osteocyte lacunae analysis was
performed in ImageJ software. Next, evaluation of bone matrix mineralization using
quantitative backscattered electron microscopy (qBEI) was performed. The composition of
bone mineral and collagen phases, which indicate mechanical properties of bone matrix, was
evaluated by Raman spectroscopy. Cellular and tissue characteristics of bone specimens were
assessed using histomorphometry. Tissue sections were stained with toluidine blue and
Masson-Goldner. Osseous cell and tissue indices, which indicate bone cell properties and
ratios between active and inactive bone surfaces, were determined using OsteoMeasure
histomorphometry system (Osteo Metrics, Atlanta, GA, USA).

The parameters of jaw bone microstructure, composition, and bone cells were
compared between individuals with T2DM and healthy controls in a site-specific manner. In
the mandibular angle, T2DM showed lower porosity of the lingual cortex (p=0.004). In the
trabecular bone of the mandibular angle higher trabecular thickness (p=0.008), fewer
mineralized osteocyte lacunae (p=0.049), and smaller lacunae (p=0.03) were found in the
T2DM group. More highly mineralized bone packets were found in the buccal cortex of the
mandibular angle in insulin-treated compared to OAD-treated T2DM group (p=0.034). In the
molar region, we found higher heterogeneity of trabecular calcium content in T2DM insulin
than in the Control (p=0.015) and T2DM OAD (p=0.019) groups. The trabecular bone of the
molar region showed a lower fractal dimension (p=0.028) and higher osteoclast number per
bone perimeter in T2DM vs. the Control group (p=0.042). The lingual cortex of the molar
region showed no difference in T2DM. The buccal cortex of the molar region had a lower
mineralized osteocyte lacunar bone number (p=0.04) and a higher carbonate-to-phosphate
ratio in T2DM (p=0.009). Inter-site comparisons (angulus vs. molar region) in the T2DM
group and T2DM subgroups showed higher cortical porosity in the molar region compared
with the angulus region in T2DM (p=0.007).

Similar to T2DM jaw bone quality study, there was substantial variability in bone
quality between ALC and healthy controls. The trabecular bone of the molar region showed
smaller lacunae in ALC than in the Control group (p=0.002). The lingual cortex of the molar
region showed higher closed porosity in ALC compared with the Control group (p=0.003).
The buccal cortex of the molar region had higher closed porosity (p=0.02) and a higher
carbonate-to-phosphate ratio in ALC (p=0.008). The trabecular bone of the angulus region
had lower calcium content (p=0.042), fewer highly mineralized bone packets (p=0.036),
fewer octeoclasts (p=0.032), and a tendency towards lower osteoblast number in ALC
compared with the Control group (p=0.056). The lingual cortex of the angulus region showed
a tendency towards higher open porosity (p=0.098) and pore diameter in ALC (p=0.002). The
buccal cortex of the angulus region showed higher closed porosity (p=0.007) in ALC
compared with the Control group. Inter-site comparisons (angulus region vs. molar region) in
the ALC group showed microstructural differences in trabecular geometry, such as higher
degree of anisotropy in the angulus region (p=0.001) and higher fractal dimension in the
molar region (p=0.033).



The results indicated that T2DM caused microarchitectural alterations of the jaw
bone, manifested by simpler microarchitectural geometry of the trabecular molar region and
higher trabecular thickness at the trabecular angulus. Both insulin and OAD therapy affected
bone remodeling, with OADs causing more intense resorption in the trabecular molar region
several years after tooth extraction, and Insulin therapy predominantly causing alterations in
mineralization. OAD therapy caused a filling effect of cortical pores in the lingual cortex of
the angulus region. Insulin therapy was associated with packets of highly mineralized bone
and layers of bone tissue of different calcium content in both observed regions of the
mandible. Bone tissue in cases receiving OAD therapy had altered carbonate content
compared with the healthy bone. The lower number of mineralized lacunae in T2DM
compared with controls might suggest even younger tissue age due to DM-related faster
remodeling. Cortical thickness of the jaw remained unchanged in T2DM. Taken together, all
alterations to bone quality must have developed under a combination of local and systemic
factors specific for each bony site of the jaw. Further research is required to explain the
mechanisms of such bone tissue alterations in patients with diabetes. Based on the current
data, there is generally no contraindication for the implant placement in T2DM patients as far
as bone microstructure and composition are concerned. Nevertheless, alterations to bone
quality might affect implant’s long-term stability, which requires further studies.

ALC caused microstructural alterations of the jaw bone, manifested by higher closed
porosity in cortical bone and lower lacunar size in the trabecular bone of the molar region.
Trabecular bone of the angulus region had lower calcium content and lower resorptive
activity in the ALC individuals than in the corresponding regions of the healthy individuals.
Bone chemical composition was altered in buccal cortex of the molar region, with higher
carbonate content in ALC compared with healthy individuals. Such bone tissue
characteristics must have developed under a combination of systemic and local factors
specific for each bony site of the jaw. Our findings suggest that jaw bone quality is altered in
ALC, in terms of microstructure, mineralization, tissue composition, and cellular activity. It
is possible that jaw bone in ALC has altered mechanical characteristics, but this needs further
research. Oral and maxillofacial surgeons should approach patients with ALC with caution
during surgical procedures involving bone, due to alterations in jaw bone quality.

This results from this thesis showed that T2DM and ALC alter bone quality of the
mandible, and that alterations caused by T2DM and ALC differentially affect various bony
sites and compartments of the mandible. Moreover, differences in bone quality between the
angulus region of the mandible and the edentulous alveolar bone in the region of first lower
molar are of interest to oral and maxillofacial surgeons. This thesis indirectly provides more
possibilities for dental implant insertion and the titanium screw placement in patients with
T2DM. In ALC patients, surgeons should bear in mind altered jaw bone tissue characteristics
when performing interventions involving bone tissue. Taken together, this thesis provides the
structural basis for consideration during making a treatment plan in oral and maxillofacial
surgery of these patients.

Key words: type 2 diabetes mellitus, alcoholic liver cirrhosis, jaw, bone, microstructure,
mineralization, osteocytes
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AHaJM3a KBAJIUTETa BWINYHUX KOCTHjy KO THNA 2 nujadeTeca H AIKOXOJIHe IIUpo3e
jeTpe: aHATOMCKA M MUKPOCTPYKTYPHA aHAJIM32

Caxerak:

[ToBehana ywecranoct tuma 2 aujaderec menuryca (T2/IM) y ommroj momynamnuju
300r crapema ApPYUITBA, HEAKTUBHOI CTHJIA *MBOTa M TI'OJa3HOCTH JIOBOAM 10 nosehaHor
Opoja manmjenata ca T2J/IM y cTomaTosiomkoj npakcu. HenaBHa ucTpakuBama ykasyjy Ha
noBehaHy JIOMJBHBOCT KOCTH]y nanujenara ca T2JIM. Ynpkoc Tome, joir yBeK ce BpJIo Majo
3Ha 0 MEXaHW3MHMa IIPOMEHa Ha KOCTHUMa Koje ce jaBibajy y T2JIM. Kon mamujenara ca
T2JIM decto mocToju morpeda 3a yrpaamboM 3yOHMX HMMIUIaHTata y 0e3yOu ajBeosiapHU
rpebed. Ocum TOTa, THTaHUjYMCKU mpadoBu 3a (UKCalH]jy, KOjU CE MOCTaBJhA]y Y yrao
JIO€ BUJIMIIE Y CIIy4yajy IpeaoMa JIOKAJTU30BaHOI y TOM PErHOHY, Cy HeKasa MOTPeOHH KO
narujenara ca T2/IM. Ilpomene y kBanmutery Koct kox T2/IM Koje MOTY UMaTH JAUPEKTHE
edekTe Ha OCEOMHTErpalyjy M OINCTaHAaK MMIUIAHTATa Y OBOj MOMYJallfju MallkjeHaTa joIl
yBeK HHUCY UcTpakeHH. OcTaje MUTame J1a JIM TOCTOje IPOMEHE y KBAIUTETY KOCTH BUJIMLA Y
T2IM koje MOTy TONpPUHETH TYOUTKY UMIUIAHTATA.

AnkoxonHa nuposa jerpe (ALJ) umma noka3aHO HeraTMBaH YTHMILQ] HAa KBAJIUTET
KOCTH]jY Ha Pa3IMYUTUM MECTUMA CKeJIeTa, IOmyT OyTHE KOCTH U Knume. MelyyTum, 1okasu o
yrunajy ALlJ Ha KBanmuTeT KOCTH BHJIHIE Cy OCKYAHH. CTOMATOJIOMIKUM IallijeHTUMa KOjU
KOH3YMHUPa]y allkOXOJ M MOTeHIHjalHo umajy omreheny QyHkuujy jeTpe moHekan cy
notpeOHe XHPYypIIKE HMHTEPBEHIMje Ha KOCTUMA BWIMLA (HOpP. Yy MOCTTPAyMaTCKUM
cllyyajeBuMa, Baheme 3y0a UTHA.). Y TOM CMUCIY Cy HEONXOJHH NOJAlM O KBAIUTETY KOCTH
BuIIMIlEe KoA namujeHara ca ALlJ, mpe cBera na Ou ce JoHena OAIyKa 3aCHOBaHA Ha JIOKa3uMa
0 MoryhHOCTHMa opaiiHe ¥ MakcuiiodalijaiHe Xupypruje KoJ OBUX HallijeHara.

Jomr yBek ce mano 3Ha 0 KBaJIUTETY KOCTH Koj ocoba ca T2JIM u AIlJ. Unak, oBu
nanujeHT, Hapouuto oHu ca T2JIM, yecto ce cpehy y CTOMATOJIONIKO] MPaKCH, TJE Ce
OJUTyKe O TOME J1a JIU J]a € OHU XUPYPIIKU 30pHHY MU HE YECTO 3aCHUBAjy Ha Cy0jeKTHBHO]
MPOIEHN JieKapa. 300r Tora y KIMHHUYKO] MPaKCH TMOCTOjH ToTpeda 3a Mpenopykama
3aCHOBAaHMM Ha JOKa3uma. Y TOM CMHCIy, pasymeBame kako T2JIM u AIlJ yruuy Ha
KBAJIUTET KOCTH Ha HEKOJMKO XHjePapXHjCKUX HUBOA IMOCMATPama OM MOTJIO UMAaTH BEIHKH
KJIMHUYKY 3HAauaj y MEAMLIMHU U CTOMAToJIorTHju. JlaHac ce He MpaBM jacHa pas3iiuka usmehy
MaIyjeHaTa TPETUPaHUX Pa3InIUTUM aHTUAMja0eTUIIIMA, U CaBPEMEHH KIMHUYKH TPHCTYII
HUje Oa3upaH Ha YBPCTHM JloKazuMa. 300r Tora OM HCTpaxuBame e(eKkTa pasInduTuX
Tepanujckux onmuja kox T2JIM (uHCynuH W opamHu antuaujoetuin (OA/Jl)) Ha KBanHUTeT
KOCTH Takohe MOrJIo OUTH O] BEJIMKOT MPAKTUYHOTI 3Hayaja y OpaIHOj M MaKcUIIo(dalujaiHoj
xupypruju. Baxxno je u paszjacautu ga iau 6u T2JIM u AJIL] tpebano mocmarpaTu Kao
ariCcoJIyTHY WIM Kao pellaTUBHY KOHTpaWHIMKAllMja 3a OpaJHOXMPYpPIIKE MHTEPBEHLMje Ha
KocTH, Oap Kaja je y THTaky KOINTAHM CTaTyc OBWUX mnanujeHata. llltaBuime,
MHUKPOAPXUTEKTYpHE U MHUKPOCTPYKTYPHE KapaKTepUCTHKE BWIMYHHMX KOCTHjy ocoba ca
T2IM xoje y3umajy uncynun wi OA/J] cy Takohe o/l KIMHHUYKOT 3Ha4aja.

OnmmTy Kb OBE Te3€ je OMOo /1a ce Ha HEKOJMKO XHU]epapXHjCKUX HUBOA TIOCMATPamba
UCTPAXU KBAJIHUTET KOCTH y 0e3y00j peruju J0mer NpBOr MOJIapa U yrila JI0Hhe BUINIE KOA
ocoba ca T2JIM u AllJ y nopehemy ca 3apaBoM KOHTPOTHOM TPYIIOM, KaKoO OH ce ToCTaBuia
ocHOBa 3a yHampeheme Tmpoleca KIMHAYKOT OJUIyYHMBamka Yy OpajHO] XHUPYPIrHjH,
MMIUIAHTOJIOTH]H U MaKcUIo(]alnjagHoj XUPYPruju KO/ OBUX MalyjeHaTa.

CHCI_II/I(I)I/ILIHI/I IMUJBEBU OBC TC3C CY ownu.



(1) ma ce ymopeae MUKPOCTPYKTYypa, cacTaB U henmjcka cBOjCTBAa KOCTH JI0H-E BUITUIIE
n3mely oco6a ca T2JIM-om u 3apaBux oco0a KOHTPOJIHE TPYIIE,

(um) ma ce WcnHWTa Na JU C€ KOIITaHE KapaKTepUCTHKEe mnamujeHara ca T2J]IM
Pa3nuKyjy Y 3aBHCHOCTH O]l HaUWHa Jieuewa (opanuu antuaujadberuu (OAJ) wim wHCYIHUH)
U J1a JIM 3aBUCE OJ] IOCMAaTPaHOT PernoHa I0mhE BUIUIE, U

(vum) ma ce ymopene MHUKPOCTPYKTypa, cacTaB M henujcka CBOjCTBa KOCTH JOHE
Buinie u3mely mojenunana ca AllJ-e u 3apaBuX 0coba KOHTPOJIHE Tpyre, Kao U jJa ce
UCIIUTA JIa JIM C€ KOILITaHE KApaKTEPUCTHUKE PA3IMKY]y 3aBHCHO O MOCMATPaHOT pErHoHa
JI0FHC BUJTHIIC.

VY 0BOj Te€3H, y30pIH KOCTH JOHE BIUIIUIE CAKYIIJbEHHU CYy OJI MyIIIKapala CTapujux o
65 rogumHa TOKOM OOAyKIMja Ha MenunuHCKOM dakynreTy YHuBep3uTera y beorpany.
VY3opuu cy moaesbenu y Tpu rpymne: T2JIM rpyna (n=10), ALlJ rpyma (n=6) u 3apaBa
KOHTPOJIHA Ipyma oaroBapajyher y3pacra u nona (n=10).

MuKpocTpyKTypa KOCTU peruoHa aHryiyca u 0e3y0or ajaBeoslapHOI IpedeHa JIOHmer
IPBOT MOJjIapa MpoIiekeHa je moMmohy MukpokoMiijyrepusoBane Tomorpaduje (Skyscan 1172
micro-CT, Bruker, Kontich, bearuja) npu pe3onyuuju ox 10 um. OBojeHO Cy aHATM3UpaHU
KOPTUKAJIHU M TpaOeKyJapHH OfeJbaK KOCTH, 4YMMe cy yTrBphenu 3J] KBaHTUTATHBHU
napaMeTpu MHUKPOApXUTEKType KocTH. Mopdonoruja ocreona (0poj octeoHa u nebspHHA
IBUXOBOT 3HJa) Cy aHaIu3upaHu y codTBepy 3a obpamy ciauka (Imaged, Fiji). IIporena
KOIITAaHE MHHEpAJIM3alMje j€ W3BpIICHA KBAaHTHTATHBHHUM HWMUIIMHIOM [OBPATHUM
pacnpmemem enekrpona (QBEI). CacraB munepanne u oprancke (ase KOCTH, KOjU yKazyje
HA MEXaHWYKa CBOjCTBA KOIITAHOT Marpukca, oapehe je Paman crmexkrpockomnujom (inVia,
WIRE 5.1., Renishaw). Kapakrepucruke henuja u y3opaka KOIITAHOT TKHBa Cy UCIHUTAaHE
npuMeHoM xucrtomopdomerpuje. Mcednn TkuBa Cy 00OjeHU TOJYHIWH IJIaBUM U MacoH-
l'onnuep TtpuxpomHum OojemeM. MHIekcun KomTaHux henwja ¥ TKUBa, KOJU yKa3yjy Ha
CBOjCTBa KOIITaHUX henHja M oxHOce m3Mel)y akKTHBHUX M HEAKTHBHUX MOBPIIMHA KOCTH]Y,
yTBpheHu cy kopuihemeM cuctema 3a xucromopdomerpujy OsteoMeasure (Osteo Metrics,
Atlanta, GA, USA).

VYnopenunu cMo nmapaMmeTpe KOILITaHe MUKPOCTPYKTYpe, XeMH]CKOT cacTaBa U henuja
u3mehy ocoba ca T2JIM u 31paBUX KOHTpOJIAa HUXKY IMOPO3HOCT JIMHTBAJTHOT KOpTEKCa
(p=0,004). V TtpabekynapHOj KOCTH aHTylyca IOme Buiuie, Beha nebGsbuHa Tpadekysia
(p=0,008), Mmamu Opoj MHUHEPATM30BAHUX OCTEONUTHHUX JakyHa (P=0,049) u Mame JTaKyHe
(p=0,03) cy nahenun y T2IM rpymnu. Buiie nakera xunepMuHepain3oBaHe KOCTH je Hal)eHo y
OyKaJIJHOM KopTekcy anryiayca aome Bwmie (p=0,034) y moarpynu T2JIM neueHoj
uHCYnuHOM y mnopehemy ca moarpynom T2JIM newenoj OAJl-uma. Y peruoHy mosnapa,
HaIUT cMO Behy XeTepOreHOCT caapikaja Kalujyma y TpabeKyliapHoj KOCTH 0co0a JICUeHUX
UHCYIHHOM Yy mnopehewy ca koHTponoMm (P=0,015) u moxarpynom nedenom OA]JI[-uma
(p=0,019). Takohe, TpabekymapHa KOCT y PEerHOHY MoJjiapa je MoKasajga HUXKY (QpakTaiHy
mumensnjy (p=0,028) u Behu 6poj octeoknacta y T2JIM y nopehermy ca KOHTPOIHOM IpyHOM
(p=0,042). JluurBamHu KOPTEKC Yy PErHOHy MoJyiapa HHUje Moka3ao mpomene y T2J/IM y
nopehemy ca KOHTpoiOM. BykamHM KOpTeKC y peruoHy Mojapa je UMao HIKU Opoj
MUHEpaIN30BaHMX JlakyHa octeonuTa (P=0,04) u Bumm ogHoc kapboHaTa npema docharuma
y T2IM rpynu y nopehemy ca konTposHoM rpynom (p=0,009). Yuyraprpynna nopehema
n3Mely pa3nuuuTHX pernoHa (peruoH aHryiyca y nopehemy ca perHoHOM MoJiapa) y Tpynu
u noarpynama T2JIM cy noka3zana Behy KOpTHKaJIHy HOPO3HOCT Y PETMOHY MOJIapa y OAHOCY
Ha pervoH anrynayca y T2JIM rpymnu (p=0,007).



CanyHO Kao y Jeny CTyauje O KBAIMUTETY BuWiM4YHE KocTH y T2JIM, youunu cmo
3Ha4YajHy BapHjaOWIIHOCT y KBaJUTETy BWiMuHEe KocTH m3mehy ALlJ m 3apaBux KOHTpoIa.
TpabekynapHa KOCT permoHa MoJapa je mokasana mame jJakyHe y AllJ y mopehemy ca
KoHTpostHOM TpynoMm (P=0,002). JIMHrBaJIHM KOPTEKC PErMOHa MoJIapa j€ TOKa3ao Mamy
3arBopeHy mopo3HocT y AllJ y mopehemy ca xontpomnom rpynom (pP=0,003). Bykamxau
KOpTEKC perrmoHa mojapa je mmao Behy koprtukamny moposHoct (Pp=0,02) m HWXH OJIHOC
kapOonata mpema ¢ocharuma y ALJ rpymu (p=0,008). TpabekymapHa KOCT peruoHa
aHryjgyca je WMalla HIWKH caapxkaj kammujyma (p=0,042), wmamu Opoj makera
xunepmuHepanuszoBane koctu (P=0,036), mamu 6poj ocreoknacta (p=0,032) u TeHACHIH]Y
Ka HIKeM 0pojy octeobmacta (p=0.056) y AllJ rpynu y nmopehemy ca KOHTPOITHOM I'PYIIOM.
JIMHrBaJIHM KOPTEKC y PETHOHY aHryjyca je MoKa3ao TeHJEHIMjy mnpema Behoj OTBOpPEHO]
nopozHoctu (P=0,098) u mgujamerpy mopa y ALJ (p=0,002). BykanHu KOpTEKC peruoHa
anryiyca je mokasao Behy 3arBopeny moposHoct (p=0,007) y ALlJ rpynu y nopehemy ca
KOHTPOJTHOM TpyIoM. YHyTaprpymHa mnopehema usmel)y pasznuuuTux peruoHa (peruoH
aHryinyca y nopehemy ca peruonoMm monapa) y ALlJ rpynu cy nmokasana MUKpPOCTPYKTYpPHE
pasiuke y TpabeKylapHOj T€OMETPHUjU, Kao IITO CYy BHUIIU CTEICH aHW30TPOIH]e Y PErUOHY
anrynyca (p=0,001) u Buma ¢pakraiHa 1umeH3uja y peruony monapa (p=0,033).

Jo6ujenn pesynratu cyrepumy na T2J]IM u3a3uBa MUKPOCTPYKTYPHE ITPOMCHE
BHJIMYHE KOCTH, IITO C€ WCIOJbaBa JEIHOCTABHUJOM MHUKPOCTPYKTYPHOM TE€OMETPHjOM
TpabeKyIapHe KOCTH pEernoHa mojapa u BehoM J1e0JbMHOM TpaOeKysa y pEerHoOHy aHTyiyca.
N uncymunom u OAJl ytuuy Ha pemojenoBame Tpabekymapue koctu. OAJl cy uzazBanu
noBehaHy pecopriujy y perdoHy MoJjiapa HEKOJIMKO TOJAMHAa HakoH Bahema 3y0a, NOK je
Teparnuja MHCYJIMHOM JIOMHUHAHTHO HM3a3Bajia nopemehaje y munepanmmsanuju. OAJl tepanuja
je u3a3Baina edekaT MomnymaBarma 1opa y JIMHI'BATHOM KOPTEKCY perrnoHa aHryiyca. Tepanuja
WHCYJIMHOM j€ U3a3Bajla CTBApamE IMaKeTa XUIIEPMUHEPATH30BaHE KOCTH U CJI0jeBEe KOIITAHOT
TKHBa DPa3JIMYUTOr Cajpkaja KalujymMa y CBHM IHOCMAaTpaHHUM PETHOHUMA JIOHE BUIIHIIE.
Komrrano tkuBo namnujenata nedeHux OA/Jl-uma je umano nopemehen caaprkaj kapOoHata y
OJTHOCY Ha KOCT 37apaBux ocoba. CMameH Opoj MHHepanu3oBaHuX JakyHa y T2IM y
nopehemwy ca 3mpaBuM ocobama cyrepuiie jomr Mial)y KoOIITaHy CTapocT 300r Opiker
pemopenoBama nza3BaHor T2JIM-om. /lebsbrHa BUIMYHOT KOPTEKCA OCTaje HEPOMEHEHA Y
T2IM.

