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4 ThesisAbstract

Teeth are unique mineralised organs that, unhkest tissues, lack the ability to regenerate
andare continuouslyexposedo externalmechanicabndchemicalkhallengesmakingthem
highly susceptible to ageslated changes and disease. Dental disorders represent a
significant clinical and economic burden across species, yet the molecular mechanisms

underpinningageingandassociategathologiesn dentaltissuesemainpoorly defined.

Proteomicoffersthe opportunityto characterise¢he dynamicprotein compositionof teeth

in greater detail than was previously possible. However, the scale and complexity of mass
spectrometrybased proteomic data necessitate the development of efficient analytical
pipelinesto ensureaccuracyreproducibility,andbiologicalrelevance Theaim of this thesis

was therefore to combine biological investigation with methodological development,
advancinguinderstandingpf complexdentaltissuebiologywhile establishinga translational

framework for broader proteomics applications.

This work focused on four interconnected objectives. First, a proteomic workflow was
optimised to enable the analysis of proteins from specific tissues within single teeth, using
bovinesamplesasamodelsystem.Secondproteomicchangesvereinvestigated irrelation

to Equine Odontoclastic Tooth Resorption and Hypercementosis (EOTRH), a recently
characterised disease of aged horses. Third;ratgged changes in equine dental tissues
were examinedwith particularattention to the interactionbetweenageingprocessesnd
pathology.Finally the optimisedworkflowwasappliedto humandentaltissuesn orderto

explore proteomic markers of ageing within a translational context.
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Massspectrometryproteomicswasemployedto comprehensivelyrofile protein
compositionacrossboth mineralisedandsoft dentaltissuesyrevealingdistinctsignatures
between enamel, dentin, cementum, and pulp. This thesis provides new insights into
protein-levelchangesassociatedvith dentalageinganddiseaseyhile alsoaddressing
methodologicathallengeshat havelimited proteomicresearchn this area.Thebiological
findings enhance understanding of dental tissue biology and support the identification of

candidate biomarkers for future diagnostic applications.

Akeyoutcomeof thiswork wasthe developmentof areproducibleandefficient
computationalpipelinefor large scaleproteomicdataanalysisBysystematicallyvaluating
normalisation methods, statistical frameworks, and bioinformatic strategies, the pipeline
delivers a practical and transparent workflow that can be applied to future proteomic

studies both within and beyond the dental context.

Overall thisthesisdemonstrateghe potential of modernproteomicsasapowerfultool in
dental research and as a driver of innovation in the wider fields of ageing and biomedical

science.
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dental tissue.

Figurell.4- PrincipalComponentAnalysiPCAPf BovineTissueProteomes.

Figurell.5- ThreeDimensionaPrincipalComponentAnalysifPCApf BovineTissue

Proteomes.

Figurell.6- PrincipalcomponentanalysigPCAhighlightingproteomicdifferencesbetween

enamel and dentin.

Figurell.7- PrincipalcomponentanalysigPCAhighlightingproteomicdifferencesbetween

periodontal ligament and dental pulp.

Figurell.8- Differentialabundanceanalysiof dentin vsenamelproteomicprofiles.

Figurell.9- Differentialabundanceanalysif dental pulp vsperiodontalligament

proteomic profiles.

Figurell.10- Functionakenrichmentof proteinsmore abundantin enamelanddentin.

Figurell.11- Functionaknrichmentof proteinsmore abundantin periodontalligamentand

dental pulp.

Figure 11.12 Relative abundance of enamas$sociated proteins across dental tissues.

Figure 11.13 Relative abundance of dentassociated proteins across dental tissues.

Figurell.14- Relativeabundanceof dentalpulp-associategroteinsacrossdentaltissues.



Figurell.15- Relativeabundanceof periodontalligamentassociategroteinsacrossdental

tissues.

Figurel2.1- Venndiagramshowingthe overlapof proteinsidentifiedin
ethylenediaminetetraacetiacid(EDTAandguanidinehydrochloride(GnHClextractsfrom

healthy cementum (n = 3).

Figurel2.2- Comparisorof proteinyieldsbetweenEthylenediaminetetraacetiacid(EDTA)

and EDTA/guanidine hydrochloride (GnHCI) extractions.

Figure 12.3 Overview of proteomics results from equine cementum.

Figurel2.4- PrincipalcomponentanalysigPCApf equineproteomicsdata.

Figure 12.5 Differentially abundant proteins associated with EOTRH.

Figurel2.6- FunctionaknrichmentanalysisisinglngenuityPathwayAnalysis

Figurel2.7- Predictedupstreamregulatorsof protein abundancechangesn EOTRH

cementum identified by Ingenuity Pathway Analysis (IPA).