OBe mpoMeHe y KBAIUTETY KOCTH Cy Ce MOpayie Pa3BUTH MOJ YTHIIAjeM JIOKATHUX U
cucTeMCKuX (pakropa crenn(pUYHUX 3a CBAaKM PETMOH BWIMYHE KOCTH. [lajba MCTpakuBama
cy notpebHa /1a 6u ce 00jacCHMO MEeXaHH3aM HaBEJIECHUX MPOMEHA KBATUTETa KOCTH KO/ 0c00a
ca T2IM. Ha ocHoBy camammux HH(OpMaiuja, reHepalHO HeMa KOHTpauHIUKaIMja 3a
yrpaamy 3yOHUX UMILIaHTaTa Ko ocoda ca T2JIM, Oap kaja cy y NUTalkby MUKPOCTPYKTYypa
u cactaB KocTH. Mmak, mpomeHe y cacTaBy KOCTM OM MOIJIe YTHIIATH Ha JYTOPOUYHY
CTaOMIIHOCT UMILIAHTAaTA, IITO 3aXTeBA JOJaTHA UCTPAKUBAbA.

[Tokazanmm cmo nma AllJ m3a3zuBa MpOMEHY MUKPOCTPYKTYPE BUJIMYHE KOCTH, ILITO CE€
orsefa y Behoj 3aTBOpeHO] MOPO3HOCTH y KOPTHUKAIHO] KOCTH, Ka0 M Y Mam0j BETUYUHU
JaKkyHa y TpabemyKkapHO] KOCTH y pernoHy mojiapa. TpabekynapHa KOCT perHoHa aHryiyca
¥Ma MamU CaJipkaj KalllijyMa U Malby PECOPNTHBHY aKTUBHOCT KoJ oco0a ca ALlJ Hero kon
3apaBuX 0coba. XemMHujcka CTPYKTypa KOCTH je TIPOMEHEHa y OyKaTHOM KOPTEKCY peruoHa
Monapa, ca Behum caapxkajem kapbonara y AllJ y nopehemy ca 3apaBum ocobama. OBakBe
KapaKTepUCTUKE KOIITAaHOT TKWBA Cy C€ MoOpalieé Pa3BUTH IOJ YTHUIAjeM CHCTEMCKUX W
JoKaHUX (haKTopa 3a CBAKM KOIITAaHW PETHOH Buiuile. Hamu pesyntran ykasyjy Ha TO 11a je
KBJIUTET BHJIMYHE KOCTH TpoMmereH y AllJ y cMucimy MUKpOCTpYKType, MUHEpaIu3aIyje,
cacraBa KOIITAaHOT TKUBa U henujcke akTuBHOCTH. Moryhe je na komraHo TkuBo y AllJ uma



MPOMEHEHE MEXaHMYKEe KapaKTePUCTHKE, alld OBa MPETIIOCTaBKa 3axTeBa J0JaTHA
uctpaxkuBama. OpamHu 1 MakcuiodarjaTHi Xupyp3u ou Tpedano na nanujentuma ca AllJ
MPUCTYIIE Ca OMPE30M TOKOM XHPYPIIKUX IMPOIEaypa Koje YKIbY4dyjy KOIITaHO TKUBO, 300T
MIPOMEHCHOT KBAIIMUTETa KOCTH Y OJIHOCY Ha 37jpaBe ocole.

Pesynrtatu oBor uctpaxuBama cy nokasanu ga T2/IM u AllJ memajy KBaJIUTET KOCTH
JOWkE BUJIMIE, Ka0o M Ja npomeHe u3zazBaHe T2J/IM-om u AllJ-oM pa3nuuuTo yTudy Ha
MojeIMHe KOIITAaHE pEeruoHe U oJeJbke Jome Buiune. OcuM TOra, peruoHaiHe
Ceun(UIHOCTH y KBAJIUTETY KOCTH PErHOHa aHrylyca W 0e3y0or peruoHa JOWEr MPBOT
MoJlapa Cy O]l 3Hauaja 3a opajiHe U MakcuwiodanujainHe xupypre. OBa Te3a UHIUPEKTHO
IpyXa BUIIE MOT'YRHOCTH 3a yrpalmy 3yOHHX MMIUIAHTAaTa U MOCTaBJbaHhe TUTAHH]YMCKUX
mpadoa kox nanujenara ca T2JIM. Kox manujenara ca ALlJ, xupyp3u 6u Tpedano na umajy
Ha yMy NpPOMEH-EHE KapaKTepPUCTHKE KOIUTAHOI TKHBAa KaJa W3BOJE WHTEPBEHIMjE KOje
YKJbY4Yjy KOCT. Pe3yntaTu oBe HOKTOpCKE Te3€ YMHE CTPYKKTYpPHY OCHOBY 3a pa3marpame
TOKOM H3paJie IUIaHa Teparuje Yy OpalaHoj ¥ MaKCHIO(aIfjalHOj XUPYPTUjH TaIfjeHara ca
T2IM u ALLJ.

Kibyune peum: Tunm 2 gujaberec MENHMTYC, alKOXOJHA LUpPO3a jE€Tpe, BWIMIA, KOCT,
MHUKPOCTPYKTYpPa, MUHEpaJIN3allHja, OCTEOHU

Hayuna odaact: MEJIUILIMHA
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1. Introduction
1.1 Bone hierarchical organization

Bone is a complex nanocomposite material that can be observed on several
hierarchical levels. At microscale bone is composed of osteons, osteonal lamellae and
trabecular packets. At nanoscale bone is composed of bone cells and bone matrix (Figure 1).
Osteons, cylindrical formations of bone tissue, are a basic unit of cortical bone structure.
Osteons consist of several lamellae with collagen fibers oriented in opposite directions in
every next lamella. One lamella consists of many collagen fibers oriented in a uniform
direction. One collagen fiber consists of many collagen fibrils. Bone cells, osteocytes, are
immersed in bone matrix. Bone matrix is made of organic component, mostly type | collagen,
and inorganic component, mostly hydroxyapatite.

Microscale Nanoscale

Figure 1: Hierarchical organization of bone structure. a) Three cross-sectioned osteons with
interstitial lamellae between them (blue arrowhead). b) Osteon consists of several lamellae with
collagen fibers oriented in opposite directions. c) One lamella consists of many collagen fibers
oriented in a uniform direction. Red circles represent endings of collagen fibers. d) One collagen
fiber (red tube) consists of many collagen fibrils (green lines). a-c) Microscale bone composition. e-
g) Bone cells. d-g) Bone collagen and bone cells belong to nanoscale bone composition. e)
Osteocytes, mutually connected via their processes inside bone canaliculi, form a network that
orchestrates bone remodeling. f) Osteoblasts are bone-forming cells found on bone surfaces. g)
Osteoclasts are multinucleated cells that resorb bone tissue.

1.2 Bone quality

Bone tissue is often observed as a material, since it also has mechanical function.
Bone strength is the ability of bone tissue to resist force: it is determined by bone mineral
density (BMD) and bone quality (Figure 2). BMD is measured by dual X-ray absorptiometry
(DXA). BMD is a main clinical indicator for the assessment of the quantity of mineralized



substance per bone surface or volume. Bone quality is a complex term that encompasses bone
microarchitecture, bone tissue material properties and microdamage. [Saito 2014]. Bone
microarchitecture refers to microstructural organization of bone tissue which is described by
bone porosity, tissue volume, trabecular connectivity etc. Bone microdamage in form of
microcracks is usually seen in aged bone tissue. Altered bone tissue material properties can
lead to increased bone fragility [Palermo 2017].

¢ Microarchitecture D)

Bone
mineral
density
(BMD)

Microdamage P

Bone
material
properties |

Bone
quality

Bone strength

Figure 2: Bone strength is determined by bone mineral density (BMD) and bone quality. Bone quality
is a complex term that encompasses: bone microarchitecture, bone tissue material properties and
microdamage. Altered bone strength can lead to increased bone fragility.

1.3 Type 2 diabetes mellitus and bone quality

Diabetes mellitus (DM) is a metabolic disease characterized by absence of insulin
production or resistance to insulin. DM affected 463 million adults worldwide (9% of the
global population) in 2019. Around 90% of patients with DM have type 2 DM (T2DM)
[WHO, Lancet 2016].

Pathophysiological mechanisms underlying bone fragility in diabetes mellitus are
complex, and can include:

% Advanced glycation endproducts (AGEs) formation,
Microvascular complications,

Mineralization alteration,

Microarchitectural alterations,

Changes to bone marrow adiposity,

Osteocytes’ apoptosis,

Lower bone formation,

Higher bone resorption [Napoli 2017, Palermo 2017] (Figure 3).
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Figure 3: Pathophysiological mechanisms of bone quality alterations in T2DM. a) Non-enzymatic
crosslinks or advanced glycation endproducts (AGES) are formed inside collagen fibrils. Green lines
inside red tube represent collagen fibrils inside one collagen fiber. b) General features of T2DM that
cause bone quality alterations include: hyperglycemia, hyperinsulinemia, insulin resistance of cells,
oxidative stress and generalized proinflammatory state. ¢) Microvascular complications, such as
occlusion and deterioration of small blood vessels, occur in latter stages of T2DM. d) Mineralization in
T2DM might be altered. €) Bone marrow stem cell (green cell) differentiates towards adipocytes
(yellow cells) in T2DM, causing bone marrow adiposity. f) T2DM causes bone microarchitectural
alterations, such as: higher cortical porosity, higher trabecular thickness and lower cortical thickness. g)
Hyperglycemia has direct toxic effect on osteocytes, as it causes their apoptosis. h) Osteoblasts produce
less new bone tissue in T2DM, i.e. bone formation is lower in T2DM. i) Osteoclastic bone resorption is

either higher or unchanged in T2DM.

Deen proven 10 nave SUPErior mecnanical Teatures comparea witn pone matrix Witn aominant
non-enzymatic collagen crosslinks (AGEs). In other words, the more AGEs bone matrix has,
the more inferior bone quality is. [Woelfel 2020, Karim 2018 Bone]

Microvascular complications are another mechanism of bone quality alterations in
T2DM. Small blood vessels in various organs such as kidneys, retina and heart, deteriorate in
T2DM, causing low perfusion of these organs. Cirovic et al. (2022) found lower bone volume
ratio (BV/TV) in femoral neck region of T2DM persons with microvascular complications
compared to T2DM persons without microvascular complications, by using micro-
computerized tomography (micro-CT).

Next, studies that used densitometry analysis (DXA) revealed normal or increased
BMD in T2DM subjects compared to controls [Fan 2016]. Since fractures may occur in
diabetic population regardless of BMD values, BMD cannot be observed as a sole indicator
of bone mechanical competence in T2DM [Napoli 2016].

Importantly, most papers have reported microstructural alterations of several skeletal
regions in T2DM, although some inconsistencies may be recognized. For example,
Shanbhogue et al. (2016) performed high-resolution peripheral quantitative computed
tomography (HR-pQCT) in T2DM and healthy patients and found lower cortical thickness
and higher cortical porosity in distal radius of T2DM patients compared to healthy controls.



Burghardt et al. (2010) reported higher trabecular thickness and higher cortical porosity in
T2DM patients’ tibia compared to controls by using HR-pQCT. Next, Woélfel et al. (2020)
found high cortical porosity in mid-diaphyseal region of individuals with T2DM by using
micro-computed tomography (micro-CT). In contrast, Osima et al. (2017) reported lower
cortical porosity of proximal femoral shaft in T2DM women compared to controls by using
computerized tomography (CT). Finally, Karim et al. (2018) found that microarchitecture did
not differ between T2DM and control group in trabecular cores from medial femoral neck.
Variable results may be explained by the differences in skeletal site investigated, gender,
presence of microvascular complications and other factors.

Furthermore, bone marrow adiposity has been proven to alter bone quality in T2DM
patients [Andrade 2021]. Adipocytes and osteoblasts both originate from bone marrow stem
cells. In diabetic conditions bone marrow stem cells differentiate towards adipocytes rather
than towards osteoblasts, increasing bone marrow adiposity and reducing bone formation.

Next, osteocytes’ apoptosis may be an issue in T2DM. Lacunae of apoptotic
osteocytes may mineralize, which can be seen in aged bone tissue [Milovanovic 2015],
usually in elderly persons. T2DM is also associated with negative effects on the
mechanosensing properties of osteocytes [Picke 2019].

Pathophysiological mechanism that acts on osteoblasts and osteoclasts in T2DM
includes oxidative stress and hyperglycemia. Oxidative stress found in T2DM promotes a
generalized state of inflammation which causes inefficient bone tissue repair. Moreover,
hyperglycemia has direct toxic effect on bone cells, osteoblasts and osteocytes. In
hyperglycemic conditions osteoblasts produce less new bone tissue which might have
qualitative irregularities in mineral or organic substance.

Regarding bone remodeling during DM, there is osteoblast insufficiency and
enhanced bone resorption [Pietschmann 2010]. There is also evidence of low bone formation,
although evidence of increased bone resorption in T2DM is not consistent [Picke 2019]
[Palermo 2017, Murray 2019]. Gennari 2012 and Pacicca 2019 found elevated circulating
sclerostin levels in persons with T2DM and in aged persons. Sclerostin is an inhibitor of bone
formation and is produced by osteocytes. In vitro and animal studies report an unaltered rate
of bone resorption [Cunha 2014, ElI Maghraoui 2015], whereas some studies have suggested
increased osteoclastic activity in DM under certain conditions, such as in periodontal disease
[Wu 2015, Pacios 2013] and osteoporosis [Yamagishi 2012]. DM affects periodontal bone
tissue adjacent to teeth by increasing osteoclast number and activity and by increasing the
osteoclast number and activity and by inducing osteoblasts apoptosis [Wu 2015]. Other
studies have even reported inhibited osteoclast function and differentiation in a diabetic
environment [Kasahara 2010, Wittrant 2008, He 2015].

Due to the conflicting evidence and generally negligent effect that has been observed
in osteoclasts, it seems likely that the impaired bone remodeling in T2DM is primarily due to
inhibited osteoblastic and progenitor cell activity rather than due to an alteration in bone
resorption. However, further research is needed to clarify the effect of diabetes mellitus on
osteoclastic function and differentiation. Bone cells’ activity in an edentulous alveolar ridge
after a tooth socket has been remodeled is still unknown.

1.4 Jaw bone quality in T2DM

Alveolar region has tremendous clinical significance as it hosts dental roots and is the
region bearing dental implants. Since first molars are the center of occlusion and bear the
strongest forces during mastication [Ferrato 2017], prosthetic replacement of these teeth is
important in patients who lose them [Ferrato 2017]. Therapeutic options can include
prosthetic restorations on dental implants, also in T2DM patients [Naujokat 2016].



Mandibular angle is important in maxillofacial surgery since titanium fixation screws need to
be inserted there in case of a fracture of that jaw region (Figure 4).

Figure 4: Circle marked with 1 represents location of titanium fixation screws which need to be
inserted into the mandibular angle in case of a fracture of that jaw region. Circle marked with 2
represents alveolar bone in the region of 1% molar; alveolar bone hosts dental roots and is the region
bearing dental implants after a tooth is lost. (Original drawings)

There is scarce evidence about the effects of T2DM on the human jaw bone. A
clinical study on T2DM patients with dental implants (mean age 52 years, male and female)
showed that plaque index, bleeding on probing, probing depth, marginal bone loss (using
digital periapical radiographs), and advanced glycation end-products (AGESs) levels in peri-
implant sulcular fluid were significantly higher in the diabetic and pre-diabetic group
compared to controls [Alrabiah 2018]. Other clinical studies have offered data about the
periodontal status of T2DM patients [Javid 2019, Mauri-Obradors 2018], and
radiomorphometric indices measured on panoramic X-rays [Kursun-Cakmak 2018]. A
significant inverse correlation between HbAlc values and cortical and trabecular bone
density in the posterior region of the mandible has been reported using cone-beam computed
tomography (CBCT) and bone mineral density (BMD) measurements on alveolar bone in
patients with T2DM and controls (mean age 51 years, male and female) [Nemtoi 2013].
However, no clinical research has evaluated bone quality of alveolar bone in T2DM patients
on microstructural, compositional and cellular level.

Animal studies on T2DM bone tissue characteristics of alveolar bone have focused
mostly on streptozotocin-induced diabetes models. Bulut et al. (2014) and Akyol et al. (2010)
found that jaw bone defects in streptozotocin-induced diabetic rat model exhibited poorer
healing than the non-diabetic group, as well as reduction in cellular proliferation and
hampered conversion of connective tissue to bone. In a different study analyzing
streptozotocin-induced diabetes in pigs, it was shown that jaws in diabetic pigs had thicker
trabeculae and wider mineralization zones than jaws in control animals [von Wilmowsky
2016]. However, since streptozotocin is a substance that acts toxically on the pancreatic -
cells, streptozotocin diabetic animal models may not be an optimal model for T2DM, where
insulin is still produced but resistance to its effects leads to increased blood glucose levels.

1.5 Effect of T2DM medications on jaw bone quality

The risk of hip fracture is higher in patients with T2DM. The risk is increased further
in those treated with insulin, as well as in those with poor glycemic control [Palermo 2017,
Napoli 2017].

Patients with T2DM who take oral antidiabetic medications (OAD) should not be
observed together with T2DM patients treated with insulin. Indeed, it was noted by some
authors that “there’s an unfortunate tendency to lump all diabetics into one category, which



should not be the case” [Goss 2013]. Insulin has a proven anabolic effect on bone tissue,
whereas OAD have various effects [Guja 2019, Thrailkill 2005]. So far, there is no evidence
of the jaw bone microstructure of T2DM patients treated with OAD vs. insulin. Yet, these
groups of patients are treated differently in oral surgical practice, in a manner adopted and
based on the clinicians’ experience. For example, a survey on the antibiotic-prescribing habits
of dentists has shown that 27% of practitioners categorize poorly controlled T2DM on insulin
as a high-risk condition for which they prescribe antibiotics prior to an invasive procedure,
which is currently not recommended by existing guidelines [Tomczyk 2018, Power 2019].

1.6 Type 2 diabetes mellitus patients in oral surgical practice

Increasing prevalence of T2DM in the general population due to the aging society,
sedentary lifestyle, and obesity results in growing numbers of T2DM patients in the dental
practice. Patients with T2DM often present with a need for dental implant placement in the
edentulous alveolar bone [Naujokat 2016]. Furthermore, titanium fixation screws, which need
to be placed in the mandibular angle in case of a fracture located in that region are sometimes
required in T2DM patients [Ward 2015, Chrcanovic 2014, Chrcanovic 2012, Rao 2007].
T2DM is considered a relative contraindication for implant placement [Kudiyirickal 2015,
Singh 2020], and it is left to the surgeon to decide whether a patient with T2DM could
receive an implant [Chrcanovic 2014]. This is usually decided based on the oral hygiene
status and the glycemic control [Naujokat 2016, Castellanos-Cosano 2019, Marchand 2012].
Nevertheless, data from literature show that up to 14% of T2DM patients experience dental
implant failure, manifested by peri-implantitis and implant loosening [Aguilar-Salvatierra
2016, Escow 2017, Oates 2014, Alsaadi 2008, Peled 2003, Parihar 2020].

Peri-implantitis is a progressive and irreversible disease of implant-surrounding hard
and soft tissues and is accompanied with bone resorption, decreased osseointegration,
increased pocket formation and purulence [Smeets 2014] (Figure 5). T2DM-related
alterations in jaw bone quality, which may have direct effects on osseointegration and
implant survival in this patient population [Oates 2013], have not yet been investigated.
Consequently, the question remains as to whether alterations in jaw bone quality in T2DM
contribute to implant failure.

T2DM ? T2DM ?
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Figure 5: Possibilities for dental implant placement and peri-implantitis in healthy and diabetic
patients. Grey cylinder represents dental implant. Yellow field with brown dots represents bone. Pink
or red field is gingiva. a) Dental implant surrounded by bone and gingiva in healthy patients. b)
Dental implant in T2DM patients might be placed in bone tissue with altered characteristics. Possible
bone quality alterations are represented as light blue rhomboid shapes pointed to by arrows. c) Peri-
implantitis in healthy patients. Bone resorption around implant is represented as damage of the yellow
field. Pocket formation and inflamed gingiva are represented as red shapes. d) Peri-implantitis in
T2DM patients. Possible jaw bone quality alterations in T2DM (blue rhomboid shapes) might favor
peri-implantitis (yellow field damage and red shapes).
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1.7 Alcoholic liver cirrhosis (ALC)

Liver cirrhosis is defined as diffuse histological development of regenerative nodules
surrounded by fibrous bands in response to chronic liver injury, which leads to portal
hypertension and end-stage liver disease [Schuppan 2008]. Liver cirrhosis may lead to severe
complications, such as variceal bleeding, ascites, and hepatic encephalopathy [Schuppan
2008]. When liver cirrhosis occurs, the sinusoidal space between hepatocytes ensuring blood
supply to the parenchyma decreases, sinusoidal endothelial cell fenestrations collapse, and
numerous new vessels formed around the cirrhotic nodules bypass the obstructed normal
route [Magdaleno 2017]. This vascular proliferation contributes to the remodeling of the liver
architecture, collateral flow and portal hypertension [Magdaleno 2017].

Excess alcohol consumption is the most frequent cause of liver cirrhosis in Europe. In
the United States, the prevalence of cirrhosis is 0.27%, corresponding to 633,323 adults in
2015 [Magdaleno 2017]. Thus, ALC is an important public health concern and a significant
cause of morbidity and mortality worldwide. In most cases, in addition to alcohol
consumption, lifestyle, gender, ethnic and socioeconomic factors may contribute or synergize
in the progression of the disease.