Figurel2.8- IngenuityPathwayAnalysiof diseasesandfunctionsof EOTRIgroteomics

data.

Figurel2.9- Mechanistimetwork centredon lipopolysaccharid¢éLPSaspredictedby

Ingenuity Pathway Analysis (IPA).

Figurel2.10- Overlapof differentiallyabundantproteinsbetweenageingand EOTRHh

equine cementum

Figurel2.11- Isolationandculture of equineperiodontalligament(PDLkells.
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Figurel3.1- 3Dsurfacemeshof equineteeth from young,old anddiseasedequinemolars

reconstructed from microCT scans.

Figure 13.2; Tooth length and crowsto-root ratio across biological groups

Figurel3.3- Summaryof proteomicsdataof equinemolarsusedin the study.

Figure 13.4 Overlap of proteins detected in different equine dental tissues.

Figurel3.5- Biologicaprocesse®nrichedin tissuespecificproteinsin dentaltissues.

Figure 13.6 Gene Ontology (GO) enrichment analysis of gyipcific proteins

Figurel3.7- Percentagevariabilityexplainedoy the first two principalcomponentdor each

dental tissue.

Figurel3.8- Clusteringanalysiof cementum.

Figure 13.9 Clustering analysis of dentin.

Figure 13.10 Clustering analysis of enamel.

Figurel3.11- Clusteringanalysisf dentalpulp.

Figure 13.12 Summary of differential abundance analysis.

Figurel3.13- Differentialabundanceanalysiof cementum.

Figure 13.14 Differential abundance analysis of dentin.

Figure 13.15 Differential abundance analysis of enamel.

Figurel3.16- Differentialabundanceanalysisf dentalpulp.
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Figurel3.17- UpSetplot showingproteinssignificantlyassociatedvith ageingacross

different dental tissues.

Figurel3.18- UpSetplot showingproteinssignificantlyassociatedvith diseaseacross

dental tissues.

Figurel3.19- Overrepresentationanalysiof proteinsup-regulatedincreasedn ageing

across dental tissues.

Figurel3.20- Overrepresentationanalysiof proteinsdown-regulatedreducedin ageing

across dental tissues.

Figurel3.21- Overrepresentatiomanalysiof proteinsincreasedn diseaseacrosdental

tissues.

Figurel3.22- Overrepresentationanalysiof proteinsdown-regulatedreducedin disease

across dental tissues.

Figurel3.23- IngenuityPathwayAnalysigIPA)of differentiallyabundantproteinsin

diseased versus aged healthy pulp tissue.

Figurel3.24- ShinyAppo visualiseequinetooth proteomicsdata.

Figureld.1- Comparisorof proteinyieldfrom humandentin usingdifferent protein

extraction buffer.

Figurel4.2- Basepeakintensity (BPI)chromatogram®f humandentin extractsprepared

with different extraction strategies.

Figurel4.3- Venndiagramcomparingprotein identificationof humandentin across

extraction buffers.
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Figurel4.4- Venndiagramshowingthe overlapof proteinsdetectedin young(<30years)

and old (>60 years) dentin samples from the pilot study.

Figurel4.5- GeneOntology(GO)enrichmentanalysiof proteinsuniquelyidentified in old

and young human dentin samples.

Figure 14.6 Total MS signal intensity across all dentin samples.

Figurel4.7- Numberof proteinsidentified acrossdentin samples.

Figurel4.8- Venndiagramshowingthe overlapof proteinsdetectedin young(<30years)

and old (>60 years) dentin samples.

Figurel4.9- Differentialabundanceanalysiof ageingn humandentin.

Figure 14.10 Principal component analysis (PCA) of human dentin.

Figurel4.11- Differentialabundanceanalysif sexin humandentin.

Figurel4.12- Basepeakintensity (BPlxhromatogram®f humandentin extractsprepared
with EDTA/SD&thylenediaminetetraacetic adgbdium dodecyl sulfate)showing highest

and lowest protein identifications.

Figurel4.13- Basepeakintensity (BPIchromatogram®f humandentin extractsprepared

by 10% formic acid, showing highest and lowest protein identifications.

Figureld.14- Summaryof dentin proteomicsdatausingformic acidextraction.

Figure 14.15 Western blot analysis of lysyl oxidase (LOX) in human dentin.