1.8 ALC and bone quality

Factors that cause development of alcoholic bone disease in ALC include ethanol
(with its direct toxic effect on bone cells), circulating proinflammatory cytokines, chronic
pancreatitis, increased risk of trauma, malnutrition, vitamin D deficiency, calcium deficiency,
leptin overproduction, hypogonadism, iron overload, neuropathy and myopathy (Figure 6).
Proinflammatory cytokines, such as tumor necrosis factor a (TNFa) and interleukins 1 and 6
(IL-1, IL-6), are produced by Kupfer cells in the liver and are secreted into blood. These
cytokines activate osteoclasts both directly and indirectly. IL-6 indirectly activates osteoclasts
by stimulating osteoblast production of receptor activator of nuclear factor kB ligand
(RANKL) [Handzlik-Orlik 2016]. Ethanol has direct toxic effects on bone cells by favoring
osteocyte apoptosis, enhancing the activity of osteoclasts, and inhibiting the activity of
osteoblasts through proinflammatory cytokines and RANKL. Disturbed metabolism of
calcium and vitamin D results from impaired 25-hydroxilation of vitamin D precursor in the
liver, intestinal malabsorption, malnutrition and decreased skin synthesis in patients with
jaundice [Handzlik-Orlik 2016]. Leptin overproduction by adipocytes stimulates the synthesis
of proinflammatory cytokines, TNFa and IL-1. Iron is deposited in the liver in ALC, which
increases reactive oxygen species production [Madaleno 2017]. ALC is associated with
several endocrinological disorders including hypogonadism, hyperparathyroidism and
hypercortisolism, which disrupt mineralization, osteoblast proliferation and collagen
synthesis [Lopez-Larramona 2013]. Muscle atrophy and neuropathy, which contribute to low
BMD in ALC, are associated with vitamin D deficiency and low testosterone levels.
Myopathy and neuropathy lead to increased risk of trauma in patients with ALC [Gonzalez-
Reimers 2015]. Chronic pancreatitis is another feature of ALC that causes altered vitamin D
and calcium absorption and malnutrition [Kizigul 2016].
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Figure 6: Pathogenesis of alcoholic bone disease in alcoholic liver cirrhosis (ALC). a) Schematic
representation of histology of healthy liver vs. cirrhotic liver. Healthy liver tissue (left half of the
circle) consists of lines of hepatocytes (yellow cells), blood vessels (pink tube) with endothelial
fenestrations (thin black separated lines), and inactive myofibroblasts (thin green cells). Cirrhotic
liver tissue (right half of the circle) features regenerative nodules of ballooned hepatocytes with lipid
vesicles (large yellow cells with white circles), blood vessels (pink tube) without endothelial
fenestrations (continuous black line), and active myofibroblasts (large green cells) that produce
excessive amounts of extracellular matrix (irregular yellow fields between the cells). b) Factors that
cause development of alcoholic bone disease in ALC include ethanol with its direct toxic effect on
bone cells, circulating inflammatory cytokines, chronic pancreatitis, increased risk of trauma,
malnutrition, vitamin D deficiency, calcium deficiency, leptin overproduction, hypogonadism, iron
overload, neuropathy, and myopathy. ¢) Schematic representation of femoral bone. d)-g) Cellular and
microstructural alterations in alcoholic bone disease in ALC proven in contemporary literature. d)
Osteoblasts in ALC show lower bone formation compared to patients with healthy liver. e)
Osteoclasts in ALC show higher bone resorption. f) Osteocytes in ALC might succumb to apoptosis.
g) Bone quality and microstructure in ALC feature higher cortical porosity and lower areal BMD.

1.9 ALC effect on jaw bone quality

Notably, the evidence about the influence of ALC on jaw bone quality is scarce. The
only available data encompass studies about alveolar bone status based either on panoramic
X-ray images or on clinical parameters of periodontal health, such as number of present teeth,
bleeding on probation, periodontal pocket depth [Rigawa 2013, Grenkjer 2016, Oetinger-
Barack 2002]. For example, Rigawa et al. found an increased Russel’s periodontal index, an
index that estimates the degree of periodontal disease by measuring both bone loss around the
teeth and gingival loss in patients with ALC [Rigawa 2013]. Grankjer et al. found periapical
radiolucencies in 46% of patients with ALC [Gregnkjeer 2016] and found greater vertical
alveolar bone loss in patients with ALC compared to the controls.

No research so far has evaluated the alveolar bone microstructure and quality directly
on bone samples originating from humans with ALC.



1.10 ALC patients in oral surgical practice

Dental patients with a history of alcohol abuse and possibly compromised liver
function sometimes need surgical interventions on the jaw bone, such as in post-traumatic
cases and tooth extractions [Silva-Santos 2012, Guggenheimer 2007]. Information about the
jaw bone quality in patients with ALC is needed in order to make an evidence-based decision
about the possibilities for oral and maxillofacial surgery in these patients. Since the first
molar is the tooth that is the most often extracted [Chrcanovic 2012], the microstructure of
this bony region is of interest also for ALC patients. Another important region for
maxillofacial surgery is the angulus region of the mandible, since the fixation screws are
placed there in case of a mandibular fracture [Sella-Tunis 2018].

Generally, it is already known that ALC leads to changes in bone structures of various
skeletal regions. So far, it has not been investigated in what way and whether it affects the
jaw bone. Since ALC patients often require oral surgery, it is necessary to examine bone
quality in clinically important jaw bone sites. Information about the jaw bone quality in
patients with ALC is needed to make an evidence-based decision about the possibilities for
oral and maxillofacial surgery in these patients.

2. Research Aim and Objectives

General aim of this thesis was to explore bone quality of T2DM and ALC patients
compared with healthy control group on several hierarchical levels in the edentulous region
of the lower first molar and the mandibular angle region, in order to reveal information
relevant for common treatments in oral and maxillofacial surgery.

Specific objectives were as follows:

1. to compare the jaw bone microstructural, compositional, and cellular properties between
patients with T2DM and healthy controls,

2. to investigate the influence of OAD vs. insulin in a site-specific manner, and to

3. to compare the jaw bone microstructural, compositional, and cellular properties between
individuals with ALC and healthy controls, in a site-specific manner.



3. Material and methods
3.1 Study design and sample characterization

Mandible bone cores were collected during autopsy at the Institute of Forensic
Medicine, Faculty of Medicine, University of Belgrade, from male individuals aged over 65
years. The T2DM group (n=10, age: 70.6+4.5 years) was distinguished from healthy controls
(n=11, age: 71.5£3.8 years) based on medical records. In the T2DM group, we differentiated
between individuals with T2DM who had been treated with oral antidiabetic medications
(OAD subgroup, n=5, age: 70.2£5.5 years) and those on insulin therapy (Insulin subgroup,
n=5, age: 71+4.1 years). The cirrhosis group consisted of six individuals (n=6, age:
70.83+2.48 years). All individuals had their 1% lower molar extracted 3-6 years prior to post-
mortem bone core collection. The inclusion criterion was the lack of the 1% lower molar,
whereas the exclusion criteria encompassed malignant diseases, kidney disease,
immunocompromised status, and hematological disorders. All individuals who participated in
this study originated from similar socioeconomic backgrounds. They had access to medical
resources, adequate nutrition, and little or no physical activity. The research protocol was
approved by the Ethics Committee of the Faculty of Medicine, University of Belgrade.

The samples were collected using a dental hand piece instrument with a trephine burr
attached to a micromotor. Bicortical bone cores were collected from two mandibular regions
(Figure 7): the edentulous region of the first molar (Molar region) and the mandibular angle
region (Angulus region). The mesiodistal diameter of all samples was 8 mm. The sample
length (distance from buccal to lingual cortex, or the buccolingual dimension) showed
variability between individuals and mandible regions, which is a feature already known in
anthropological literature [Sella-Tunis, 2018]. The samples were immersed in 10% formalin
solution until further use. The sample edges that were in direct contact with trephine burr
were excluded from the region of interest for all bone quality assessment methods.

Figure 7: Bone core sites of bicortical human mandible samples and 3D sample reconstructions
based on micro-CT scans (CT Vox software). (a and b) Drawings of mandible from different
perspectives. Bone core site 1 is the mandibular angle (Angulus region), and bone core site 2 is the
edentulous region of the 1* lower molar (Molar region). (c) Angulus sample. (d) Molar sample. (c
and d) Triangle marks the lingual cortex and “x” marks the buccal cortex. The sample length
slightly differed between the individuals due tai@ormal variations in mandibular morphology.



3.2 Assessment of bone microarchitecture

Bone microstructure of the angulus and molar samples was assessed using a micro-
computed tomography (micro-CT) system operated at a spatial resolution of 10 um (Skyscan
1272, Bruker, Kontich, Belgium). The samples were kept hydrated with formalin in parafilm,
mounted on a holder and scanned in native condition. Scans were acquired at 80 kV and 124
mA with an Al-Cu filter, an exposure time of 1220 ms and rotation step of 0.4°. Cortical and
trabecular bone regions of interest were marked manually in the software. 3D bone
morphology of the T2DM and the Control group bone cores was quantified based on 3D
evaluation using CTAnN software (Bruker, Kontich, Belgium). During the 3D analysis of jaw
bone cores, a separate analysis was performed for the trabecular bone, buccal cortex, and
lingual cortex of each jaw bone core.

For cortical bone, the following parameters were determined: bone volume per tissue
volume, which represents volume of bone tissue within the sample volume (BV/TV, %);
open porosity, which represents volume of pores that communicate with sample surface
(Po(op), %); closed porosity, which represents volume of pores that do not communicate with
sample surface (Po(cl), %); total porosity, which represents volume of pores that
communicate with sample surface plus pores with no communication with the surface
(Po(tot), %); and pore diameter (Po.Dm, mm). Trabecular bone microstructure was evaluated
through the following parameters: bone volume per tissue volume (BV/TV, %); structure
model index (SMI), which represents shape of trabeculae (the higher the number, the longer
and thinner the trabeculae); degree of anisotropy (DA), which represents trabecular
orientation in space (the higher the number, the more uniform trabecular orientation); fractal
dimension (FD), which represents a measure of repetitiveness of geometry on several levels;
trabecular thickness (Th.Th, mm); trabecular number (Th.N, mm); trabecular pattern factor
(Th.Pf, 1/mm), which represents trabecular connectivity; trabecular separation (Tb.Sp, mm);
and connectivity density (Conn.Dn, 1/mm?®), which represents the number of connections
between trabeculae per volume (Table 1).

Table 1: Parameters of cortical and trabecular bone microstructure evaluated by micro-computed
tomography (micro-CT)

Parameter Unit Definition Bony site
Buccal cortex,
BVITV % Bone volume per tissue volume Lingual cortex,
Trabecular bone
. Buccal cortex
0, 3
Po.op % Open porosity Lingual cortex
. Buccal cortex
0 1
Po.cl % Closed porosity Lingual cortex
Po.tot % Total porosity B_uccal cortex,
Lingual cortex
Po.Dm mm Pore diameter B}Jccal cortex,
Lingual cortex
SMI - Structure model index Trabecular bone
DA - Degree of anisotropy Trabecular bone
FD i Fractal dimension, a measure of Trabecular bone
repetitiveness of geometry on several levels
Tb.Th mm Trabecular thickness Trabecular bone
Th.N 1/mm Trabecular number Trabecular bone
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Th.Pf 1/mm Trabecular pattern factor Trabecular bone
Tb.Sp mm Trabecular separation Trabecular bone
Conn.Dn 1/mm? Connectivity density Trabecular bone

3.3 Evaluation of bone matrix mineralization

After fixation in formalin, the samples underwent stepwise dehydration in increasing
concentrations of ethanol, immediately before they were embedded in polymethyl
methacrylate (PMMA). Sample blocks were cut perpendicular to the osteonal direction, and
polished coplanar for bone mineralization analysis via quantitative backscattered electron
imaging (qBEI).

Quantitative backscattered electron imaging (gBEI) is a type of scanning electron
microscopy where a high-power electron beam is emitted, reflected and scattered backwards
of a polished sample surface. Atoms with higher mass (high atomic number) scatter more
electrons compared to atoms with lower mass (low atomic number). Stronger electron scatter
(high mass atoms) produces darker image, and less intense electron scatter produces lighter
image. qBEI produces images with areas that have various shades of grey. This contrast
enables qBEI to be used for detection of different chemical content on the sample surface.
[Jokanovic 2014. Instrumentalne metode. Chapter 14 Electron microscopy, p 696].

Prior to the gBEI imaging, the samples were carbon-coated. The specimens were
examined using scanning electron microscope (LEO435 VP; LEO Electron Microscopy Ltd.,
Cambridge, UK) operated at 20 kV and 680 pA using a constant working distance of 20 mm
(BSE Detector, Type 202; K.E. Developments Ltd., Cambridge, UK). Bone mineral density
distribution was determined based on grey value images following previously described
protocols [Milovanovic 2015, Roschger 2008]. Calibration of the system was performed
using a carbon aluminum standard, allowing the quantification of bone mineral as calcium
weight percentage. All parameters were obtained by using a custom routine in Matlab
software. Determined parameters were as follows: mean calcium content (CaMean, wt%),
peak calcium content (CaPeak, wt%), heterogeneity of bone mineral distribution (CaWidth
(or StDev), wt%), amount of highly mineralized bone area (CaHigh, %B.Ar), and the amount
of poorly mineralized bone area (CaLow, %B.Ar) (Figure 8, Table 2).

% of mineral bone area

G veight % '
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Figure 8: Quantification of bone matrix mineralization as calcium weight percentage

Table 2: Parameters of bone matrix mineralization evaluated by quantitative backscattered electron
imaging (qBEI)

Parameter Unit Definition Bony site
CaMean Wwit% Mean calcium content Buccal cortex,
Lingual cortex,
Trabecular bone
CaPeak wit% Peak calcium content Buccal cortex,
Lingual cortex,
Trabecular bone

Cawidth wt% Heterogeneity of bone mineral distribution Buccal cortex,
(or StDev) Lingual cortex,
Trabecular bone

CaHigh %B.Ar Avrea of highly mineralized bone below the 5" Buccal cortex,
percentile value of that group Lingual cortex,
Trabecular bone

Calow %B.Ar Area of poorly mineralized bone above the 95" Buccal cortex,
percentile value of that group Lingual cortex,

Trabecular bone

3.4 Morphological analysis of osteons

Osteonal morphology was analyzed in an open-source image processing software
(ImageJ, Fiji) [Schneider 2012]. This analysis was performed on the qBEI images of the jaw
bone cores. Osteons found in buccal and lingual cortical bone of the angulus and molar
samples of all groups were analyzed. Only fully visible osteons were evaluated. Osteonal
number per bone area (On.N/B.Ar, 1/mm?) and osteonal wall thickness (On.W.Th, um) were
accessed [Bernhardt 2013].

3.5 Osteocyte lacunar analysis

Osteocyte lacunae were analyzed in the ImageJ software and in a custom Matlab
software, using the gBEI images. Parameters accessed for the cortical bone were as follows:
mean osteonal osteocyte lacunar number (Mean On.Ot.L.n.N), mean osteonal mineralized
lacunar number (Mean On.Mn.Lc.N), total osteonal mineralized lacunar number per osteonal
bone area (Total Mn.On.Lc.N/On.B.Ar, 1/mm?), total mineralized lacunar number per bone
area (Total Mn.Lc.N/B.Ar, 1/mm?), mean lacunar area (Mean Lc.Ar, um?), and lacunar
number per bone area (Lc.N/B.Ar, 1/mm?). Parameters estimated for the trabecular bone
were as follows: Lc.N/B.Ar, Mean Lc.Ar, and Total Mn.Lc.N/B.Ar (Table 3) [Schneider
2012, Dempster 2013, Bernhardt 2013, Milovanovic 2018, Rolvien 2018]. Mean Lc.Ar and
Lc.N/B.Ar were accessed using the Matlab software, whereas other parameters were analyzed
in the ImageJ software.
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Table 3: Parameters of morphological analysis of osteons and osteocyte lacunae analysis evaluated
by an image processing software (ImageJ, Fiji) and a custom Matlab software on the gBEI images
of the jaw bone cores

Parameter Unit Definition Bony site
T.Mn.Lc.N/B.Ar 1/mm? total mineralized Trabecular bone
lacunar number per
bone area
Lc.N/B.Ar 1/mm? lacunar number per Buccal cortex,
bone area Lingual cortex,
Trabecular bone
Mean lacunar size pm? mean lacunar size Buccal cortex,

Lingual cortex,
Trabecular bone

On.N/B.Ar 1/mm? osteon number per Buccal cortex,
bone area Lingual cortex
On.W.Th pum osteonal wall diameter Buccal cortex,
Lingual cortex
Mean On.Ot.Ln.N # mean osteonal Buccal cortex,
osteocyte lacunar Lingual cortex
number
Mean On.Mn.Lc.N # mean osteonal Buccal cortex,
mineralized lacunar Lingual cortex
number
Total 1/mm? total mineralized Buccal cortex,
Mn.On.Lc.N/On.B.Ar osteonal lacunar Lingual cortex
number per osteonal
bone area
T.Mn.Lc.N/B.Ar 1/mm? total mineralized Buccal cortex,
lacunar number per Lingual cortex
bone area

3.6 Assessment of matrix composition

The composition of the mineral and collagen phases was evaluated by Raman
spectroscopy using a laser wavelength of 785 nm and a spectral range from 350 cm™ to 1750
cm™ (inVia, Renishaw). On the buccal cortex, maps of 50 pm x 50 um were acquired (10 um
step size, 20 s exposure time, 5 acquisitions per step, 36 points total). On trabecular bone,
maps of 40 um x 18 pum were acquired (8 um step size, 20 s exposure time, 5 acquisitions per
point, 18 points total) [Pascart 2017]. Post-processing and spectral analysis included
polynomial baseline correction of background fluorescence, subtraction of PMMA signal
reference spectrum acquired near the embedded bone specimens, and smoothing of the
absorbance signal (WIRE 5.1, Renishaw) [Fiedler 2018].

As displayed in Figure 2, the phosphate peak (voPO,4) was located between 410 and
473 cm™, the proline peak between 838 and 862 cm™ (pro), the phosphate peak (viPO.)
between 926 and 983 cm™, the carbonate peak (viCOs) between 1020 and 1087 cm™, the
amide 111 peak between 1225 and 1285 cm™, the CH, peak between 1432 and 1475 cm™, and
the amide | peak between 1620 and 1700 cm™ (Figure 9, Table 4). Bone tissue parameters
were determined as ratios by dividing respective peak areas, including carbonate-to-
phosphate ratio (carbonate/v;PQ,), crystallinity (1/FWHM(v1PQO,)), and mineral-to-matrix
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ratios (viPO4/amide I, v;PO4/CH;, viPO4/pro, viPO4/amide I, and v,PO4/amide I11) (Table
5) [Paschalis 2015, Paschalis 2017, Creecy 2016, Creecy 2018, Hammond 2014, Mandair
2015].
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Figure 9: Acquired Raman spectra and evaluated peaks with their intervals

Table 4: Peaks of Raman spectra used for the assessment of mineral and matrix composition of
bone cores were obtained by Raman spectroscopy (inVia, Renishaw)

Peak Position Definition Bony site

Vv,PO, 410-473 cm™ Phosphate Il peak Trabecular bone

Pro 838-862 cm’ Proline peak Buccal cortex,
Trabecular bone

v,PO, 926-983 cm™ Phosphate | peak Buccal cortex,
Trabecular bone

viCO3 1020-1087 cm™ Carbonate peak Buccal cortex,
Trabecular bone

Amide 111 1225-1285 cm™ Amide Il peak Buccal cortex,
Trabecular bone

CH, 1432-1475 cm™ CH, peak Buccal cortex,
Trabecular bone

Amide | 1620-1700 cm™ Amide | peak Buccal cortex,

Trabecular bone
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Table 5: Ratios of mineral and matrix composition determined by Raman spectroscopy by dividing
the respective peak areas

Parameter Definition Interpretation Bony site
v1CO3/v,PO, Area under the carbonate peak Carbonate-to- Buccal cortex,
over the area under the phosphate phosphate ratio Trabecular bone
| peak.
1/FWHM(v;PO,) Reciprocal value of the full width Crystallinity Buccal cortex,
at half-maximum of the phosphate Trabecular bone
| peak.
v;PO,/amide | Area under the phosphate | peak = Mineral-to-matrix ratio Buccal cortex,
over the area under the amide | Trabecular bone
peak.
viPO,/CH, Area under the phosphate | peak = Mineral-to-matrix ratio Buccal cortex,
over the area under the CH, peak. Trabecular bone
v;PO./Pro Area under the phosphate | peak =~ Mineral-to-matrix ratio Buccal cortex,
over the area under the proline Trabecular bone
peak.
v,PO./amide |11 Area under the phosphate | peak = Mineral-to-matrix ratio Buccal cortex,
over the area under the amide 11l Trabecular bone
peak.
v,PO,/amide 111~ Area under the phosphate Il peak  Mineral-to-matrix ratio ~ Trabecular bone
over the area under the amide 111
peak.

3.7 Histomorphometry

Cellular and tissue characteristics of bone specimens were assessed using
histomorphometry. The samples embedded in PMMA were cut into 4-um-thick sections
perpendicular to the osteonal direction using a microtome and subsequently stained with
toluidine blue and Masson-Goldner. Osseous cell and tissue indices were determined using
the OsteoMeasure histomorphometry system (Osteo Metrics, Atlanta, GA, USA) with a 20x
objective.

Cortical thickness of the buccal cortex and the lingual cortex (Ct.Th, um) was
determined. Also, the following parameters of cellular histomorphometry were determined
for the trabecular bone: number of osteoblasts per bone perimeter (N.Ob/B.Pm, 1/mm),
osteoid without osteoblasts area (OwoAr, mm?), osteoid surface per bone surface (OS/BS),
osteoid volume per bone volume (OV/BV), osteoid thickness (O.Th, um), number of
osteoclasts per bone perimeter (N.Oc/B.Pm, 1/mm), osteoclast surface per bone surface
(Oc.S/BS, 1/mm?), eroded surface per bone surface (ES/BS), eroded surface without
osteoclasts perimeter (ErSwo.Pm, mm), number of osteocytes per bone area (N.Ot/B.Ar,
1/mm?), number of empty osteocyte lacunae per bone area (N.eOt/B.Ar, 1/mm?), and number
of newly embedded osteoblasts per bone area (N.Oot/B.Ar, 1/mm?) [Dempster 2013]. All
evaluated structural and cellular parameters are shown in Table 6.
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Table 6: Structural and cellular parameters of bone specimens assessed using the Osteo Measure
histomorphometry system (Osteo Metrics, Atlanta, GA, USA)

Parameter Unit Definition Bony site
N.Ob/B.Pm 1/mm Number of osteoblasts per bone Trabecular bone
perimeter
N.Ot/B.Ar 1/mm? Number of osteocyte lacunae per Trabecular bone
bone area
OS/BS - Osteoid surface per bone surface Trabecular bone
ES/BS - Eroded surface per bone surface Trabecular bone
0Oc.S/BS - Osteoclast surface per bone surface Trabecular bone
O.Th pm Osteoid thickness Trabecular bone
N.Oc/B.Pm 1/mm Number of osteoclasts per bone Trabecular bone
perimeter
OwoB.Ar mm? Osteoid without osteoblasts bone Trabecular bone
area
ErSwo.Pm pm Eroded surface without osteoclasts Trabecular bone
perimeter
N.eOt/B.Ar 1/mm? Number of empty osteocyte lacunae Trabecular bone
per bone area
N.Oot/B.Ar 1/mm? Number of newly embedded Trabecular bone
osteoblasts per bone area
Ct.Th pum Cortical thickness of the buccal Buccal cortex

cortex Lingual cortex

3.8 Statistical analysis

Statistical analysis was performed using SPSS (Version 17, Armonk, NY, USA).
Normal distribution was tested using the Shapiro-Wilk test. Group comparisons were
executed using either an independent-samples t test test for normally distributed data or non-
parametric Mann—Whitney U test for not normally distributed data. The T2DM subgroups
were compared to one another and to the control group either using one-way ANOVA with
post-hoc tests under Bonferroni correction for the p value, or the Kruskal-Wallis with post-
hoc Mann-Whitney test with Bonferroni correction, depending on the data distribution.
Intergroup comparisons (T2DM: Angulus vs. Molar; ALC: Angulus vs. Molar) were
performed using either paired samples ANOVA or Friedman’s test, depending on the data
distribution. T tests were performed two-tailed. An o level of or below 0.05 was regarded as
statistically significant for all tests.
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4. Results

4.1 T2DM Jaw Bone Quality. Intergroup comparisons: T2DM compared with the
Control group

4.1.1 Lower cortical porosity and thicker trabeculae in T2DM angulus determined by
micro-CT

Micro-CT 3D reconstructions of the mandible bone samples revealed differences
between the groups regarding their microscopic morphology. Differences in macroscopic
morphology were also seen among all of the angulus samples, but these were attributed to the
normal variations in mandibular morphology [39]. Tables 1 and 2 show the values of
microstructural parameters measured in the cortical and trabecular bone of the molar and
angulus regions of the both T2DM groups and the control group. Significant differences in
trabecular and cortical bone were found (Tables 7 and 8).

Lingual cortex of the angulus region showed higher BV/TV by 2% in the T2DM
group (p=0.006) and by 2% in the T2DM OAD subgroup (p=0.005) compared with the
Control group. Furthermore, open and total porosity and pore diameter were significantly
lower in the same cortical region in the T2DM group compared with the Control group (open
porosity by 56% (p=0.004); total porosity by 52% (p=0.006); pore diameter by 39%
(p=0.029)) (Figure 10). Similarly, open and total porosity in the same cortical region were
significantly lower in the T2DM OAD subgroup compared with the Control group (open
porosity p=0.004; total porosity p=0.005). Higher values of BV/TV in the lingual cortex of
the angulus compared with the control group were evident for the entire T2DM group and for
the OAD subgroup, but not for the Insulin subgroup (p>0.05). Bone microstructure of both
cortices in the molar region was similar between the T2DM groups and Control group (Table
7).

Regarding trabecular bone, Th.Th was significantly higher in the T2DM group at the
angulus region (by 28%, p=0.008) (Figure 11) compared with the Control group. Trabecular
bone at the molar region showed lower FD in the combined T2DM group compared with the
Control group (p=0.028), whereas the OAD and the Insulin subgroups separately presented
no significant difference in FD compared with the Control group (p>0.05) (Figure 12, Table
8).
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Figure 10: Trabecular thickness in the mandibular angulus (a) Control group with thin trabeculae. (b)
T2DM OAD group with thicker trabeculae than the Control. (c) T2DM Insulin group with thicker
trabeculae than the Control. (a, b, ¢) Representative reconstructions were cut virtually to enable better
visualization of the trabeculae (CT Vox software). Differences in macroscopic morphology were
attributed to the normal variations in mandibular morphology. (d) Drawing of a human mandible. Circle
marks the bone core site at the mandibular angle. () Bar graph represents numerical values of
trabecular thickness (Th.Th) (Origin Pro software). Statistical significance was evident only between
T2DM and Control groups (p<0.01(**)). T2DM OAD and T2DM Insulin subgroups separately did not
reach significance compared with the Control group under strict Bonferroni correction of the p value.
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Figure 11: Porosity in the lingual cortex of the mandibular angulus (a) Control group. Pores are
visible inside the cortex. (b) The T2DM OAD subgroup showed lower cortical porosity than the
Control group. (¢) The T2DM Insulin subgroup showed lower cortical porosity than the Control
group. (a-c) Samples reconstructions were virtually cut parallel to the cortical surface to enable better
visualization of cortical pores (CT Vox software). Differences in macroscopic morphology and size
were attributed to the normal variations in mandibular morphology. (d, e, g, h) Bar graphs represent
numerical values of several microarchitectural parameters (Origin Pro software). p<0.01(**),
p<0.05(*). (d) Bone volume per tissue volume (BV/TV). (e¢) Open porosity (Po(op)). (g) Total
porosity (Po(tot)). (h) Pore diameter (Po.Dm). (f) Drawing of a human mandible. Circle marks the
bone core site at the mandibular angle. (i) Drawing of a human mandible. Arrow points to lingual
cortex at the mandibular angle.
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Figure 12: Geometry of trabecular bone in the molar region (a, b, ) Samples’ reconstructions were
virtually cut to enable better visualization of trabecular bone (CT Vox software). (a) The Control
group sample shows complex trabecular bone pattern. (b) The T2DM OAD subgroup has simpler
trabecular bone geometry compared with the Control group. (c) The T2DM Insulin subgroup has
simpler trabecular bone geometry compared with the Control group. (d) Drawing of a human
mandible. Circle marks the bone core site at the edentulous region of a lower first molar. (e) Bar
graph represents numerical values of fractal dimension (FD) (Origin Pro software). Statistical
significance was evident only between T2DM and Control groups (p<0.05(*)). T2DM OAD and

T2DM Insulin subgroups showed no significant differences compared with the Control under strict
Bonferroni correction of the p value.
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Table 7: Comparison of the 3D microstructural parameters in the cortical bone between the Control
group and the T2DM groups.

BV/TV [%]

Po.op [%]

Po.tot [%0]

Po.Dm [mm]

Molar buccal cortex
Control
T2DM
T2DM OAD
T2DM Insulin

94.07+2.81
93.09%5.71 (N.S.)
94.75+1.41 (N.S.)
91.42+8.03 (N.S.)

5.71+5.58

6.72+5.75 (N.S.)
5.05+1.42 (N.S.)
8.39+8.09 (N.S.)

5.92+5.49
6.91+5.71 (N.S.)
5.25+1.41 (N.S.)
8.57+8.02 (N.S.)

0.1140.07
0.13+0.05 (N.S.)
0.12+0.03 (N.S.)
0.13+0.06 (N.S.)

Molar lingual cortex
Control
T2DM
T2DM OAD
T2DM Insulin

96.07+1.42
94.43+2.22 (N.S.)
94.54+2.28 (N.S.)
94.32+2.42 (N.S.)

4.45+1.85

5.27+2.21 (N.S.)
5.2+2.31 (N.S.)
5.34+2.38 (N.S.)

4.7+1.85

5.56+2.22 (N.S.)
5.45+2.28 (N.S.)
5.66+2.42 (N.S.)

0.1+0.03

0.11+0.04 (N.S.)
0.11+0.04 (N.S.)
0.11+0.04 (N.S.)

Angulus buccal cortex
Control
T2DM
T2DM OAD
T2DM Insulin

96.08+2.81
90.25 +20.6 (N.S.)
84.34+29.45 (N.S.)
96.16+1.13 (N.S.)

3.69+2.83
9.5+20.65 (N.S.)
15.42+29.5 (N.S.)
3.50+1.17 (N.S.)

3.92+2.8
9.74+20.6 (N.S.)

15.65+29.42 (N.S.)

3.83+1.13 (N.S.)

0.1+0.04
0.22+0.39 (N.S.)
0.33+0.56 (N.S.)
0.11+0.03 (N.S.)

Angulus lingual cortex
Control
T2DM
T2DM OAD
T2DM Insulin

96.07+1.42

98.11+1.37 (p=0.006)

98.78+0.45 (p=0.005)
97.44+1.67 (N.S.)

3.74+1.42

1.64+1.38 (p=0.004)
0.95+0.32 (p=0.004)

2.33+1.72 (N.S.)

3.92+1.42

1.89+1.37 (p=0.006)
1.21+0.46 (p=0.005)

2.33+1.7 (N.S.)

0.13+0.07

0.08+0.03 (p=0.029)

0.08+0.03 (N.S.)
0.09+0.03 (N.S.)

N.S.: not significant compared to the control group or between the T2DM groups;

p value: significant when <0.05; BV/TV: Bone volume per tissue volume; Po.op: Open porosity; Po.tot: Total

porosity; Po.Dm: Pore diameter
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Table 8: Comparison of the 3D microstructural parameters in the trabecular bone between the Control group and the T2DM groups.

BV/TV [%] SMI DA FD Tb.Th[mm] Tb.N[mm]  TbPf[Umm]  Tb.Sp [mm] E‘/’:{r‘n?]”
Molar trabecular
Control 30.44+10.24 -0.06+1.24 18066  2.510.1 0.24+0.06 1.18+0.3 -1.54+4.28 0.75:0.3 12.85+6.02
ontro

27.44+13.98  0.18+2.05 159+0.26  2.39+0.13 0.24+0.04 0.99+0.48 -0.11+4.86 (N.S.)  0.7620.18 9.27+4.88
T2DM (N.S.) (N.S.) (N.S.) (p=0.028) (N.S.) (N.S.) (N.S.) (N.S.)

34.62+16.37 -0.86+2.47 1613024 2.4+0.15(N.S.) 0.27+0.03 1.24+0.41 -3.12+4.8(N.S)  0.75:0.26 8.1+6.88 (N.S.)
T2DM OAD (N.S.) (N.S) (N.S.) (N.S) (N.S.) (N.S.)

_ 20.266.56  1.23+0.77 157+0.31 2.38+0.12(N.S.) 0.22+0.03 0.74+0.44 2.94+259 (N.S.)  0.78+0.06 10.45+1.69

T2DM Insulin | (N5 (N.S) (N.S.) (N.S) (N.S.) (N.S.) (N.S.)
Angulus
trabecular
Control 32.21#1851 -051+227  3.29+0.84 2.31+0.42 0.25+0.06 1.25+0.52 -1.73+4.25 0.76+0.27 2.29+13.27
ontro

37.66+15.84 0.57+2.33 3.2+1.07  2.32%0.12 0.32+0.05 1.15+0.4 0.73t+5.74 (N.S.)  0.7£0.24 (N.S.) 14.72+13.56
T2DM (N.S.) (N.S.) (N.S.) (N.S.) (p=0.008) (N.S.) (N.S.)

43.28+15.37 0.53%2.6 3.2+¢0.85  2.36%0.14 0.32+0.05 1.33+0.38 0.54+6.04 (N.S.)  0.63+0.3 (N.S.) 20.59+17.65
T2DM OAD (N.S.) (N.S) (N.S.) (N.S.) (N.S) (N.S.) (N.S.)

_ 32.04+15.78 0.61+2.34 324133 2.29+0.11(N.S.) 0.32+0.06 0.97+0.36 0.92+6.13 (N.S.)  0.7620.16 8.86+4.05

T2DM Insulin | (N g) (N.S.) (N.S.) (N.S.) (N.S.) (N.S.) (N.S.)

N.S.: not significant compared to the control group or between the T2DM groups
p value: significant when <0.05;

BV/TV: Bone volume per tissue volume; SMI: Structure model index; DA: Degree of anisotropy; FD: Fractal
dimension; Tb.Th: Trabecular thickness; Th.N: Trabecular number; Th.Pf: Trabecular pattern factor; Th.Sp:

Trabecular separation; Conn.Dn: Connectivity density;
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4.1.2 gBEIl-determined irregularities in mineralization despite unchanged osteonal
characteristics in T2DM

The results of gBEI assessment presented a higher number of highly mineralized bone
packets in some jaw bone regions as well as higher heterogeneity of calcium values in other
jaw bone regions (Table 9).

Ca High values were significantly higher in the buccal cortex of the angulus region in
the T2DM Insulin subgroup compared with the T2DM OAD subgroup (by 76%, p=0.022),
but were not significantly higher compared with the Control group (p>0.05) (Fig. 6). Next,
trabecular bone of the molar region showed higher heterogeneity of calcium values in the
T2DM Insulin subgroup compared with the T2DM OAD subgroup (by 25%, p=0.019) and
the Control group (by 17%, p=0.015) (Figure 13, Table 9).

Osteonal analysis revealed no significant differences in osteonal number and wall
thickness between the observed groups or subgroups (Table 10).

4.1.3 Fewer mineralized lacunae in the trabecular angulus region in T2DM

Osteocyte analysis revealed a 21% lower mean osteocyte lacunar size in the trabecular
bone of the molar region in the T2DM group compared with the equivalent region of the
Control group (p=0.03). There were fewer mineralized osteocyte lacunae per bone area in the
trabecular bone of the angulus region in the T2DM group, in the OAD, and in the Insulin
subgroups, as compared with the Control group (p=0.049, p=0.014, p=0.043, respectively)
(Figure 14, Table 11).

Moreover, T2DM cortical bone showed some differences compared with the Control
group. Specifically, total number of mineralized lacunae per bone area (Total Mn.Lc.N/B.Ar)
was lower by 80% in the buccal cortex of the molar region (p=0.04) in the T2DM group
compared with the Control group. Tables 4 and 5 show the values of osteocyte lacunar
parameters for all of the observed groups and subgroups in the different regions.
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Figure 13: Packets of hypermineralized bone in buccal cortex of the angulus

(a, ¢, e) Quantitative backscattered electron microscopy images of buccal cortex in the angulus
region. Areas of interest are shown in insets with higher magnification. (a) Packets of
hypermineralized bone in the Control group. (c) The T2DM OAD subgroup showed less packets
of hypermineralized bone compared with the Control group. (¢) The T2DM Insulin subgroup
showed more packets of hypermineralized bone compared with the Control group. (b)
Distribution of calcium values in all of the groups. The T2DM Insulin curve is shifted towards
higher calcium values compared with the curves of the other groups. The T2DM Insulin curve has
the tallest tail, which represents high calcium values. The T2DM OAD curve is shifted towards
lower calcium values compared with the curves of the other groups. (d) Bar graph represents
numerical values of packets of hypermineralized bone (CaHigh parameter) in all groups (Origin
Pro software). Statistical significance was evident between T2DM Insulin group and control, and
between T2DM Insulin and T2DM OAD (p<0.05(*)). (f) Drawing of a human mandible. Arrow
marks buccal cortex of the angulus region.
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Figure 14: Higher mineralization heterogeneity of the trabecular bone in the molar region of
T2DM Insulin group compared with the Control group

(a, ¢, e) Quantitative backscattered electron microscopy images of trabecular bone. (a) The Control
group has low variability of calcium content in bone matrix, as reflected in similar shades of grey
appearing on the image. (c) The T2DM OAD subgroup has low variability of calcium content in
bone matrix, as reflected in similar shades of grey appearing on the image. (e) The T2DM Insulin
subgroup has higher variability of calcium content in bone matrix compared with the other groups.
Area of low calcium content (arrow) is darker than those with high calcium content. (b)
Distribution of calcium values in all of the groups. The T2DM Insulin curve is wider than the
curves of the other groups. (d) Bar graph represents numerical values of calcium content
variability (StDev parameter) in all of the groups (Origin Pro software). Statistical significance
was evident between the T2DM Insulin and the Control groups, and between the T2DM Insulin
and T2DM OAD subgroups (p<0.05(*)). (f) Drawing of a human mandible. Grid marks trabecular
bone of the edentulous region of lower first molar.
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Figure 15: Mineralized osteocyte lacunae in trabecular bone of the angulus region

(a, ¢, e) Quantitative backscattered electron microscopy images of trabecular bone. Areas of
interest are shown in figure insets with larger magnification. (a) The Control group has numerous
partially and completely mineralized osteocyte lacunae, as seen in figure insets in larger
magnification. (¢) The T2DM OAD subgroup has fewer mineralized osteocyte lacunae compared
with the Control group. () The T2DM Insulin subgroup has fewer mineralized osteocyte lacunae
compared with the Control group. (b) Bar graph represents numerical values of mineralized
osteocyte lacunae per bone area (Total Mn.Ot.Lc.N/B.Ar) (Origin Pro software). Statistical
significance was evident between all T2DM groups and Control group (p<0.05(*)). (d) Drawing
of a human mandible. Grid marks the trabecular bone of the angulus region.
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Table 9: Values of the qBEI parameters in the Control and the T2DM groups.

CaMean [wt %] CaPeak [wt %0] StDev [wt%] Calow [wt %] CaHigh [wt %0]
Molar buccal cortex
Control 26.55+0.62 27.2+0.63 2.49+0.26 5.92+2.33 6.28+3.88
T2DM 26.07+0.92 (N.S.) 26.68+0.8 (N.S.) 2.64+0.3 (N.S)) 9.21+7 (N.S.) 5.08+3.89 (N.S.)
T2DM OAD 25.84+1.24 (N.S.) 26.44+0.93 (N.S.) 2.620.38 (N.S)) 10.87+10.04 (N.S.) 7.65+4.28 (N.S.)
T2DM Insulin 26.29+0.5 (N.S.) 26.91+0.67 (N.S.) 2.68+0.23 (N.S.) 7.55+1.64 (N.S.) 6.73+4.88 (N.S.)

Molar lingual cortex
Control
T2DM
T2DM OAD
T2DM Insulin

25.92+0.39
26.29+0.66 (N.S.)
26.49+0.6 (N.S.)

26.09£0.72 (N.S.)

26.59+0.24

26.84+0.64 (N.S.)
27.04+0.59 (N.S.)
26.6420.68 (N.S.)

2.78+0.35
2.6740.24 (N.S.)
2.51+0.13 (N.S.)
2.83£0.23 (N.S.)

5.34+2.42

4.03+1.44 (N.S.)
3.1+10.76 (N.S.)
4.97+1.39 (N.S.)

4.96+1.54
7.85+4.18 (N.S.)
3.43+1.86 (N.S.)
7.5+4.58 (N.S.)

Angulus buccal cortex

Control

T2DM
T2DM OAD
T2DM Insulin

26.59+0.5
26.7320.81 (N.S.)
26.2420.69 (N.S.)
27.23+0.62 (N.S.)

27.17+0.35

27.17+0.72 (N.S.)
26.72+0.58 (N.S.)
27.61+0.58 (N.S.)

2.58+0.6

2.39+0.22 (N.S.)
2.36+0.29 (N.S.)
2.41+0.14 (N.S.)

4.82+3.35
4+2.83 (N.S.)

5.03+3.79 (N.S.)
2.97+1.01 (N.S.)

5.01+2.7
5.83+4.54 (N.S.)
2.81+1.93 (N.S.)

8.85+4.46 (Insulin vs. OAD: p=0.035)

Angulus lingual cortex
Control
T2DM
T2DM OAD
T2DM Insulin

26.37+0.49
26.52+0.56 (N.S.)
26.24+0.58 (N.S.)
26.8+0.41 (N.S.)

26.94+0.46
27.03+0.43 (N.S.)
26.8+0.43 (N.S.)
27.26+0.31 (N.S.)

2.35+0.14

2.51+0.36 (N.S.)
2.54+0.43 (N.S.)
2.48+0.32 (N.S.)

5.04+2.09
5.18+2.87 (N.S.)
6.2+3.42 (N.S.)
4.17+2.06 (N.S.)

5.63+3.28

7.55+3.75 (N.S.)
5.51+3.26 (N.S.)
9.56+3.29 (N.S.)

Molar trabecular
Control
T2DM
T2DM OAD

T2DM Insulin

25.58+0.75
25.56+0.93 (N.S.)
25.62+0.92 (N.S.)
25.5+1.04 (N.S.)

26.48+0.48
26.38+0.7 (N.S.)
26.2+0.83 (N.S.)
26.56+0.56 (N.S.)

2.98+0.53
3.15+0.52 (N.S.)
2.8+0.16 (N.S.)
3.5+0.54

(Insulin vs. OAD: p=0.019)
(Insulin vs. Control: p=0.015)

7.02+4.71
8.27+5.54 (N.S.)
5.85+3.45 (N.S.)
10.69+6.51 (N.S.)

5.31+3.02

7.69+3.91 (N.S.)
5.75+3.43 (N.S.)
9.63+3.63 (N.S.)

Angulus trabecular
Control
T2DM
T2DM OAD
T2DM Insulin

26.76+0.9

26.11+1.29 (N.S.)
25.57+1.23 (N.S.)
26.64+1.22 (N.S.)

27.26+0.98

26.92+1.22 (N.S.)
26.44+1.24 (N.S.)
27.39+1.11 (N.S.)

2.52+0.18
3.05£0.6 (N.S.)

3.05£0.32 (N.S.)
3.05£0.84 (N.S.)

5.82+4.36
12.699.53 (N.S.)
15.82+9.95 (N.S.)
9.56+9.0 (N.S.)

5.88+3.45
6.04+3.51 (N.S.)
3.743.31 (N.S.)

8.38+1.73 (N.S.)

N.S.: not significant compared to the Control group or between the T2DM groups; P value: significant when <0.05; CaMean: Mean calcium content; CaPeak; Peak calcium content;
CaWidth: Heterogeneity of bone mineral distribution: CaHigh: Area of highly mineralized bone below the 5th percentile value of that group; CaLow: Area of poorly mineralized bone
above the 95th percentile value of that group;
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Table 10: Values of the osteonal morphology parameters of the trabecular bone in the molar region in
the Control group and T2DM groups.

Molar trabecular

Lc.N/B.Ar (1/mm?) Mean Lc. size (um?)

Total Mn.Lc.N/B.Ar (1/mm?)

Control

T2DM
T2DM OAD
T2DM Insulin

452.21+ 61.54 17.19+ 2.15

725.04+377.81 (N.S)  14.68+3.21 (N.S.)
654.55 + 237.73 (N.S))  15.81 £3.29 (N.S.)
795.53 +502.23 (N.S.)  13.56 + 3.03 (N.S.)

3.93+547

2.08 + 4.68 (N.S.)
4.11£6.25 (N.S.)
0.05 +0.02 (N.S.)

Angulus trabecular
Control
T2DM
T2DM OAD
T2DM Insulin

362.04+ 117.91 16.97+ 3.33

583.55+ 248.46 (N.S.)  13.46+ 2.23 (p=0.03)
687.09+317.41 (N.S.) 125+ 1.67 (N.S.)
480 + 106.53 (N.S.) 14.42 + 2.47 (N.S.)

158+ 11
2.16 + 3.17 (p=0.049)
0.88 + 0.92 (p=0.014)
3.44 + 4.2 (p=0.043)

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when
<0.05; T.Mn.Lc.N/B.Ar: total mineralized lacunar number per bone area; Lc.N/B.Ar: lacunar number per bone

area; Mean Lc. size: mean lacunar size
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Table 11: Values of the osteonal morphology and osteocyte lacunar parameters of the cortical bone in the Control and T2DM groups.