Figurel4.16- Westernblot analysisof S100calciumbindingprotein A9(S100A9Nn human

dentin.
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Figurel9.1- Evaluatiorof imputation methodsfor proteomicsdata.
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7 Abbreviations

ACAN; Aggrecan
ACSF2Acytcoasynthetasdamilymember2
ACTc Actin

ACTNZX Actinin

ADAMTS Adisintegrinandmetalloproteinasewvith thrombospondinmotifs

Adjp ¢ Adjusted pvalue

AFP¢ Alphafetoprotein

AHCY¥ Sadenosylhomocysteinkydrolase
ALP¢ Alkaline phosphatase
Ambicc Ammoniumbicarbonate
AMBN- Ameloblastin

AMELX Amelogenin

AMP¢ Antimicrobialpeptides
ANKI1¢ Ankyrin 1

ANX¢ Annexin

APOH ApolipoproteinH

APP¢ Amyloidprecursorprotein
APRT Adeninephosphoribosyltransferase
ARP Actin related protein

ASPN; Asporin

AZU1c Azurocidin

BCA¢ Bicinchoniniacid

BGLAR Osteocalcin

BGNg Biglycan

BH¢ BenjaminiHochbergeorrection
BMP¢ Bone morphogenic protein

BP¢ Biological processes
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BPI- Bactericidapermeabilityincreasingprotein
BSAc Bovine serum albumin

C190rf33 Chromosomd 9 openreadingframe 33
CAZ2¢ Carbonic anhydrase 2

CALR, Calreticulin

CATH Cathelicidins

CC Cellularcomponents

CCTF ChaperonircontainingTCPkubunittheta
CDX Caudal type homeobox

CGRER Calcitoningenerelatedpeptide

CLU Clusterin

COLg Collagen

CT¢ Computedtomography

DAA¢ Differentialabundanceanalysis

DDX23 DEADRBbox helicase 2

DER Defensins

DE.X, Dentinrenameljunction

DICOM Digitallmagingand Communicationgn Medicine
DLST Dihydrolipoamide Succinyltransferase
DMEMHG-5 dzf 6 SMbdifedEagleMediumc HighGlucose
DMP1¢ Dentin matrix protein 1

DNA¢ Deoxyribonucleic acid

DPP¢ Dentin phosphoprotein
DPSCgDentalpulpstemcells

DSR; Dentin sialoprotein

DSPPR Dentinsialophosphoprotein

DTTc Dithiothreitol

ECMc Extracellulamatrix

EDTA Ethylenediaminetetraacetiacid
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EIF6 Eukaryotidranslationinitiation factor 6
ELANE Neutrophil elastase

ENAM- Enamelin

Enamelysig MMP-20

ENOI1 Alphaenolase

EOTRIH{ Equineodontoclastidooth resorptionandhypercementosis
ESK Electrospray ionisation

F6R0O13; Matrix glaprotein

FAM171B Familywith sequencesimilarityl71memberB
FASN; Fatty acid synthase

FASR Filter-aidedsamplepreparation

FCc¢ Fold change

FDR; False discovery rate

FGF, Fibroblasgrowthfactor

FMODc Fibromodulin

FN1¢ Fibronectin

FORI Felineodontoclastiaesorptivelesions
FO\ Field of view

FSTLE Follistatinlike 1

FTL- Ferritinlight chain

GnHCt Guanidineénhydrochloride

GOc¢ Gene ontology
H9GZV1Iglikedomaincontainingprotein
HB¢ Haemoglobin

HCD¢ higherenergycollisionaldissociation
HPX¢ Hemopoxin

HRG Histidinerichglycoprotein

HSR; Heat shock protein

IAAC lodoacetamide
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IBSR Integrinbindingsialoprotein

IDH2- Isocitratedehydrogenas@ADP]mitochondrial
IFITM5- Interferon-induced transmembrane protein 5
IGF¢ Insulinlike growth factor

IGFBR Insulinlike growth factor bindingprotein
IGHM- Immunoglobulin heavy chain protein

IL-16 ¢ Pro-interleukin-16

IPA- IngenuityPathwayAnalysis

ITGAM Integrin alphaM

ITGBX Integrinbeta-1

ITIH- Inter-alphatrypsin inhibitor heavy chain
ITRAQ;, Isobaridagfor absolutequantification

KLK4; Kalikrein4

LAM¢ Laminin

LC¢ Liquidchromatography

LCMc Lasercapturemicrodissection

L&MS/MS- Liguidchromatographgtandemmassspectrometry

LCNZ; Lipocalin 2

LFQ Labelfree quantification

LOX¢ Lysyl oxidase

LT Lactoferrin

LUM¢ Lumican

m/z ¢ Massto-charge

MALDK Matrix-assistedaserdesorption/ionisation
MAN1A1- Mannosidase alpha class 1A member 1
MAPK¢ Mitogenactivated protein kinase

MDK¢ Midkine

MF ¢ Molecular functions

MGP¢ Matrix glaproteins



MMP ¢ Matrix metalloproteinase

MRNAC Messengeribonucleicacid

MS¢ Mass spectrometry

MSCg Mesenchymastemcells

MY O- Myosin

NBT/BCIPNitro bluetetrazolium/5-bromo-4-chloro-3-indolylphosphate
NCFZ; Neutrophil cytosolic factor 2

NEFH Neurofilamentheavychain

NEFILg Neurofilament light chain

NFr 6 Nuclearfactorkappalight-chainenhancerof activatedBcells
NUP¢ Nucleoporin

ODc¢ Opticaldensity

ODAM- Odontogeni@ameloblastassociategbrotein

OPG Osteoprotegrin

OPNg Osteopontin
PANTHERProteinAnalysisThroughEvolutionaryRelationships
PBS; Phosphate buffered saline

PBST ¢ Phosphatéufferedsalinewith tween

PCA Principal component analysis

PDL¢ Periodontalligament

PDLSGsPeriodontal ligament stem cells

PEDF Pigment epitheliurrderived factor

PFKL Livertype phosphofructokinase
PGLYRMPeptidoglycamecognitionprotein

PLC&g Plasminogen

PLOD ProcollageHrysine,2oxoglutarate 5dioxygenase
POSTN Periostin

PP} Peptidytprolylcistransisomerase

PRELE Prolargin



PRIDEProteomicddentificationsDatabase

PRPH;, Peripherin

PSMc¢ Peptidespectrummatch

PSMAZS Proteasomesubunitalphatype-5

PTMc¢ Posttranslational modification

PTN Pleiotrophin

PUS? Pseudouridylatsynthase

PVDF Polyvinylidene Fluoride

PYGL Liverglycogerphosphorylase

QLFD ¢ Quantitativelight-inducedfluorescentimaging
RANKE ReceptorActivatorof NuclearFactor® digand
RAR Retinoic acid receptor

RBBP4 Retinoblastomaindingprotein4

RGS2 Regulator of G protein signalling 2

RLE; Relative log expression

RPL3X Ribosomaprotein L31

RPN Dolichytdiphosphooligosaccharidaotein glycosyltransferassubunitl
RRAGD Rasrelated GTHidning protein D

S100Ag; Calgranulin

SDg, Sodiumdodecylsulphate

SDSPAGE, Sodiumdodecylsulfategpolyacrylamidegelelectrophoresis
SERPIN Serine protease inhibitor
SERPINH{Heatshockprotein 47

SFRPR2 Secretedrizzledrelatedprotein

SILAE Stableisotopelabellingby aminoacids
SLC49A3Solute carrier family 49 member 3

SLR; Singlelensreflex

SODgZ, Superoxidalismutase

SOST Sclerostin
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SPARG Secretedrotein acidicandcysteinerich
SPP2 Secreted phosphoprotein 2
SRPX2Sushrepeatcontainingprotein X-linked2
SRY, Sexdetermining region Y

STMNZ; Stathmin2

STRINGSearchroolfor the Retrievalof InteractingGenes/proteins
TBST ¢ Tris buffered saline with tween

TGH - Transformingyrowth factor-beta

THBSE Thrombospondin

TIMP¢ Tissuanhibitor of metalloproteinase
TMT¢ Tandem mass tag

TNX¢ TenascinX

TUBC Tubulin

TUFTZ Tuftelin

UNCS5B Unc5 netrin receptorB

VCAN Versican

VEGF Vasculaendothelialgrowth factor

VIM ¢ Vimentin

WHO¢ World HealthOrganisation
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8 ThesiDverview

8.1 ProjectRationale

Thefield of dental proteomicshasevolvedrapidlyin recentyears providingnew insights
into the biologyof oral healthanddiseaseProteomicstudieshavebeenappliedacrossa
variety of dentaltissues,jncludingenamel,dentin, cementum,periodontal ligamentand
pulpto investigatehow protein profilesvaryunderdifferent biologicalconditions.These
efforts haveled to the generationof numeroushypothesessurroundingtissuedevelopment,

ageing, and pathological change.