On.N/B.Ar On.W.Th (um) | Mean Lc.N/B.Ar Mean Lc. size  Mean Total Total
(1/mm?) On.OtLn.N  (1/mm? (um?) On.Mn.Lc.N Mn.On.Lc.N/ Mn.Lc.N/B.Ar
On.B.Ar (1/mm?)
(1/mm?)
Molar buccal cortex
Control 3.85+248 14.59 + 32.46 1145 533.13+66.76  15.31+ 1.58 0.09+0.12 1.72+3.01 5.79 £ 5.69
T2DM 1.47 £2.04 46.1 + 36.19 12.7+4.7 5575+ 14569  15.75+ 2.49 0.11+0.13(N.S.) 8.32+158(N.S) 112+2.35
(N.S)) (N.S)) (N.S) (N.S) (N.S) (p=0.04)
T2DM OAD 221+231 36.88+37.1 13.59 £ 616.64 + 161.66 15.29 + 0.05+0.04 (N.S.) 7.96+137(N.S.) 0.71+0.71(N.S.)
(N.S)) (N.S)) 421 (N.S)) (N.S) 2.9(N.S)
T2DM Insulin 0.73+ 55.31 + 36.86 11.82 £ 498.36 + 113.49 16.22 0.17+0.16 (N.S.) 8.68+1.93(N.S.) 1.53+3.4(N.S)
1.63(N.S.) (N.S)) 5.47 (N.S.) (N.S)) 2.23(N.S))
Molar lingual cortex
Control 1.31+1.79 41.18 + 39.18 1546 627.12 + 164.68 15.04+ 3.15 0.11+0.08 5.96 + 1.32 1.51+2.13
T2DM 1.33£2.26 54.02 + 37.75 13+3 (N.S)) 581.81+121.79 14.79+1.99 0.15+0.12 (N.S.) 0.51+0.12 (N.S.) 0.64+0.15(N.S.)
(N.S)) (N.S)) (N.S)) (N.S))
T2DM OAD 2.65 + 2.66 40.04 £ 36.2 14.07 £ 508.61+93.18  16.09+1.82 0.11+0.09(N.S.)) 1.07+1.74(N.S.) 124+214(N.S)
(N.S)) (N.S)) 4.41 (N.S.) (N.S)) (N.S))
T2DM Insulin 0.01+0.01 68.01 + 37.51 11.39+£1.09 655 + 106.28 13.49+1.16 0.19+0.14 (N.S.)) 0.14+0.15(N.S.) 0.04+0.05(N.S.)
(N.S) (N.S) (N.S) (N.S) (N.S))
Angulus buccal cortex
Control 1.78 £ 1.44 16.06 + 35.76 9.2843.01 662.93 +503.44 14.29+ 4.12 0.29+0.54 2.58 + 3.57 11.9+13.9
T2DM 0.65+0.72 35.16 + 34.72 15.32+10.27 420.81+144.09 14.88+2.46 0.26+0.19 (N.S.) 3.03+5.03(N.S.) 0.003+ 0.004
(N.S)) (N.S)) (N.S)) (N.S)) (N.S)) (N.S.)
T2DM OAD 0.74+0.74 (N.S.) 30.35+31.49 16.65 + 388.73+160.48 15.95+2.8 0.24+0.26 (N.S.) 2.22+2.23(N.S.) 3.69+4.98(N.S.)
(N.S)) 7.39 (N.S)) (N.S) (N.S))
T2DM Insulin 0.56 +0.77 39.98 +40.78 13.99 £ 452.8+135.6 13.82+1.73 0.28+0.11(N.S.) 3.84+71(N.S) 271%+3.76(N.S)
(N.S) (N.S) 13.35(N.S)) (N.S) (N.S)
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Angulus lingual cortex
Control

T2DM

T2DM OAD

T2DM Insulin

2+1.36

116+ 113
(N.S.)
116+ 1.16
(N.S.)

115+1.24
(N.S.)

11.07 £ 24.55

23.16+ 39.8
(N.S.)
30.21 + 30.29
(N.S.)

88.47 + 64
(N.S.)

13.48+5.03

14.45+5.26
(N.S)
1323+
3.61 (N.S.)

15.66 +
6.74 (N.S.)

361.88 + 111.96

550.69 + 346.79
(N.S.)
565.79 + 317.11
(N.S.)

553.58 + 412.24
(N.S.)

16.27x1.5

1417+ 3
(N.S.)
14.18 + 3.55
(N.S.)

1417 £2.77
(N.S.)

0.04+0.05
0.35:0.47 (N.S.)

0.17 £0.12 (N.S.)

0.53 +0.63 (N.S.)

0.54+0.78
2.3+33(N.S)

1.39+1.48 (N.S)

3.2+45(N.S)

4.56 + 3.9E
3.13 +3.76(N.S.)

1.93+1.97 (N.S.)

4.33 £4.94 (N.S.)

N.S.: not significant compared to the Control group or between the T2DM groups
p value: significant when <0.05; On.N/B.Ar: osteon number per bone area; On.W.Th: osteonal wall diameter; Mean On.Ot.Ln.N: mean osteonal osteocyte lacunar number; Mean
On.Mn.Lc.N: mean osteonal mineralized lacunar number; Total Mn.On.Lc.N/On.B.Ar: total mineralized osteonal lacunar number per osteonal bone area; T.Mn.Lc.N/B.Ar: total
mineralized lacunar number per bone area
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4.1.4 Higher carbonate-to-phosphate ratio at the buccal cortex of the molar region in
T2DM as evidenced by Raman spectroscopy

Raman spectroscopy showed marginal differences in some of the observed parameters
in some of the regions. The carbonate-to-phosphate ratio (v;COs/v,PO,) was 3.2% higher in
the buccal cortex of the molar region in the T2DM group (p=0.009) and 6% higher in the
OAD subgroup compared with the Control group (p=0.01) (Figure 16). Also, crystallinity
(1/FWHM (v,1PO,)) showed a tendency towards higher values in the trabecular molar region
of the T2DM group (p=0.054). Mineral-to-matrix ratio showed no differences between the
groups or the subgroups in any of the observed regions. Table 12 shows the values of Raman
parameters for different bone regions.

4.1.5 Histomorphometry: Bone formation and osteocyte characteristics showing signs of
increased resorption in the T2DM OAD subgroup

Histomorphometry of the trabecular bone, which included cellular and structural
parameters, showed a few significant differences between the groups. Number of osteoclasts
per bone perimeter (N.Oc/B.Pm) in the trabecular bone of the molar region was two times
higher in the T2DM OAD subgroup compared with the Control group (p=0.042) and seven
times higher compared with the T2DM Insulin subgroup (p=0.045). Moreover, osteoid
volume per bone volume showed a tendency towards higher values in T2DM molar region
(p=0.056) (Figure 17). Cortical bone thickness measurements showed no significant
differences between any of the T2DM groups and the Control group. Table 13 shows several
histomorphometry parameters, while Table 14 in the Appendix shows the values of cortical
bone thickness.
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s/amide |

v;1CO4/vsPO, V;PO,

Figure 16: Bone composition of buccal cortex of the molar region. Panels show the microscopic image
overlayed with pixel maps showing the spatial distribution of each parameter. (a-c) Phosphate-to-CH2
ratio (v1PO4/CH2 parameter). (a) control group, (b) T2DM OAD group, (c)T2DM Insulin group. (d) Bar
graph represents numerical values of carbonate-to-phosphate ratio (v1CO3/v1PO4 parameter) in all groups
(Origin Pro software), with statistical significance between the T2DM or T2DM OAD subgroup and the
Control. (e-g) phosphate-to-amide 11l ratio (vIPO4/amide 111 parameter) in the buccal cortex of a molar
region sample in (e) the Control group, (f) T2DM OAD group, and (g) T2DM Insulin group. (h) Drawing
of a human mandible. Circle marks the trabecular bone of the molar region. (i-k) phosphate-to-proline
ratio (v1PO4/pro parameter) in the buccal cortex of a molar region sample in (i) the Control group, (j)
T2DM OAD subgroup, and (k) T2DM Insulin subgroup. () Drawing of a human mandible. Arrow points
to the buccal cortex of the molar region. (m-o0) phosphate-to-amide | ratio (vIPO4/amide | parameter) in
the buccal cortex of a molar region sample in (m) the Control group, (n) T2DM OAD subgroup, and (o)
T2DM Insulin subgroup. (p-r) carbonate-to-phosphate ratio (v1CO3/v1PO4 parameter) in the buccal
cortex of a molar region sample in (p) the Control group, (q) T2DM OAD subgroup, and (r) T2DM
Insulin subgroup. There are more surfaces in light color in the T2DM OAD subgroup (image q) compared
with the Control group (image p); there are more surfaces in light color in the T2DM Insulin group (image
r) compared with the Control group (image p), but not as many as in the T2DM group (image ). Raman
microscope (WIRE 5.1, Renishaw).
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Figure 17: Bone cells and evidence of bone turnover in the molar region of different groups. (a and
b) Signs of bone resorption were found in the trabecular bone of the molar region in the T2DM group.
Asterisk points to an osteoclast, which is magnified in the upper right corner of the image. Toluidine
staining, 40x, light microscope. (c) An osteocyte in its lacuna in a trabecula of the Control group
molar region. The nucleus of the cell can be seen at the edge of the lacuna (arrow). Toluidine staining,
20x, light microscope. (d) Traces of osteoid (red areas pointed by arrow) were found on the trabecular
bone surface in the molar region of the Control group. Masson Goldner staining, 20x, light
microscope. (e) A detail of the image d. Masson Goldner staining, 40x, light microscope. (f) Red
areas of osteoid were found in the trabecular bone of the molar region in the T2DM (arrows). Masson
Goldner staining, 40x, light microscope. (g) Dark purple areas of osteoid were found in the trabecular
bone of the molar region in the T2DM (arrows point to osteoblasts). Toluidine staining, 40x, light
microscope. (h) A resorption cavity on the surface of the trabecular bone of the molar region in the
T2DM group (stars). The cell adjacent to the cavity is not an osteoclast since only one nucleus is
visible. The resorbed surface was assigned to the eroded surface without osteoclasts parameter.
Masson Goldner staining, 20x, light microscope. (1) Triangular arrows point to an osteon in the
cortical bone of the Control group molar sample. Toluidine staining, 20x, light microscope. (j) Bar
graph represents numerical values of number of osteoclasts per bone perimeter (N.Oc/B.Pm
parameter) in all of the groups (Origin Pro software). Osteoclast number was significantly higher in
the T2DM OAD subgroup compared with the Control group, and in T2DM OAD subgroup compared
with T2DM Insulin subgroup (p<0.05(*)). (k) Bar graph represents numerical values of eroded
surface without osteoclasts (Er.S.wo.0c parameter) in all of the groups (Origin Pro software).
Differences were close to statistical significance (0.05<p<0.1) between all T2DM groups and Control
group, with more eroded surfaces in T2DM. (I) Bar graph represents numerical values of osteoid
volume per bone volume (OV/BV parameter) in all of the groups (Origin Pro software). Differences
were close to statistical significance between all T2DM groups and Control group, with more osteoid
in T2DM. (m and n) Drawings of a mandible from different perspectives, with bone core site of a
sample from the molar region marked by a circle and a grid.
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Table 12: Values of tissue composition and maturity parameters of cortical bone and trabecular bone in the Control and T2DM groups.

v,PO,/CH, v1PO4/amide v1PO4/Pro v;PO,/ amide v,;CO;/v,PO, 1/FWHM(v;PO,) v,PO,/amide
11 | 11
Molar buccal cortex
Control 6.53+0.35 7.53+0.43 23.51+1.16 4.18+0.35 0.31£0.01 0.06+0.001
T2DM 6.17+0.48 (N.S.)  7.14+0.53 23.17+1.43 4.09+0.39 0.32+0.01 0.06+0.001 (N.S.)
(N.S) (N.S)) (N.S)) (p=0.009)
T2DM OAD 6.12+0.46 (N.S.)  7.16+0.55 22.99+0.97 4.02+0.26 0.33+0.007 0.06+0.0005 (N.S.)
(N.S)) (N.S)) (N.S)) (p=0.01)
T2DM Insulin 6.22+0.55(N.S.)  7.11+0.57 23.36+1.89 4,16+0.52 0.32£0.01 (N.S.) 0.06+0.001 (N.S.)
(N.S)) (N.S)) (N.S))
Angulus buccal cortex
Control 6.13+0.48 7.19+0.66 22.51+2.4 4.05+0.19 0.32+0.02 0.06+0.001
T2DM 5.94+0.39 (N.S.) 6.93+0.64 22.11+1.57 4.26+0.4 0.32£0.01 (N.S.) 0.06+0.001 (N.S.)
(N.S) (N.S)) (N.S))
T2DM OAD 5.94+0.33 (N.S.) 6.75+0.31 21.63+0.49 4.06+0.27 0.33£0.005 (N.S.)  0.062+0.001 (N.S.)
(N.S) (N.S)) (N.S))
T2DM Insulin 5.93+0.49 (N.S.) 7.1+0.87 (N.S.) 22.59+2.17 4.45+0.44 0.32+0.01 (N.S.) 0.06+0.002 (N.S.)
(N.S.) (N.S.)
Molar trabecular
Control 7.17+0.67 8.98+1.12 27.47+£3.94 5.87+0.34 0.38+0.03 0.06%0.0007 2.28+0.48
T2DM 6.65+0.7 (N.S.) 8.48+0.95 23.75+6.39 5.91+0.88 0.36£0.03 (N.S.) 0.06+0.002 (N.S.) 2.15+0.37
(N.S)) (N.S)) (N.S)) (N.S))
T2DM OAD 6.49+0.6 (N.S.) 8.07+0.63 21.26+8.73 5.55+0.63 0.36+£0.02 (N.S.) 0.06+0.001 (vs. T2DM  2.05+0.28
(N.S)) (N.S)) (N.S)) Insulin p=0.084) (N.S))
T2DM Insulin 6.8+0.82 (N.S.) 8.9+1.09 (N.S.))  26.25+0.46 6.27+1.01 0.35+£0.04 (N.S.) 0.06+0.002 2.26+0.45
(N.S) (N.S)) (vs. Control p=0.054) (N.S)
Angulus trabecular
Control 7.11+0.72 8.91+1.03 24.72+3.19 5.47+0.35 0.35+0.03 0.06+0.002 2.22+0.41
T2DM 6.65+0.82(N.S.)  9.25+0.92 24.43+3.5 6.02+1.31 0.35+0.05 (N.S.)  0.06+0.001 (N.S.) 3+2.49 (N.S.)
(N.S)) (N.S) (N.S))
T2DM OAD 6.9£0.82 (N.S.) 9.03+0.79 22.46+0.67 5.77+£1.26 0.37+0.03 (N.S.)  0.06+0.001 (N.S.) 2.22+0.31
(N.S)) (N.S) (N.S)) (N.S)
T2DM Insulin 6.4+0.83 (N.S.) 9.48+1.08 26.4+4.18 6.27+1.45 0.32+0.06 (N.S.)  0.06+0.0004 (N.S.) 3.79+3.51
(N.S.) (N.S) (N.S)) (N.S)

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; v1CO3/v1P0O4: Carbonate-to-phosphate ratio; 1/FWHM(v1PO4)
crystallinity; vIPO4/amide I: area under the phosphate | peak over the area under the amide | peak (mineral-to-matrix ratio); vAPO4/CH2: area under the phosphate | peak over the area under

the CH2 peak (mineral-to-matrix ratio); vAIPO4/Pro: area under the phosphate | peak over the area under the proline peak (mineral-to-matrix ratio); viPO4/amide I11: area under the phosphate |

peak over the area under the amide 111 peak (mineral-to-matrix ratio); v2PO4/amide I11: area under the phosphate Il peak over the area under the amide 1111 peak (mineral-to-matrix ratio)
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Table 13: Values of bone cellular parameters of the trabecular bone in the Control and T2DM groups.

N.Ob/B.Pm Ob.S/BS OwoB.Ar (mm?) 0S/BS O.Th (um) ov/BV Oc.S/BS
(2/mm)
Molar trabecular
Control 1.42+1.76 1.16+1.66 0.0009+0.002 2.74+3.83 2.94£3.69 0.1+0.12 0.26+0.55
T2DM 1.74+¢1.35(N.S.) 2.18+1.65(N.S.)  0.002+0.002 (N.S.) 5.22+4.7 (N.S.) 454+3.02 (N.S.)  0.33%0.32(N.S.)  0.32+0.37 (N.S.)
p=0.056
T2DM OAD 1.9241.7 (N.S.) 2.53+2.05 (N.S.)  0.001+0.002 (N.S.) 6.86+6.16 (N.S.) 455+2.76 (N.S.)  0.3620.35(N.S.)  0.56+0.38 (N.S.)
T2DM Insulin 1.56+£1.04 (N.S.) 1.83+1.26 (N.S.)  0.003+0.003 (N.S.) 3.58+2.27 (N.S.) 454+359 (N.S.)  0.3£0.32 (N.S.) 0.07+0.13 (N.S.)
Angulus trabecular
Control 2.62+2.42 3.18+3.24 0.001+0.001 6.92+7.98 4.73+4.82 0.45+0.55 0.74+0.89
T2DM 2.78+2.78 (N.S.)  2.97+4.47 (N.S.)  0.003+0.007 (N.S.) 7.36+9.17 (N.S.) 2.79+2.28 (N.S.)  0.25+0.35(N.S.)  0.39+0.49 (N.S.)
T2DM OAD 3.78+3.44 (N.S.)  5.05+5.81 (N.S.)  0.005+0.09 (N.S.) 9.53+12.15 (N.S.) 3.58+2.91 (N.S.)  0.35+0.49 (N.S.)  0.67+0.58 (N.S.)
T2DM Insulin 1.78+1.75(N.S.)  0.89+0.66 (N.S.)  0.0009+0.0006 (N.S.) 5.1945.24 (N.S.) 2.0£1.29 (N.S)) 0.14+0.1 (N.S)) 0.12+0.13 (N.S.)
N.Oc/B.Pm (1/mm) ES/BS ErSwo.Pm (mm) N.Ot/B.Ar (I/mm®  N.eOt/B.Ar (1/mm?  N.Oot/B.Ar (1/mm?)
Molar trabecular
Control 0.11+0.23 0.6+1.12 0.13+0.13 157.34+61.85 44.77+£27.11 12.38+8.31
T2DM 0.12+0.13 (N.S.) 0.73+0.93 (N.S.)  0.27£0.2 (N.S.) 169.58+40.05 (N.S.)  59.52+37.54 (N.S.) 11.47+8.07 (N.S.)
p=0.083
T2DM OAD 0.22+0.1 (N.S.) 1.3440.98 (N.S.)  0.2+0.13 (N.S.) 200.22+26.3 (N.S.) 55.38+40.22 (N.S.) 13.62+10.93 (N.S.)
OAD vs. control: p=0.042;
OAD vs. Insulin: p=0.045
T2DM Insulin 0.03+0.04 (N.S.) 0.13+0.22 (N.S.)  0.344#0.24 (N.S.)  138.94+27.09 (N.S.)  63.65+38.87 (N.S.) 9.32+3.97 (N.S.)

Angulus trabecular
Control
T2DM

T2DM OAD
T2DM Insulin

0.26+0.33
0.2+0.28 (N.S.)

0.3620.32 (N.S.)
0.0420.05 (N.S.)

1.27+1.61
0.66+0.85 (N.S.)

1.18+0.96 (N.S.)
0.15+0.16 (N.S.)

0.21+0.17
0.1+0.17 (N.S.)
p=0.075
0.18+0.21 (N.S.)
0.02+0.03 (N.S.)

144.89+42.08
135.86+58.14 (N.S.)

130.85+41.24 (N.S.)
140.88+76.42 (N.S.)

50.13+36.94
53.22+37.45 (N.S.)

48.05+27.45 (N.S.)
58.38+48.34 (N.S.)

17.17412.73
13.48+6.47 (N.S.)

14.38+7.75 (N.S.)
12.58+5.66 (N.S.)

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; N.Ob/B.Pm: number of osteoblasts per bone perimeter; N.Ot/B.Ar: number of
osteocyte lacunae per bone area; OS/BS: osteoid surface per bone surface; ES/BS: eroded surface per bone surface; Oc.S/BS: osteoclast surface per bone surface; O.Th; osteoid thickness: N.Oc/B.Pm:
number of osteoclasts per bone perimeter; OwoB.Ar: osteoid without osteoblasts bone area; ErSwo.Pm: eroded surface without osteoclasts perimeter; N.eOt/B.Ar: number of empty osteocyte lacunae
per bone area; N.Oot/B.Ar: number of newly embedded osteoblasts per bone area
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Table 14: Values of cortical bone thickness in the Control and T2DM groups.

4.2 T2DM Jaw Bone Quality. Intersite comparisons (Angulus vs. Molar) in the T2DM

Ct. Th [um]
Molar buccal cortex
Control 1881.45+472.86
T2DM 1967.22+422.15 (N.S.)
T2DM OAD 1938.06+574.33 (N.S.)
T2DM Insulin 1996.39+262.67 (N.S.)
Angulus buccal cortex
Control 1583.79+546.56
T2DM 1571.09+543.08 (N.S.)
T2DM OAD 1537.36+667.14 (N.S.)
T2DM Insulin 1604.82+464.43 (N.S.)
Molar lingual cortex
Control 1749.57+780.58
T2DM 1700.75+464.38 (N.S.)
T2DM OAD 1914.3+523.75 (N.S.)
T2DM Insulin 1487.21+311.26 (N.S.)
Angulus lingual cortex
Control 1387.45+526.53
T2DM 1489.61+432.15 (N.S.)
T2DM OAD 1625.13+435.2 (N.S.)
T2DM Insulin 1354.09+429.97 (N.S.)

N.S.: not significant compared to the control group or
between the T2DM groups;
p value: significant when <0.05; Ct.Th: Cortical thickness

group and T2DM subgroups

4.2.1 Higher cortical porosity in the molar region compared with the angulus region in

T2DM

The results showed higher porosity of the lingual cortex and trabecular bone of the
molar region compared with the same sites of the angulus region, both in the T2DM group
and in the T2DM OAD subgroup. Significantly different parameters, bone sites, results, and p

values are listed in Table 15, whereas absolute values can be found in Tables 7 and 8.

Table 15: Statistically significant results of microstructural analysis of T2DM group and

subgroups, angulus vs. molar

T2DM group or  Parameter Bone site Result p value
subgroup

T2DM OAD Po.cl Lingual cortex 1 in the molar region p=0.001
T2DM OAD Po.op Lingual cortex 1 in the molar region p=0.01
T2DM OAD Po.tot Lingual cortex 1 in the molar region p=0.007
T2DM OAD BV/ITV Lingual cortex 1 in the angulus region ~ p=0.007
T2DM Po.cl Lingual cortex 1 in the molar region p=0.011
T2DM Po.op Lingual cortex 1 in the molar region p=0.011
T2DM Po.tot Lingual cortex 1 in the molar region p=0.011
T2DM BVITV Lingual cortex 1 in the angulus region p=0.011
T2DM OAD DA Trabecular bone 1 in the angulus region p=0.009
T2DM Th.Th Trabecular bone 1 in the angulus region ~ p=0.008
T2DM DA Trabecular bone 1 in the angulus region p=0.002

p value: significant when <0.05; BV/TV: Bone volume per tissue volume; DA: Degree of anisotropy; Th.Th:

Trabecular thickness; Po.op: Open porosity; Po.tot: Total porosity; Po.Dm: Pore diameter
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4.2.2 More mineralization variations at the molar region in the T2DM Insulin subgroup

The results of intersite comparisons in the T2DM Insulin subgroup showed more
mineralization variations in the angulus region compared with the molar region. Significantly
different parameters, bone sites, results, and p values are listed in Table 16, whereas absolute
values can be found in Table 9.

Table 16: Statistically significant results of mineralization analysis of T2DM group and
subgroups, angulus vs. molar

T2DM group or  Parameter Bone site Result p value
subgroup

T2DM Insulin ' CaMean Buccal cortex 1 in the molar region p=0.023
T2DM Insulin ' StDev Buccal cortex 1 in the molar region p=0.019
T2DM Insulin ' CaLow Buccal cortex 1 in the molar region p=0.001
T2DM Insulin | StDev Lingual cortex 1 in the angulus region p=0.038

p value: significant when <0.05; CaMean: mean calcium content; StDev: heterogeneity of bone mineral distribution:
CaLow: area of poorly mineralized bone above the 95th percentile value of that group

4.2.3 More mineralized lacunae at the angulus region in the T2DM Insulin subgroup

The intersite comparisons in the T2DM Insulin subgroup showed more mineralized
lacunae in the buccal cortex of the angulus region compared with the buccal cortex of the
molar region. Also, mean lacunar size was higher in the buccal cortex of the molar region
compared with the angulus region in the T2DM Insulin subgroup. Significantly different
parameters, bone sites, results, and p values are listed in Table 17, whereas absolute values
can be found in Table 9.

Table 17: Statistically significant results of osteocyte analysis of T2DM group and subgroups,
angulus vs. molar

T2DM group or  Parameter Bone site Result p value
subgroup
T2DM Insulin ' Mean lacunar size Buccal cortex 1 in the molar region p=0.035

T2DM Insulin | Total Mn.Lc.N/B.Ar Buccal cortex 1 in the molar region p=0.025

p value: significant when <0.05; T.Mn.Lc.N/B.Ar: total mineralized lacunar number per bone area

4.2.4 Mineral-to-matrix differences between T2DM molar and angulus regions as reflected
by Raman spectroscopy

The intersite comparisons of T2DM group and subgroups revealed tissue composition
differences between T2DM molar and angulus regions, both in buccal cortex and in
trabecular bone. Significantly different parameters, bone sites, results, and p values are listed
in Table 18, whereas absolute values can be found in Table 12.
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Table 18: Statistically significant results of tissue composition analysis of T2DM group and
subgroups, angulus vs. molar

T2DM group or  Parameter Bone site Result p value
subgroup

T2DM OAD | ViPO,/Pro Buccal cortex 1 in the molar region p=0.035
T2DM | v;PO,/Pro Buccal cortex 1 in the molar region p=0.044
T2DM OAD | ViPO,/CH, Trabecular bone 1 in the angulus region p=0.037
T2DM OAD | viPO,/amide 111 Trabecular bone 1 in the angulus region p=0.002
T2DM | viPO,/amide 111 Trabecular bone 1 in the angulus region p=0.025

p value: significant when <0.05; v1PO4/CH2: area under the phosphate | peak over the area under the CH2 peak
(mineral-to-matrix ratio); v1PO4/Pro: area under the phosphate | peak over the area under the proline peak (mineral-to-
matrix ratio); v1IPO4/amide 111: area under the phosphate | peak over the area under the amide Il peak (mineral-to-matrix
ratio)

4.2.5 Histomorphometry: Cellular and structural differences between the angulus and
molar bone regions in T2DM subgroups

The intersite comparisons of T2DM group and subgroups revealed structural and
cellular differences between T2DM molar and angulus regions, both in buccal cortex and in
trabecular bone. Significantly different parameters, bone sites, results, and p values are listed
in Table 19, whereas absolute values can be found in Table 13.

Table 19: Statistically significant results of structural and cellular histomorphometric analysis of
T2DM group and subgroups, angulus vs. molar

T2DM group or  Parameter Bone site Result p value
subgroup

T2DM INSULIN | ErSwo.Pm Trabecular bone 1 in the molar region p=0.032
T2DM OAD ' N.O/B.Ar Trabecular bone 1 in the molar region p=0.006

p value: significant when <0.05; ErSwo.Pm: eroded surface without osteoclasts perimeter; N.Ot/B.Ar: number of
osteocyte lacunae per bone area

40



4.3 ALC Jaw Bone Quality. Intergroup comparisons: ALC compared with Control
rou

4.3.1 Higher closed cortical porosity in ALC compared with Control group

Micro-CT assessment revealed significantly higher closed cortical porosity (Po(cl),
[%]) in the buccal cortex of the angulus region, buccal cortex of the molar region, and lingual
cortex of the molar region in the ALC group compared with the Control group. Only the
lingual cortex of the angulus region showed no statistically significant difference in closed
cortical porosity between the ALC group and the Control group. Po(tot), Po(op), BV/TV, and
other microstructural parameters were not different between the groups in either of the
regions (Figure 18, Table 20).

Trabecular bone of both regions showed no significant differences in microstructural
parameters between the ALC group and the Control group (Table 21).

4.3.2 Lower calcium content in ALC compared with the Control group

The trabecular bone of the angulus region of the Cirrhosis group showed lower
calcium content compared with the corresponding region of the Control group, as evidenced
in lower CaMean and CaHigh. No other region or bone compartment showed statistically
significant differences in the gBEI parameters between the groups (Figure 19, Table 22).

4.3.3 Lower mean lacunar size in ALC compared with the control

No differences in the osteonal morphology were found between the ALC and Control
groups (Table 23). The trabecular bone of the molar region had significantly lower mean
lacunar size (Mean Lc. size) in the Cirrhosis group than in the Control group (Figure 20,
Table 24).

4.3.4 Higher tissue maturity in ALC compared with the control

Only one Raman spectroscopic parameter, v;COs/v;PO,, was found to be significantly
higher in the buccal cortex of the Cirrhosis group (Figure 21, Table 25). No other ratios
interpreting the mineral to matrix ratio or other chemical structures of the bone differed
between the groups, either in buccal cortex or in trabecular bone (Figure 21, Tables 25 and
26).

4.3.5 Lower osteoclast activity in ALC compared with the control

Parameters related to the resorptive activity, including ES/BS and Oc.S/BS, showed
significantly lower values in the trabecular bone of the angulus of the ALC group. In fact, the
values of these parameters were 0 in the ALC group, and above zero in healthy individuals
(Figure 22, Table 27). Cortical bone thickness values showed no statistically significant
differences between the ALC and the Control groups (Table 28).
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Figure 18: Higher closed cortical porosity in the ALC group compared with the Control group. (a, b, d,
e, g, h, j, k) Sample micro-CT 3D reconstructions with arrowheads pointing to the cortex where closed
cortical porosity (Po(cl)) was measured. (c, f, i, I) Bar charts show closed porosity values in the Control
and ALC groups. (a, b, c) Higher closed cortical porosity was found in the buccal cortex of the molar
region in the ALC group than in the Control group. (d, e, f) Higher closed cortical porosity was found in
the lingual cortex of the molar region in the ALC group than in the Control group. (g, h, i) Higher
closed cortical porosity was found in the buccal cortex of the angulus region in the ALC group than in
the Control group. (j, k, 1) No significant difference in closed cortical porosity was found in lingual
cortex of the angulus region between the ALC and Control groups. (m, n) Drawings of the mandible
from different perspectives, with bone core sites marked by a rectangle or a circle. Yellow arrows with
numbers point to cortical regions: 1 - buccal cortex of the molar region; 2 - lingual cortex of the molar
region; 3 - buccal cortex of the angulus region; 4 - lingual cortex of the angulus region.
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Figure 19: Lower calcium content in the trabecular bone of the angulus region of the ALC group
compared with the Control group. (a, b) Quantitative backscattered electron microscopy images of
trabecular bone in the angulus region. (a) Control trabecular bone has dominant light grey areas
with high calcium content and few dark grey areas with low calcium content (blue arrow). (b)
ALC trabecular bone has several low calcium content areas (blue arrows). (c) Calcium weight
chart of the ALC group is shifted towards lower values compared with the Control group. (d, €)
Bar charts show lower CaMean and CaHigh values in the ALC group compared with the Control
group in the angulus trabecular bone region. (f, g) Drawings of the mandible from different
perspectives, with bone core site of the samples from the angulus region marked by a circle and a
grid.
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Figure 20: Lower mean lacunar size in the ALC group compared with the Control group. (a) Bar
chart shows lower mean lacunar size in the ALC group compared with the Control group. (b, c)
Drawings of the mandible from different perspectives, with the trabecular bone of the molar region
marked by a circle and a grid.
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Figure 21: Lower osteoclast activity in the ALC group compared with the Control group. (a, b, )
Bar charts show lower resorption parameters (eroded surface per bone surface, osteoclast number
per bone perimeter, osteoclast surface per bone surface) in the ALC group compared with the
Control group. (d, e) Drawings of the mandible from different perspectives, with the trabecular
bone of the angulus region marked by a circle and a grid.
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Figure 22: Bone composition of buccal cortex of the molar region in the ALC group. Panels show
the microscopic image overlayed with pixel maps showing the spatial distribution of each parameter
(a, b) Phosphate-to-CHj, ratio (v;PO4/CH, parameter) (a) Control group (b) ALC group (c) Drawing
of the human mandible. Circle marks the buccal cortex of the molar region (d, e) phosphate-to-
amide 11 ratio (v;PO,/amide 11l parameter) in the buccal cortex of a molar region sample (d) Control
group (e) ALC group (f) Drawing of the human mandible. Arrow points to the buccal cortex of the
molar region. (g, h) phosphate-to-proline ratio (v,PO,/pro parameter) in the buccal cortex of a molar
region sample (g) Control group (h) ALC group (i, j) Phosphate-to-amide | ratio (v,PO,/amide |
parameter) in the buccal cortex of a molar region sample (i) Control group (j) ALC group (k, I)
Carbonate to phosphate ratio (v,COs/v1PO, parameter) in the buccal cortex of a molar region sample
(k) Control group (I) ALC group. There are more surfaces in light color in the ALC group (image I)
compared to the Control group (image k). Raman microscope (WiRE 5.1, Renishaw). (m) Bar graph
represents numeric values of carbonate-to-phosphate ratio (v;CO3/v;PO,4 parameter) in the Control
group and the ALC group (Origin Pro software), with statistical significance between the ALC group
and the Control group.
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Table 20: Comparison of the 3D microstructural parameters in the cortical bone between the Control group and the ALC group.

BVITV [%0] Po.cl [%0] Po.op [%0] Po.tot [%0] Po.Dm [mm]

Molar buccal cortex
ALC 95.24+1.13 (N.S.) 0.47+0.24 4.31+1.02 4,76+1.13 0.11+0.02

i:o.oz (N.S.) (N.S.) (N.S.)
Molar lingual cortex ALC 87.84+17.26 0.4820.13 11.73+17.33 12.14+17.27 0.26+0.41
(N.S.) i:o.oos (N.S.) (N.S.) (N.S.)
Angulus buccal cortex | 81.69+35.23 0.49+0.24 3.33£1.28 3.81+1.19 0.09+0.03

(N.S.) =0.007 (N.S.) (N.S.) (N.S.)

Angulus lingual cortex 0.43+0.12 2.41+2.22 2.83+2.26 0.08+0.03
ALC | 97.16x2.26 (N.S) (N.S) (p=0.098) (N.S) (p=0.098)

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; BV/TV:
Bone volume per tissue volume; Po.cl: closed porosity; Po.op: pen porosity; Po.tot: total porosity; Po.Dm: pore diameter



Table 21: Comparison of the 3D microstructural parameters in the trabecular bone between the Control group and the ALC group.
Tb.Th Th.N Conn.Dn

0,
BVITV [%] SMI DA FD [mm] [mm] Th.Pf [1/mm] Th.Sp [mm] [1/mm?]
Molar trabecular
Control 30.44+10.24  -0.06+1.24 1.8+0.66 2.51+0.1 0.24+0.06  1.18+0.3 -1.54+4.28 0.75+0.3 12.85+6.02
40.07+23.08( -3.91+6.33 1.724¢0.23  2.45#0.13( 0.25+0.05 1.73+1.24  -7.5+11.8(N.S.) 0.72+0.33 -5.11+18.39
ALC N.S.) (N.S)) (N.S.) N.S.) (N.S) (N.S) (N.S) (N.S)
Angulus trabecular
Control 32.21+1851  -0.51+2.27 3.29+0.84 2.31+0.42 0.25+0.06 1.25+0.52 -1.73%4.25 0.76+0.27 2.29+13.27
22.87+8.83 0.78+0.94 3.2+0.66 2.3+0.07 0.26+0,05 0.84+0.18 0.92+2.7(N.S.) 0.87%0.18 4.44+3.24
ALC (N.S.) (N.S.) (N.S.) (N.S.) (N.S)) (N.S)) (N.S)) (N.S))

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; BV/TV: bone volume per tissue volume; SMI:
structure model index; DA: degree of anisotropy; FD: fractal dimension; Th.Th: trabecular thickness; Th.N: trabecular number; Th.Pf: trabecular pattern factor;
Th.Sp: trabecular separation; Conn.Dn: connectivity density
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Table 22: Values of the qBEI parameters in the Control and the ALC group.

CaMean
[wt %] CaPeak [wt %] StDev [wt %] CalLow [wt %] CaHigh [wt %]
Molar buccal cortex
Control | 26.55+0.62  27.2+0.63 2.49+0.26 5.92+2.33 6.28+3.88
ALC | 26.1240.88  27.04+0.86 2.94+0.53 9.62+4.59 6.26+5.7
(N.S)) (N.S) (N.S) (N.S)) (N.S))
Molar lingual cortex
Control | 25.92+0.39  26.59+0.24 2.78+0.35 5.34+2.42 4.96+1.54
ALC | 25.47+1.02  26.34+0.89 3.02+0.63 8.71+5.35 3.55+2.02
(N.S)) (N.S) (N.S) (N.S)) (N.S))
Angulus buccal cortex
Control | 26.59+0.5 27.17+0.35 2.58+0.6 4.82+3.35 5.01+2.7
ALC | 25.73+0.68  26.5+0.58 2.7£0.76 8+5.2 2.07+1.92
(N.S)) (N.S) (N.S) (N.S)) (N.S))
Angulus lingual cortex
Control | 26.37£0.49  26.94+0.46 2.35+0.14 5.04+2.09 5.63+3.28
ALC | 26.3240.23  26.85+0.36 2.310.24 4.58+1.25 3.73+1.83
(N.S)) (N.S) (N.S) (N.S.) (N.S.)
Molar trabecular bone
Control | 25.58+0.75  26.48+0.48 2.98+0.53 7.02+4.71 5.31+3.02
ALC 25.26+1.06  26.4+0.75 3.5+0.62 11.21+6.98 6.42+2.87
(N.S)) (N.S) (N.S) (N.S)) (N.S))
Angulus trabecular bone
Control | 26.76+0.9 27.26+0.98 2.52+0.18 5.82+4.36 5.88+3.45
25.32+0.98  26.18+0.43 2.85+0.52 14.81+11.01 1.7241.34
ALC | (p=0.042) (N.S) (N.S) (N.S.) (p=0.036)

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; CaMean: mean
calcium content; CaPeak; peak calcium content; CaWidth: heterogeneity of bone mineral distribution: CaHigh: area of highly mineralized bone
below the 5th percentile value of that group; CaLow: area of poorly mineralized bone above the 95th percentile value of that group

48



Table 23: Comparison of osteonal morphology parameters and osteocyte lacunar parameters of cortical bone between the Control group and the ALC group.

On.N/B.Ar  OnW.Th Mean Lc.N/B.Ar Mean Lc. size MEan T.Mn.On.Lc.N/On. T.Mn.Lc.N/B.
(1/mm?) (um) On.OtLn.N  (1/mm? (UM?) On.Mn.Lc.N B.Ar (1/mm?) Ar (1/mm?)
Molar buccal cortex
Control | 3.85+248  1459+3246 1145 533.13 + 66.76 15.31+ 1.58 0.09 £0.12 1.72+3.01 5.79 £ 5.69
ALC | 3.14+7.61 81.2+29.54 8.54+3.35 897.61+515.31 12.75+4.43 0.05+0.11 0.77+£1.72 4.15+2.98
(N.S.) (N.S) (N.S.) (N.S.) (N.S) (N.S) (N.S) (N.S)
Molar lingual cortex
Control | 1.31+1.79 4118 +39.18 156 627.12 + 164.68 15.04+ 3.15 0.11+0.08 0.59 £1.32 151+2.13
ALC | 3.28£1.45 74.77+25.74 12.1+4.62 997.03+519.5 12.74+3.63 0.01+0.03 0.46+1.03 3.37+2.51
(N.S.) (N.S) (N.S.) (N.S.) (N.S) (N.S) (N.S) (N.S)
Angulus buccal cortex
Control | 1.78+1.44  16.06+35.76 9.28+3.01 662.93 +£503.44 14.29+ 4.12 0.29+0.54 2.58 £ 3.57 119+ 139
ALC | 3.68+1.94 77.47+25.61 15.83+8.61 888.89+934.07 13.7242.67 0.02+0.05 0.44+1 2.06+1.35
(N.S.) (N.S) (N.S.) (N.S.) (N.S) (N.S) (N.S) (N.S)
Angulus lingual cortex
Control | 2+1.36 11.07 £24.55 13.48+5.03 361.88 £111.96 16.27+1.5 0.04+0.05 0.54 £0.78 456 + 3.9
ALC | 211 71.09+27.62 13.245.35 419.7+136.92 15.5+1.75 0.02+0.05 0.85+1.9 2.33+2.14
(N.S)) (N.S) (N.S)) (N.S)) (N.S) (N.S) (N.S) (N.S)

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; On.N/B.Ar: osteon number per bone area; On.W.Th:
osteonal wall diameter; Mean On.Ot.Ln.N: mean osteonal osteocyte lacunar number; Lc.N/B.Ar: lacunar number per bone area; Mean Lc. size: mean lacunar size; Mean
On.Mn.Lc.N: mean osteonal mineralized lacunar number; Total Mn.On.Lc.N/On.B.Ar: total mineralized osteonal lacunar number per osteonal bone area; T.Mn.Lc.N/B.Ar:
total mineralized lacunar number per bone area
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Table 24: Comparison of osteocyte lacunar parameters of trabecular bone between the Control group and ALC group.

Lc.N/B.Ar Mean Lc. size (um?)  T.Mn.Lc.N/B.A
(1/mm?) r (1/mm?)
Molar trabecular
Control | 452.21+ 61.54 17.19+ 2.15 3.93 £5.47
ALC | 1356.8+866.23  10.87+2.39 9.48+6.14
(N.S.) (p=0.002) (N.S)
Angulus trabecular
Control | 362.04+ 117.91  16.97+ 3.33 158+ 11
ALC | 591.43+304.41  13.71+3.49 5.24+3.7
(N.S.) (N.S) (N.S)

N.S.: not significant compared to the Control group or between the T2DM groups; p
value: significant when <0.05; T.Mn.Lc.N/B.Ar: total mineralized lacunar number per
bone area; Lc.N/B.Ar: lacunar number per bone area; Mean Lc. size: mean lacunar size
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Table 25: Values of tissue composition and maturity parameters of cortical bone in the Control group and ALC group.

v,PO./CH, v;PO4amidelll v;PO./Pro v,PO,amidel v;COs/v;PO, 1/FWHM
(V1PO4)
Molar buccal cortex
Control | 6.53+0.35 7.53+0.43 23.51+1.16 4.18+0.35 0.31+0.01 0.06+0.001
ALC | 6.29+0.71 7.15+0.84 22.98+1.34 4.22+0.74 0.33+0.004 0.06+0.0008
(N.S.)) (N.S.) (N.S.) (N.S.) (p=0.008) (N.S.)
Angulus buccal cortex
Control | 6.13+0.48 7.19+0.66 22.51+2.4 4,05%0.19 0.32+0.02 0.06+0.001
ALC | 5.7+0.34 6.72+0.37 22.63+1.17 3.94+0.23 0.33+0.01 0.06+0.0009
(N.S)) (N.S.) (N.S.) (N.S.) (N.S)) (N.S))

Table 26: Values of tissue composition and maturity parameters of trabecular bone in the Control group and ALC group.

v,PO./CH, v;PO,amidelll v;PO.,/Pro v,PO.amidel v;COs/v;PO, v,POJ/amidelll 1/FWHM
(viPO,)
Molar trabecular
Control | 7.17£0.67  8.98+1.12 27.47+£3.94 5.87+0.34 0.38+0.03 2.28+0.48 0.06+0.0007
ALC 6.76+0.8 8.53+1.41 26.81+1.85 5.91+0.86 0.37+0.02 2.15+0.13 0.06+0.002
(N.S)) (N.S)) (N.S)) (N.S)) (N.S)) (N.S)) (N.S.))
Angulus trabecular
Control | 7.11£0.72  8.91+1.03 24.72+3.19 5.47+0.35 0.35+0.03 2.22+0.41 0.06+0.002
ALC 6.19+0.55  8.24+1.16 26.18+2.98 5.68+0.84 0.33+0.04 3.21+2.86 0.06+0.0006
(N.S) (N.S) (N.S) (N.S) (N.S) (N.S) (N.S))

N.S.: not significant compared to the control group or between the T2DM groups; p value: significant when <0.05; v,CO3/v,PO,: Carbonate-to-phosphate ratio; 1/FWHM(v,PO,) crystallinity;
v;PO,/amidel: area under the phosphate | peak over the area under the amide | peak (mineral-to-matrix ratio); v;PO,/CH,: area under the phosphate | peak over the area under the CH, peak
(mineral-to-matrix ratio); v;PO,4/Pro: area under the phosphate | peak over the area under the proline peak (mineral-to-matrix ratio); v;PO4/amidelll: area under the phosphate | peak over the
area under the amide Il peak (mineral-to-matrix ratio); v,PO,/amidelll: area under the phosphate 1l peak over the area under the amide 1111 peak (mineral-to-matrix ratio)
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Table 27: Values of bone cellular parameters of the trabecular bone in the Control group and the ALC group.