However severakriticalgapsremainin our understandingDespitethe growingavailability

of datain humanandrodent models,there is still limited knowledgeon how the proteome

of dental tissues changes across lifespan.-#sfgged conditions such as pulpitis and
periodontaldiseaseare commonlyregardedasconsequencesf mechanicalvearandtear.
Yet,the specificmolecularandbiologicalmechanismshat predisposeageingdentaltissues

to disease remain poorly understood. A deeper understanding of these mechanisms may
enable the identification of biomarkers for early detection, or targets for therapeutic

intervention.

Moreover,the applicationof proteomicsto non-humandentaltissueshasbeenvirtually
unexplored. At the outset of this research, there were no publicly available proteomic
datasetsof equinedentaltissuesdespitethe clinicalsignificanceof dentaldiseasean horses

and the increasing use of the horse as a model for musculoskeletal and dental research. As

horsesdisplaycontinualtooth eruptionanduniquewearpatternsthroughoutlife, they offer



32

avaluableandbiologicallyrelevantmodelto investigatethe interplaybetweenageing,

function, and disease in the dentition.

Thisthesisaimsto addresghese gapdy leveragingnassspectrometrybasedproteomics
and downstream analysis to explore both age and disease related changes in human and
equine dental tissues. These findings have the potential to benefit not only equine health

andwelfarebut alsocontributeto the broaderunderstandingpf dentalbiologyin humans.
8.2 AimsandObjectives

The overarching aim of this thesis is to characterise the proteomic landscape of dental
tissuesacrosdifferent stagesof life andin healthversusdiseaseto better understandthe

molecular changes associated with ageing and dental pathology.
Tomeetthis aim,the followingspecificobjectiveswere defined
Method DevelopmentUsingBovineTeeth

1 Tooptimiseaproteomicworkflow capableof analysingoroteinsfrom individual

tissues within single teeth, using bovine samples as a model system.
Applicationto EquineOdontoclasticToothResorptionand HypercementosisEOTRH)

1 Toinvestigateproteomicalterationsassociatedvith EOTRHyrecentlycharacterised

dental disease affecting aged horses.
CharacterisingAge-RelatedChangesn EquineTeeth

1 Toexaminethe impactof physiologicahgeingon equinedentaltissuesandassess

how ageing interacts with pathological processes.

ApplyingProteomicMethodsto HumanDental Tissues
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1 Toapplythe optimisedpipelineto humansampledo exploreage-associated

proteomic changes in human dental tissues.

8.3 Outlineof Thesis

The thesis contains a general introduction, which provides background on dental tissues,
includinginformationontheir biologicalrolesandstructure.Importantproteinsinvolvedin
development and regulation are covered for each tissue. The proteomics workflow is
generalisedvithin the introduction, explainingMlassSpectrometrybasedproteomics.

Finally the currentliterature availablein dentalproteomicsissummarisedo understandthe

gaps this thesis aims to address.

Thefollowingchaptersareindividualstudiesthat aimto addresshe objectivesmentioned

above, highlighting the main findings from this work.

T &t NP {@ethwddéelopmentof dentaltissuesrom onetooth usingBovine
Ay OAaz2NHE

 alLy Tt | ¥ndilespdngay bacterialinfectionaspotential driversof equine
2R2YyG20f13AGA0 (220K NBaz2NLIIA2y ¢ YR KeéLISNL
Published in the Equine Veterinary Journal (Jensen, Clarke et al. 2025)

https://doi.org/10.1111/ev|.14469

1 at NP ( Sgpatufe®f equinedentaltooth tissuesn ageingagndR A & S & S ¢
 a! LILJ of@rotéoinizrnyethodsto determineagerelatedchangesn human

0SSiKE


https://doi.org/10.1111/evj.14469

34

9 Introduction

9.1 Incidenceandburdenof dentaldisease

Dentalandoral diseasesre someof the mostprevalentdiseasesvorldwide andassociated

with a large economic burden. In 2022, the World Health Organisation (WHO) released the
global oral health status report in which it was estimated that approximately 3.7 billion
people worldwide were affected (WHO 2028Jany of the dental diseases that contribute

to the data in this report, namely dental caries and periodontal disease, are largely
LINEGSyiGloftSad | 26SOSNE gAGK2dzi AYOISNBSyGA2y >
dueto the painassociatedvith eatingandother normalfunctions.Privateandpublicdental
disease treatment costsombined are estimated to be £275 billion yearly (Harris 2024),

with indirect costs amounting to £111 billion (Listl, Galloway et al. 2015). Socioeconomic
statusis oneof multiple factorsassociatedvith dentalandoralhealth (LallooMyburghand
Hobdell 1999, Singh, Peres and Watt 2019, Lyshol, Grgtvedt et al. 2022). Other well
established factors including smoking (Krall, Garvey and Garcia 1999), diet (