OV/BV OS/BS ES/BS Oc.S/BS O.Th (um) OwOb.Ar (mm?
Molar trabecular bone
Control | 0.1+0.12 2.74+3.83  0.6+1.12 0.26+0.55 2.9+3.69 0.0009+0.002
ALC | 0.44+£0.53  7.76+£7.72  0.48+0.69 0.31+0.47 4.41+4.6 0.0002+0.0005
(N.S)) (N.S)) (N.S)) (N.S)) (N.S)) (N.S))
Angulus trabecular bone
Control 0.45+0.55 6.92+7.98  1.27+1.61 0.74+0.89  4.73+4.82  0.00097+0.001
ALC | 0.33+0.46  5.12+7.36 040 0+0 3.74+4.86  0.00132+0.003
(N.S)) (N.S)) (p=0.034) (p=0.022) (N.S.) (p=0.056)
N.Ob/B.Pm N.Oc/B.Pm ErSwO.Pm N.eOt/B.Ar N.Ot/B.Ar N.Oot/B.Ar
(1/mm) (1/mm) (mm) (1/mm?) (1/mm? (1/mm?)
Molar trabecular bone
Control | 1.42+1.76 0.11+0.23  0.13+0.13  44.77+27.11 157.34+61.85 12.38+8.31
ALC | 2.24+2.25 0.1240.18  0.14+0.12  47.05+13 192.76+45.38 8.71+6.76
(N.S.) (N.S.) (N.S.) (N.S.) (N.S.) (N.S.))
Angulus trabecular bone
Control  2.62+2.42 0.26+0.33  0.21+0.17  50.13+36.94 144.89+42.08 17.17+12.73
ALC | 1.68+2.38 0+0 0.16+0.11  52.73+14.69 104.92+35.51 6.37+9.1
(N.S) (p=0.032)  (N.S) (N.S.) (p=0.056) (p=0.092)

N.S.: not significant compared to the Control group or between the T2DM groups; p value: significant when <0.05; N.Ob/B.Pm: number of osteoblasts per bone
perimeter; N.Ot/B.Ar: number of osteocyte lacunae per bone area; OS/BS: osteoid surface per bone surface; ES/BS: eroded surface per bone surface; Oc.S/BS:
osteoclast surface per bone surface; O.Th; osteoid thickness: N.Oc/B.Pm: number of osteoclasts per bone perimeter; OwoB.Ar: osteoid without osteoblasts bone
area; ErSwo.Pm: eroded surface without osteoclasts perimeter; N.eOt/B.Ar: number of empty osteocyte lacunae per bone area; N.Oot/B.Ar: number of newly
embedded osteoblasts per bone area
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Table 28: Values of cortical bone thickness in the Control and ALC groups.
Ct. Th [um]

Molar buccal cortex
Control | 1881.45+472.86
ALC | 1955.62+414.03 (N.S.)

Angulus buccal cortex
Control | 1583.79+546.56
ALC | 1236.31+562.99 (N.S.)

Molar lingual cortex
Control | 1749.57+780.58
ALC | 1909.15+678.91 (N.S.)

Angulus lingual cortex
Control | 1387.45+526.53
ALC | 1253.34+378.99 (N.S.)

N.S.: not significant compared to the Control group or between
the T2DM groups; p value: significant when <0.05; Ct.Th:
cortical thickness

4.4 AL C Jaw Bone Quality. Intersite comparisons (Angulus region vs. Molar
reqgion) in the ALC group

4.4.1 Microstructural differences in trabecular geometry in the ALC group

Intersite comparison of the angulus and molar regions in the ALC group revealed
significant differences in DA and FD. Significantly different parameters, bone sites,
results, and p values are listed in Table 29, whereas absolute values are shown in Table
21.

Table 29: Statistically significant results of microstructural analysis of ALC angulus vs. molar region

Group Parameter Bone site Result p value
ALC ' DA Trabecular bone 1 in the angulus region ~ p=0.001
ALC ' FD Trabecular bone 1 in the molar region p=0.033

p value: significant when <0.05; DA: degree of anisotropy; FD: Fractal dimension

4.4.2 No intersite mineralization variations in ALC

Statistical analysis of qBEI mineralization parameters showed no significant
intersite differences in the ALC group.
4.4.3 Osteocyte lacunar intersite differences in the ALC group

Intragroup comparisons of the angulus and molar regions in the ALC group
revealed significant differences in two of the parameters regarding osteocyte lacunae.
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Significantly different parameters, bone sites, results, and p values are listed in Table
30, whereas absolute values can be found in Table 24.

Table 30: Statistically significant results of osteonal analysis of ALC angulus vs. molar region

Group Parameter Bone site Result p value
ALC | Mean On.Ot.Ln.N Buccal cortex 1 in the angulus region p=0.025
ALC | T.Mn.Lc.N/B.Ar Buccal cortex 1 in the molar region p=0.037

p value: significant when <0.05; Mean On.Ot.Ln.N: mean osteonal osteocyte lacunar number;
T.Mn.Lc.N/B.Ar: total mineralized lacunar number per bone area

4.4.4 Mineral-to-matrix intersite differences in the ALC group

Comparisons of the angulus and molar regions in the ALC group revealed a
statistically significant difference in one of the parameters of tissue composition
(v1PO4/CHy). This parameter, its bone site, result, and p value are listed in Table 31,
whereas absolute values can be found in Tables 25 and 26.

Table 31: Statistically significant results of tissue composition analysis of ALC angulus vs. molar
region

Group Parameter Bone site Result p value

ALC \ v;PO,/CH, Trabecular bone 1 in molar region p=0.015

p value: significant when <0.05; v,PO,/CH,: area under the phosphate I peak over the area under the CH, peak
(mineral-to-matrix ratio)

4.4.5 Cellular parameters and cortical thickness intersite differences in the ALC
group

Histomorphometry revealed an intersite difference in osteocyte number between
the angulus and the molar regions in the ALC group. Furthermore, cortical thickness of
the buccal cortex differed between the angulus and molar bone cores in the ALC group.
Significantly different parameters, bone sites, results, and p values are listed in Table
32, whereas absolute values can be found in Tables 27 and 28.

Table 32: Statistically significant results of histomorphometry analysis of Control angulus vs.

molar region
Group Parameter Bone site Result p value
ALC ' N.OUB.Ar Trabecular bone 1 in the molar region p<0.001
ALC | Ct.Th Buccal cortex 1 in the molar region p=0.002

p value: significant when <0.05; N.Ot/B.Ar: number of osteocyte lacunae per bone area; Ct.Th: cortical thickness
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4.5 Intersite comparisons (Anqulus region vs. Molar region) in the Control group

4.5.1 Microstructural differences in geometry in the Control group

Statistical analysis revealed microstructural differences in geometry between the
angulus and the molar region in the Control group. Significantly different parameters,
bone sites, results, and p values are listed in Table 33, whereas absolute values can be
found in Table 8.

Table 33: Statistically significant results of microstructural analysis of the angulus vs. molar
region of the Control group

Group Parameter Bone site Result p value
Control ' DA Trabecular bone 1 in the angulus region p=0.001
Control | Conn.Dn Trabecular bone 1 in the molar region p=0.007

p value: significant when <0.05; DA: degree of anisotropy; Conn.Dn: connectivity density

4.5.2 No intersite mineralization variations in the Control group

Statistical analysis of qBEI mineralization parameters showed no significant
intersite differences in the Control group.

4.5.3 Osteonal number intersite variations in the Control group

Statistical analysis revealed significant differences in osteonal number between
the angulus and the molar regions of the Control group. Parameter, bone site, result, and
p value are listed in Table 34, whereas absolute values can be found in Table 10.

Table 34: Statistically significant results of osteonal morphology analysis of the angulus vs. molar
regions in the Control group

Group Parameter Bone site Result p value
Control On.N/B.Ar Trabecular bone 1 in the molar p=0.033
region

p value: significant when <0.05; On.N/B.Ar: osteon number per bone area

4.5.4 Mineral-to-matrix intersite differences in the Control group

Comparisons of the angulus and molar regions of Control group revealed
statistically significant difference in one parameter related to tissue composition. This
parameter, its bone site, result, and p value are listed in Table 35, whereas absolute
values can be found in Table 12.

Table 35: Statistically significant results of microstructural analysis of the angulus vs. molar
regions in the Control group

Group Parameter Bone site Result p value
Control v1PO,/amidel Trabecular bone 1 in the molar p=0.048
region

p value: significant when <0.05; v,PO4/amidel: area under the phosphate I peak over the area under the amide | peak
(mineral-to-matrix ratio)



4.5.5 No cellular, structural and cortical thickness inter-site differences in the Control
group

Statistical analysis of cellular, structural and cortical thickness parameters
showed no significant inter-site differences in the Control group.

5. Discussion

In this post mortem study, we compared the parameters of jaw bone
microstructure, composition and bone cells in individuals with T2DM and healthy
controls, and investigated the influence of antidiabetic drugs vs. insulin in a site-specific
manner in these groups of individuals. We observed substantial inter-group variability in
T2DM affecting bone quality as summarized below per each site investigated:

e the trabecular bone of the molar region showed a lower fractal dimension,
higher calcium content heterogeneity and higher osteoclast number per bone
perimeter in T2DM vs. controls;

e the lingual cortex of the molar region showed no difference in T2DM;

e the buccal cortex of the molar region had a lower mineralized osteocyte lacunar
bone number and higher carbonate-to-phosphate ratio in T2DM;

e the trabecular bone of the angulus region had thicker trabeculae, fewer
mineralized osteocyte lacunae and smaller lacunae;

e the lingual cortex of the angulus region had lower porosity in T2DM,;

e the buccal cortex of the angulus region showed more packets of highly
mineralized bone in T2DM (Figure 23).

Firstly, micro-CT evaluation of the trabecular bone of the molar region showed a
lower fractal dimension parameter in the micro-CT evaluation in T2DM group, which
signifies lower structural complexity in this bony region in T2DM irrespective of anti-
diabetic treatment. A recent study compared mandibular bone fractal dimension on
digital panoramic radiographs of T2DM to controls, but found no significant difference
[Kursun-Cakmak, 2018]. Fractal dimension analysis was conducted on a digital
panoramic X-ray using a box-counting method in the Image J software. Absolute values
reported for the T2DM molar region were lower than in our post mortem research
(1.284£0.1 vs. 2.39+0.13). Notably, in this research a two-dimensional radiograph
underwent significant computation prior to its analysis in Image J software, in contrast
to our micro-CT-based fractal dimension calculation, which was performed
automatically on 3D bone biopsy scans. Other differences to our research were: clinical
research (in contrast to our cadaveric post mortem research), patients’ age (48.6£9.5
yrs), and no missing teeth. Since in our research a tooth had been previously extracted in
the molar region, trabecular bone of the edentulous molar region was likely remodeled
in a different way under the influence of T2DM, which is discussed in detail in the next
section. Bearing in mind that such alteration in microstructure was not affected by the
type of therapy (OAD vs. insulin), it can be assumed that a decrease in fractal dimension
in the mentioned research was caused by T2DM itself.
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Figure 23: Schematic representation of bone microstructural, compositional, and cellular alterations in all
T2DM and Control groups (a and ¢) Schematic representations of angulus and molar samples. Rows represent
groups (Control, T2DM, T2DM OAD and T2DM Insulin) and columns represent bony sites within a sample
(buccal cortex, trabecular bone and lingual cortex). (a) Angulus sample. 1: Trabeculae were thicker in all
T2DM groups compared to the control. 2: The same bony site showed fewer mineralized lacunae in all T2DM
groups compared to the control. 3: Osteocyte lacunae were smaller in T2DM compared to the control. 4:
Significantly higher number of hypermineralized bone packets was found in buccal cortex of the angulus
region in T2DM Insulin subgroup compared to the T2DM OAD. 5: Open porosity was lower in T2DM and
T2DM OAD in lingual cortex of the angulus compared to the control. (c) Molar sample. 6: Trabecular bone
had inferior geometry pattern in all T2DM groups compared to the control.7: Heterogeneity of calcium
content was higher in T2DM and T2DM Insulin groups compared to the control. 8: T2DM OAD subgroup
revealed higher osteoclast number per bone perimeter in trabecular bone of the molar region compared to
controls and T2DM Insulin. 9: Buccal cortex of the molar region had fewer mineralized lacunae in T2DM
compared to the Control group.10: There were fewer crystal impurities in T2DM Insulin subgroup compared
to the Control in buccal cortex of the molar region. 11: Lingual cortex remained unchanged by all evaluated

parameters in all T2DM groups. (b and d) Drawings of mandible from different perspectives. 1: bone core
site of a sample from the angulus region, 2: bone core site of a sample from the molar region

T2DM InsulinT2DM OAD T2DM  Control




T2DM had been diagnosed at least 3 years prior to tooth extraction in individuals
in our research. Therefore, bone remodeling of tooth socket could have been affected by
diabetic conditions. Literature data regarding bone remodeling during DM are somewhat
contradictory. For example, one study found no statistical differences between delayed
healing after tooth extraction and age, gender, diabetic state, blood glucose level or
smoking, between T2DM patients treated by oral antidiabetics and healthy patients
[Huang 2013]. Also, it was found that insulin-dependent T2DM patients, if well
controlled, tend to heal well following dental extractions but with a small but not
statistically different rate of post-extraction complications including infection [Power
2019]. Next, there are evidences of osteoblast insufficiency and enhanced bone
resorption [Pietschmann 2019] during T2DM. There are evidences of low bone
formation, although evidences of increased bone resorption in T2DM are not consistent
[Palermo 2017, Murray 2019]. In vitro and animal studies report an unaltered rate of
bone resorption [Achemlal 2005], whereas some studies have suggested increased
osteoclastic activity in diabetes mellitus under certain conditions, such as periodontal
disease [Pacios 2013] and osteoporosis [Yamagishi 2012]. Other studies have even
reported inhibited osteoclast function and differentiation in a diabetic environment
[Kasahara 2010, Wittrant 2008, He 2004]. Due to the conflicting evidence and generally
negligent effect that has been observed in osteoclasts, it seems likely that the impaired
bone formation in diabetes mellitus is primarily due to inhibited osteoblastic and
progenitor cell activity rather than an alteration of bone resorption. However, further
research is needed to clarify the effect of diabetes mellitus on osteoclastic function and
differentiation. In our research osteoclast activity seemed enhanced in T2DM in the
molar region, especially in the OAD group, which might be assigned to the OAD
treatment [Guja 2019] and local conditions of biting forces [Ferrato 2017].

Further analysis of the trabecular bone of the edentulous molar region based on
the subgroups, revealed higher heterogeneity of the calcium content in the Insulin
subgroup compared to the OAD subgroup and Control. Higher mineralization
heterogeneity in insulin-treated cases in this region might indicate the presence of
younger remodeled bone packets in addition to older bone packets. Considering that
insulin has anabolic effects on bone [Thraillkil 2005], trabecular bone had likely been
previously remodeled intensely, displaying bone layers of different tissue age
simultaneously at the time of the observation. Nevertheless, Raman spectroscopy
showed a tendency towards higher crystallinity in the trabecular bone of the edentulous
molar region in the Insulin subgroup than in controls, indicating a more mature mineral
[Shah 2019]. Mineral crystallinity parameter reflects crystallite size and perfection, and
was shown to increase with post-extraction healing time in healthy persons [Shah 2019].
Recently, Shah et al. (2019) analyzed human mandible bone biopsies by Raman
spectroscopy and quantitative backscattered electron microscopy and compared matrix
composition and mineralization between healthy persons in different stages of alveolar
socket remodeling (less than 4yrs post-extraction and 4-5 yrs post-extraction). This
research divided groups by duration of healing time, whereas we divided groups by
therapy (OAD or insulin). They found that mineral crystallinity and bone mineral
density were positively correlated, which can be put in relation to our findings of
crystallinity and higher heterogeneity of calcium content in the trabecular molar region.
In our study Raman-based mineral-to-matrix ratios showed no significant differences
between the T2DM groups and control. This can be because T2DM likely causes only
short-term disturbances in healing during post-extraction time, with no evidence of poor
healing in the long-term [Marin 2020]. Also, unchanged mineral-to-matrix ratio in our
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research was in agreement with gBEI-derived mean Calcium content, which was also
unchanged in T2DM.

T2DM OAD subgroup revealed higher osteoclast number per bone perimeter in
trabecular bone of the molar region compared to controls and T2DM Insulin. Moreover,
the same region showed a tendency towards higher osteoid volume per bone volume in
the same group. These findings suggest more intense alveolar trabecular bone turnover
in molar region in T2DM. Although high standard deviations and strict statistical tests
applied to the T2DM subgroups may partially explain the lack of statistical significance
in majority of osteoclast- and osteoblasts-related parameters (Table 8), we can still
notice trends towards higher bone turnover in T2DM trabecular bone in molar region
compared to control. Also, osteoclast differentiation might be favored by OAD therapy.
Since to our knowledge there are no contemporary papers dealing with possible
mechanisms of alveolar bone turnover in partially edentulous T2DM individuals, we
refer to clinical studies including T2DM patients with periodontitis and soft tissue
inflammation, with regards to differences in study design. Findings in the contemporary
literature regarding alveolar bone turnover in T2DM patients with periodontitis are
somewhat contradictory. Several studies including periodontitis reported higher
osteoclast formation and activity and lower bone formation through increase in
RANKL/OPG ratio (receptor activated nuclear k-B ligand/osteoprotegerin ratio) and the
inflammation mediators such as interleukin-17 (IL-17) [Wu 2015, Liu 2006, Pacios
2012, Xiao 2017]. Other studies in diabetic humans on non-maxillofacial sites speak for
lower bone formation in T2DM [Yamamoto 2012, Jiajue 2014]. However, since our
study includes human male alveolar bone, but does not involve periodontitis, wound
healing process or local inflammation, we expect that mechanisms of bone turnover
inside edentulous molar region and angulus region might slightly differ from
mechanisms described in periodontitis, wound healing process or local inflammation
[Marin 2020]. For example, osteoclasts might not be activated by the RANKL/OPG
ratio imbalance, since this pathway also causes osteoblast apoptosis [Wu 2015], but
possibly via monocyte-colony-stimulating factor (MCSF), but this assumption needs
further investigation. Moreover, our findings do not contradict the fact that Insulin
treatment has a proven anabolic effect on bone tissue, while OADs have varying effects
on bone remodeling [He 2004, Thraillkil 2005].

To place all findings of molar region trabecular bone into relation, the fact that a
tooth had been extracted at this site should be kept in mind. This bony site had been
remodeled several years prior to sample collection, when T2DM was most likely already
present. It seems that T2DM treated by either OAD or Insulin favors bone remodeling in
this region, forming geometric irregularities among trabeculae. Insulin causes
mineralization heterogeneity and more mature crystals, whereas OAD therapy favors
osteoclast differentiation in the molar region.

The lingual cortex of the molar region showed no T2DM related changes in
microstructure or mineralization or any other evaluated parameters. Since this cortex is
rarely damaged during tooth extraction, there was no need for a significant degree of
bone remodeling in this region. Consequently, bone quality at this site was not evidently
different in T2DM compared to healthy individuals by methods applied in this study.

The buccal cortex of the molar region, which is often damaged during tooth
extraction, showed fewer mineralized lacunae in the T2DM group regardless of the
therapy. From cellular perspective, this suggests younger bone tissue characteristics in
the T2DM group compared to the same region of the controls [71,72]. It may be
speculated that T2DM OAD favored new bone formation in buccal cortex, like in the
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trabecular bone of the moral region. However, since no cellular histomorphometry
parameters were evaluated for the cortical bone, our conclusion is based only on lower
mineralized lacunar number in T2DM.

The same region presented with more crystal impurities inside bone, which was
represented by higher carbonate-to-phosphate ratio (v1COs/v1PO4) Raman parameter in
the T2DM whole group, as well as in the OAD subgroup compared to the Control.
Higher carbonate-to-phosphate ratio was interpreted as carbonate substitution in the
hydroxyapatite crystal [Paschalis 2017, Creecy 2017]. Higher carbonate content is a
predictor of bone susceptibility to fracture [Paschalis 2017, Mansur 2019]. This bony
site might be more prone to fracture due to its higher carbonate content in T2DM but
this requires further research. To put the findings regarding the buccal cortex of the
molar region in relation, we can speculate that bone in this region is younger and slightly
altered in chemical content in T2DM compared to controls.

The trabecular bone of the angulus region showed higher trabecular thickness in
T2DM and T2DM OAD groups. This finding is in agreement with an experiment on a
diabetic pig model where mandibular bone microstructure of the jaw rim below the
molar region was evaluated [von Wilmowsky 2016]. In this animal study, implants were
placed in mandibular rim of domestic pigs with chemically induced diabetes. After three
months histomorphometry was performed and new bone height (NBH), bone-to-
implant-contact (BIC), area of newly formed bone (NFB), bone-density (BD), and bone
mineralization (BM) were measured. Authors stated that samples from the diabetic
group had “irregularly shaped and thicker trabeculae”, but did not quantify these
findings. OADs can enhance bone formation [Kanazava 2018], which might have
contributed to trabecular thickening in this subgroup. However, our histomorphometry
results showed no significant differences in the trabecular angulus region. This might be
because bone formation which led to trabecular thickening occurred at the time of tooth
extraction, when occlusion height and muscle traction changed. If that had been the case,
no obvious osteoid would be present at the time of sample collection, only mineralized
bone tissue.

The same region showed a lower mineralized osteocyte lacunar number in all
T2DM groups compared to controls. Since the rarity of mineralized lacunae is a general
hallmark of younger bone, as suggested by other studies [Milovanovic 2015, Busse
2010, Weinkammer 2019], a low number of mineralized lacunae in this area may
suggest that bone was entirely remodeled. However, a lower number of mineralized
osteocyte lacunae in T2DM compared to controls might suggest even younger tissue age
due to T2DM-related more intense remodeling. Potential mechanisms have been
discussed in the section regarding trabecular bone of the molar region.

Next, buccal cortex of the angulus region showed a higher number of highly
mineralized bone packets in the Insulin subgroup compared to the OAD group. Since
insulin acts as an anabolic agent for bone tissue, it can be assumed that these
hypermineralized bone packets were formed as a mineralization irregularity caused by
T2DM and insulin therapy. Insulin binds to its intracellular receptors in osteoblasts
through insulin receptor substrate (IRS) molecules, termed IRS-1 to IRS-4 [Thraillkil
2005]. It could be speculated that impaired insulin signaling in bone-forming cells
results in a secondary and local insulin-growth factor (IGF) deficiency [Ogata 2000].
Perhaps it is the varying level of IGF that caused heterogeneity in bone mineralization,
but this requires further investigation. The mineralization irregularity caused by insulin
therapy in our research was comparable in two sites of the angulus region (trabecular
bone and buccal cortex).
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Finally, lingual cortex of the angulus region had less porous bone tissue in the
T2DM whole group and in the OAD subgroup compared to the Control. More precisely,
there was a bone filling effect of the open pores, which was evident in the micro-CT
parameters depicting the open and total porosity as well as pore diameter, and in
toluidine stainings as well. This finding is in agreement with our findings on other bone
sites where bone formation was favored by OAD therapy, such as trabecular angulus and
trabecular molar.

Since there was no tooth extraction in the region of angulus, or any other evident
bone tissue damage which might have triggered targeted bone remodeling,
microstructural changes of the angulus region in the T2DM can be caused by a
combination of systemic factors (hyperglycemia, OAD or insulin therapy) and local
factors (muscle traction, occlusion height) which acted upon bone tissue simultaneously.
Hyperglycemia, OAD therapy and muscle traction could have triggered trabecular
thickening in the angulus region, and cortical pore filling could be an adaptive
mechanism to altered systemic and local conditions. Additionally, local factors which
might have contributed to bone microstructure alterations in the molar region were:
biting forces acting directly on the edentulous alveolar ridge, presence of a denture etc.

Additionally, the cortical thickness parameters were unchanged in the T2DM
group in all regions. Since the cortical bone provides most of the primary stability for a
dental implant, this parameter alone might encourage oral surgeons for a dental implant
placement in T2DM patients. However, the surgeon should bear in mind other changed
features which alter bone quality and affect long-term implant stability, such as
hypermineralized bone areas, pore filling effect, crystal impurities etc.

Inter-site differences between angulus and molar regions in T2DM are in
agreement with our proposed pathophysiological mechanism of bone tissue alterations in
this disease. Bone volume ratio (BV/TV) was higher in lingual cortex of the angulus
region in T2DM group and T2DM OAD subgroup compared to the same bony site of
molar region. This finding speaks in favor of bone-filling effect in T2DM OAD angulus.
Mineral-to-matrix ratio (v1PO4/pro) was higher in buccal cortex of the molar region in
T2DM and T2DM OAD compared to the same bony site of angulus region. This finding
can be put into relation with hydroxyapatite substitutions which have likely taken place
at the tooth extraction site, as explained above. Also, calcium content showed higher
variations in buccal cortex of the molar region of T2DM Insulin compared to the same
cortex of the angulus. Similarly to intergroup findings, mineralization disturbance could
have been caused by insulin, the anabolic agent, as explained above.

There are a couple of limitations to this study to acknowledge. Firstly, there was
a limited number of individuals in the T2DM OAD and Insulin subgroups (n=5 in each
subgroup). Secondly, values of glycosylated hemoglobin of T2DM individuals (HbA1c)
were not known and could not have been accessed as a covariate in statistical analysis.
However, since this is a pioneer research of bone quality in T2DM on human jaw bone,
it offers valuable information both to researchers and clinicians in spite of these
limitations.

Similar to T2DM jaw bone quality study, we compared the parameters of jaw
bone microstructure, composition and bone cells in individuals with ALC and healthy
controls in a site-specific manner. We observed substantial variability in bone quality
between ALC and healthy controls as summarized below per each site investigated:

e the trabecular bone of the molar region showed smaller lacunae in ALC vs.
controls;
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e the lingual cortex of the molar region showed higher closed porosity in ALC
compared to controls;

e the buccal cortex of the molar region had higher closed porosity and higher
carbonate-to-phosphate ratio in ALC;

e the trabecular bone of the angulus region had lower calcium content, fewer
highly mineralized bone packets, fewer octeoclasts and a tendency towards lower
osteoblast number in ALC compared to Control;

e the lingual cortex of the angulus region showed a tendency towards higher open
porosity and pore diameter in ALC;

e the buccal cortex of the angulus region showed higher closed porosity in ALC
compared to controls (Figure 24).

Trabecular bone of the molar region showed significantly smaller osteocyte
lacunae in ALC. This finding can be interpreted as a consequence of systemic
inflammatory state present in ALC [Handzlik-Orlik 2016, Lopez-Larramona 2013]. As
pointed out by Gonzalez-Reimers (2014), ALC features direct toxic effect of ethanol on
cellular viability, and possibly defective protein synthesis, which might cause formation
of smaller osteocytes, and consequentially smaller osteocyte lacunae. qBEI method
determined only the lacunar size and not the osteocyte size directly, so our assumption
regarding smaller osteocytes in ALC remains to be quantified by other methods, such as
transmission electron microscopy.

Lingual cortex of the molar region revealed higher closed porosity in ALC. Since
higher porosity decreases bone strength, we can say that our finding is in agreement with
previously published work on ALC at other skeletal sites, such as femur and lumbar
spine [Wakolbinger 2019, Jadzic 2020, Culafic 2015]. Wakolbinger et al. (2019) found
32% higher cortical porosity of the femoral cortex using high-resolution peripheral
quantitative computed tomography in clinical setting. Jadzic et al. (2020) reported
microarchitectural deterioration of trabecular bone in lumbar spine of ALC cadaveric
samples, manifested in reduced parameters such as BV/TN, Tb.Th and Tb.N. Culafic
2015 found thinner proximal femoral cortex in patients with ALC by hip structure
analysis of dual X-ray absorptiometry (DXA) scans. Although bony site and local
factors differ compared to our study, possible mechanism might be the same, that is,
bone turnover might be disrupted by systemic inflammatory conditions, which result in
ALC showing higher bone resorption in some skeletal sites. Stimulation of IL-6
production by ethanol, which activates RANKL and osteoclasts, is a possible
mechanism for higher closed porosity found in our research [Wakolbinger 2019,
Magdaleno 2017, Farbega 2005].
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Figure 24: Schematic representation of bone microstructural, compositional, and cellular alterations
in ALC and Control groups (a and c¢) Schematic representations of angulus and molar samples. Rows
represent groups (ALC and Control) and columns represent bony sites within a sample (buccal cortex,
trabecular bone and lingual cortex). (a) Angulus sample. 1: Higher closed porosity in buccal cortex in
ALC group. 2: Lower calcium content in trabecular bone in ALC group. 3: Lower osteoclast number
in trabecular bone in ALC group. 4: Lower eroded surface area in trabecular bone in ALC group. (c)
Molar sample. 5: Higher closed porosity in buccal and lingual cortex in ALC group. 6: Higher
carbonate content in buccal cortex in ALC group. 7: Higher lacunar number and lower lacunar area in
trabecular bone in ALC group. (b and d) Drawings of mandible from different perspectives. 1: bone
core site of a sample from the angulus region, 2: bone core site of a sample from the molar region

Buccal cortex of the molar region of the ALC group showed higher carbonate-to-
phosphate ratio (v1CO3/v1P0O4) and closed cortical porosity. As indicated in the T2DM
section, higher carbonate values are present in bone tissue when the carbonate
substitution inside hydroxyapatite crystals dominates over other possible substitutions
such as fluoride, sodium etc. [Arcos 2020]. Carbonate substitutions of hydroxyapatite
are interpreted as crystal impurities, which might increase crystal solubility [Arcos 2020,
Boskey 2013]. Carbonate substitutions increase with age, impair mechanical features of
bone tissue and result in higher risk of femoral neck fractures [Boskey 2013, Carretta
2013, Ojanen 2015]. Moreover, buccal cortex is often damaged during lower first molar
extraction [Chrcanovic 2012]. Since ALC causes disturbances in bone formation,
oxidative damage of bone cells and defective protein synthesis [Gonzélez-Reimers,
2014], both higher closed cortical porosity and higher carbonate-to-phosphate ratio in
this bony site are understandable findings.
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The trabecular bone of the angulus region showed significantly lower values of
mean calcium (Ca Mean) and hypermineralized bone (Ca High) in ALC compared to the
Control. This bony site is less mineralized and has fewer packets of hypermineralized
bone in ALC. Such bone possibly has altered mechanical characteristics, similar to
osteoporotic bone which also had lower calcium values, as shown by Milovanovic 2015.
Similarly, Culafic 2015 found lower areal BMD in proximal femora of patients’ bone
samples using DXA, linking the result to lower bone strength. Additionally, laboratory
test revealed decreased osteocalcin and C telopeptide of collagen type 1 values, which
signified reduced bone formation and increased bone resorption [Culafic 2015]. Giuliani
et al. found reduced osteoblast proliferation and fewer colony-forming units for
fibroblasts in ALC, which can explain lower BMD in these patients [Giuliani 1999]. Our
finding of a tendency towards reduced osteoblast number in the trabecular bone of the
angulus region is in agreement with Guiliani’s work. It can therefore be assumed that
ALC reduced an intake of minerals into the bone matrix of this jaw bone compartment.
There is also a question of regional differences, since no other observed bony region in
our research revealed similar feature of lower mean calcium and hypermineralized bone
packets. Regional differences might be interpreted by the influence of local
biomechanical factors. As for clinical significance of our finding, an oral or a
maxillofacial surgeon should bear in mind that the trabecular bone of angulus region is
softer in patients with ALC compared to healthy individuals. This would mean that a
different amount of force is necessary for a bone transplant extraction from the ramus or
that a titanium screw can be inserted with lower force from this region.

We found significantly lower resorption parameters and lower number of the
newly embedded osteocytes and a tendency towards lower osteoblast number in the
trabecular bone of the angulus region in the ALC group. The osteoclastic activity was
zero in this region in ALC, unlike the corresponding region of the control group and all
other regions of the ALC group. There is an ongoing debate on effects of ALC on bone
turnover [Jeong & Kim, 2019; Monegal et al. 2007a]. It is generally accepted that
ethanol decreases bone formation, but there is some controversy regarding its effects on
bone resorption. According to some studies, ethanol causes both decreased bone
formation and increased bone resorption [Gonzales-Reimers, 2015]. Our findings seem
to be in agreement with current understanding of bone tissue dynamics in ALC.

Lingual cortex of the angulus region had unchanged closed porosity in ALC, but
had a tendency towards higher open porosity and higher pore diameter. Higher open
porosity could be a sign of a greater bone tissue fragility. Differences between lingual
cortex of the angulus region and other cortices could result from a different
microenvironment in terms of the forces acting on the bone, the age of the bone, lower
remodeling rate, lower viability of the tissue etc.

We showed that angulus and molar regions were differently affected by ALC, as
described above. Direct inter-site comparisons revealed that microstructural parameter
fractal dimension was higher in molar region compared to angulus in ALC, which
speaks for inferior geometric structure of the angulus bony site [Kursun-Cakmak, 2018].
Likely explanation is that trabecular bone in the molar region was remodeled after tooth
extraction, under the influence of local and biomechanical factors as well. Next, there
was higher cortical thickness of buccal cortex of the molar region relative to the angulus
region, likely due to the reparatory process after tooth extraction in the molar region
[Thomes, 2021]. Lastly, higher mineral-to-matrix ratio in trabecular bone of the molar
region of ALC compared to the angulus region may suggest lower strength of the
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angulus region in individuals with ALC [Boskey 2013, Milovanovic 2015, Rolvien
2018].

There are a couple limitations of the ALC study to acknowledge. First, sample
number in the ALC group was limited to n=6. Second, the duration of alcohol
consumption and duration of ALC diagnosis were unknown. If there had been a larger
sample number that could have been divided into subgroups based on the duration of
ALC, possibly the obtained results would have revealed more information on jaw bone
quality in ALC. However, since this is pioneer research on jaw bone quality in ALC, it
offers valuable information both to researchers and clinicians in spite of these
limitations.

6. Conclusion

First, the results of our post-mortem study indicated that T2DM caused
microarchitectural alterations of the jaw bone, manifested by simpler microarchitectural
geometry of the trabecular molar region and higher trabecular thickness at the trabecular
angulus. Both insulin and OAD therapy favored bone remodeling, where OADs caused
more intense resorption in the trabecular molar region several years after tooth
extraction, and Insulin therapy predominantly caused alterations in matrix
mineralization. OAD therapy had a filling effect of cortical pores in the lingual cortex of
the angulus region. Insulin therapy created packets of highly mineralized bone and
layers of bone tissue of different calcium content in both of the observed regions of the
mandible. Bone tissue in cases receiving OAD therapy had altered carbonate content
compared with the healthy bone. Lower number of mineralized lacunae in T2DM
compared with controls might suggest even younger tissue age due to DM-related faster
remodeling. Cortical thickness of the jaw remained unchanged in T2DM. Taken
together, all alterations to bone quality must have developed under a combination of
local and systemic factors specific for each bony site of the jaw. Further research is
required to explain the mechanisms of such bone tissue alterations in diabetic patients.
Based on the current data, there is generally no contraindication for the implant
placement in T2DM patients as far as bone microstructure and composition are
concerned. Nevertheless, alterations to bone quality might affect implant’s long-term
stability, which requires further studies.

Second, we found that ALC causes microstructural alterations of the jaw bone,
manifested by higher closed cortical porosity in cortical bone, as well as lower lacunar
size in the trabecular bone of the molar region. Trabecular bone of the angulus region
had lower calcium content and lower resorptive activity in the ALC individuals than in
the corresponding regions of the healthy individuals. Bone chemical composition was
altered in buccal cortex of the molar region, with higher carbonate content in ALC
compared with healthy individuals. Such bone tissue characteristics must have
developed under a combination of systemic and local factors specific for each bony site
of the jaw. Our findings lead to a conclusion that jaw bone quality is altered in ALC in
terms of microstructure, mineralization, tissue composition and cellular activity. It is
possible that jaw bone in ALC has altered mechanical characteristics, but this needs
further research. Oral and maxillofacial surgeons should approach patients with ALC
with caution during surgical procedures involving bone, due to alterations in jaw bone
quality.
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This thesis found that T2DM and ALC alter bone quality of the mandible, and
that alterations caused by T2DM and ALC differentially affect various bony sites and
compartments of the mandible. Moreover, site-specific differences in bone quality
between the angulus region of the mandible and the edentulous alveolar bone in the
region of first lower molar are of interest to oral and maxillofacial surgeons. This thesis
indirectly provided more possibilities for dental implant insertion and the titanium screw
placement in patients with T2DM. In ALC patients, surgeons should bear in mind
altered jaw bone tissue characteristics when performing interventions involving bone
tissue. Taken together, the results provided by this thesis likely provide the structural
basis for consideration during making treatment plan in oral and maxillofacial surgery of
these patients.

All in all, this research has shed more light on the microarchitectural and
microstructural characteristics of the jaw bone of individuals with T2DM and ALC.
These findings are of interest to oral and maxillofacial surgeons since they offer more
possibilities during the dental implant insertion and titanium screw placement in these
patients. Oral implantology protocols might be altered after this research and alcohol
consumption might no longer be considered a relative contraindication for oral
interventions on bone, at least when it comes to the bone tissue status of these patients.
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H3jaBa 0 ayTOpCTBY

ViMe u npesume aytopa: [lp Teogopa M. Poauh

Bpoj unjekca: BS-01/14

UsjaBibyjeM

Ja je IOKTOPCKa AycepTanuja noj HacJoBOM

AHAJIU3A KBAJIUTETA BUJIMYUHUX KOCTH]Y KOJ TUIIA 2 IMJABETECA Y AJIKOXOJIHE
LIMPO3E JETPE: AHATOMCKA U MUKPOCTPYKTYPHA AHAJIU3A

e pesyJITaT CONCTBEHOT UCTPAXXMBAYKOT Pa/a;

e la AMcepTalMja y LEeJWHH HHU Y JleJIOBUMa Huje 6uia NpejyioxkeHa 3a CTHIjakbe Jpyre
JUIJIOMe TTpeMa CTYAMjCKUM NIporpaMyuMa JpyruX BUCOKOIIKOJICKHX yCTaHOBa;

e Jla Cy pesyJITaTH KOPEKTHO HaBeJIeHHU H

e Ja HHCaM KpIUMJIa ayTOPCKA MPaBa M KOPUCTUJIA UHTEIEKTYaIHY CBOJHHY APYTHX
JIMLA.

[MoTmHC ayTOopa

Y Beorpany, €. 1 - 2022.rox. v
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H3jaBa 0 MCTOBETHOCTHM LITaMIIaHe M eJIEKTPOHCKE Bep3uje JOKTOPCKOr
paja

WUme u npesume aytopa: [p Teosopa M. Poauh
Bpoj unjexca: BS-01/14
Ctynujcku nporpam: buosioruja ckesera

HacsioB paja: AHann3a KBIMTETA BUJIMYHUX KOCTHjY KOJ THIa 2 AiujabeTeca U aJIKOXO/IHe
[{MpO3e jeTpe: aHATOMCKA M MUKPOCTPYKTYPHA aHaIu3a

Menrtop: Jou. ap Ilerap Mwunosanosuh, HHCTUTYT 3a
anatomujy, Megununcky daxyset, YausepsureT y beorpany

U3jaB/byjeM Ja je lITaMIlaHa Bep3Wja MOr JOKTOPCKOI paja HCTOBETHA eJIEKTPOHCKO]
Bep3Wju KOjy caM mpejana pajd MOXpamMBamba y /JUrUTaJHOM pPeno3suTOpHjyMy
Yuusep3ureTa y beorpaay.

Jlo3Bo/baBaM Ja ce o6jaBe MOjU JIMYHM NOJALMU Be3aHHU 3a Jobujarbe aKaJeMCKOT HasHBa
JOKTOPA HayKa, Kao LITO Cy KMe U Ipe3uMe, TOAMHA 1 MecTo poherba 1 ;aTyM 0Ji6paHe paza.

OBM JINYHH MOJALY MOTY ce 06jaBUTH HAa MPEXHHUM CTPaHMIaMa JUTUTaIHe 6U6IHOTEKE, Y
eJIEKTPOHCKOM KaTaJIoTy U y ny6aukanujama YuuBepautera y beorpazy.

IloTniuc ayropa

Y Beorpaay, G- +. 2022.rox.
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HU3jaBa o kopumhemy

Osnawhyjem YuusepauteTcky 6ubanorexy ,CBetosap Mapkosuh® xa y JIMruTanHu

pernosuTopujyM YHuBep3ureTa y bBeorpady yHece Mojy AOKTOPCKY AuCepTaLujy IOJ
HAaCJIOBOM:

AHAJIU3A KBAJIMTETA BUJIMYHUX KOCTU]Y KO TUIIA 2 AUJABETECA U AJIKOXOJIHE
LIMPO3E JETPE: AHATOMCKA U MUKPOCTPYKTYPHA AHAJIU3A

Koja je Moje ayTOPCKO Ae10.

JlucepTanyjy ca CBMUM INPHJIO3MMa TNpejaja caM y eJeKTPOHCKOM GopMaTy MOrojHOM 3a
TPajHO apXHUBUPaLE.

Mojy AOKTOPCKY AMCEPTALHjy NoXpamweHy y JUruTajHoM peno3uTopujyMy YHUBep3uTeTa y
Beorpazy ¥ AOCTyNHYy y OTBOPEHOM MPHCTYIY MOTY Ja KOPUCTE CBH KOjH MOUITY]Y oJpenbe
caspaHe y ofiabpanom Tuny JjuueHle Kpearusne sajeanune (Creative Commons) 3a Kojy
caMm ce oJJIy4uo/na.

1. Aytopctso (CC BY)

2. AytopcTBo - HekoMepuujanHo (CC BY-NC)
@AyTopCTBo - HeKkoMeplMjanHo - 6e3 npepaza (CC BY-NC-ND)

4. AyTOpCTBO — HEKOMEPLH]jATHO - 1eJINTH HoJ ucTuM ycaosuma (CC BY-NC-SA)
5. AytopctBo - 6e3 npepaga (CC BY-ND)

6. AyTOpCTBO — AeJNTH Mo uctuM ycaosumMa (CC BY-SA)

(MosiMO 12 320KPYKUTE CaMo jeIHy O/f LIeCT NOHyheHHX JTULeHLH.
KpaTak onuc JIMLleHU Y je cacTaBHU [ieo OBe u3jaBe).

IMoTnuc ayTopa

Y Beorpaay, 6.+ 2022.ron.
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1. AyropcTso. /l03B0/baBaTE YMHOXKaBalbe, AUCTPUOYLMjY U jaBHO caoniuTaBame [ea,
M Tpepaje, aKo ce HaseJie MMe ayTopa Ha Ha4MH ozpeheH o cTpaHe ayTopa HWJIH
JaBaola AMLeHIe, 9aK U y KoMepuujanHe cBpxe. OBo je Hajclno60JHHja Of CBUX
JIMLEHI M.

2. AyTOpCTBO - HeKOMepIHjaIHo. /[03B0/bat MHOKaBame, JUCTPUOYLH]Y U jaBHO
caomIUTaBame Jesa, U npepaje, ako ce Ha. ... MMe ayTopa Ha HaduuH ojpeheH of
CTpaHe ayropa WM jJasaola JHieHie. OBa JMleHNa He 103B0/baBa KOMEpPLHjaTHy
ynoTpeody Aena.

@Ay’ropcrso - HeKoOMepIMjasHo - 6e3 mpepaja. /Jo3Bo/baBaTe YMHOMXKABAMLE,

"~ gucTpubynujy M jaBHO caommITaBakbe jeJsa, 6e3 NpoMeHa, Npeob/IMKOoBambha WM
yroTpeGe Aena y CBOM jeJy, ak0 ce HaBeJe MMe ayTopa Ha HauuH ojpeheH OA
CTpaHe ayTopa Wiu jJasaola JuieHue. Opa JuMleHla He J03B0/baBa KoOMepUUjaHy
ynotpeby jena. Y oJHOCYy Ha CBe oCTajle JULEHIE, OBOM JIMLEHIIOM Ce OrpaHHuvaBa
najsehy o6uM npaea Kopuuihema JeJa.

4, AyTOpCTBO - HEKOMEpUHjaIHO - AeJUTH HOJ UCTHM ycjioBuMa. /lo3Bo/bapaTre
YMHOMABaWE, AUCTPUOYLM]Y U jaBHO CaoMIUTaBarbe Jlesia, U npepaje, ako ce HaBeje
uMe ayTopa Ha HauuH oJpeheH o cTpaHe ayTopa WM [aBaola JUIEHIE U aKo ce
npepaja AUMCTPHOYHMpA [OJ HCTOM MJIM CAMYHOM JuneHuoM. OBa JuieHna He
JI03B0/baBaKoOMepIHjanHy ynoTpeby Aesa v npepaja.

5. AyTopcTBO - 6e3 mpepaja. /Jo3Bo/baBaTe YMHOXKaBame, JUCTPUOYLH]y W jaBHO
caonuITaBame Jesia, 6e3 IpoMeHa, MpeobINKoBamka UK YIoTpede Aesa y CBOM ey,
aKo ce HaBeje MMe ayTopa Ha Ha4duH ojpeheH 0j CTpaHe ayTopa WIH JaBaoua
nunenie, Opa JulleHIa J03B0/baBa KOMepLHjaaHy yioTpedy Aesa.

6. AyTOPCTBO - JeJIMTH HOJ, HMCTUM ycaoBuma. Jlo3Bo/baBaTe YMHOXaBame,
JUCTPUBYLM|YH jaBHO CaoNIlTaBambe Jejia, U Npepaje, ako ce HaBeJle UMe ayTopa Ha
HauuH ojpeheH oJ cTpaHe ayTopa MJM JaBaola JHMIEHLEe U aKo ce npepaja
JUCTpUOGYHpa TOJA HCTOM WIM CAMYHOM JMIleHUoM. OBa JIMLEHLA J03BO/bAaBA
KoMepuujanHy ynoTtpeby gena u npepafga. CinuHa je codTBEpCKUM JIMLEHIAMA,
OZIHOCHO JUIeHllaMa OTBOPEHOT KoAa.



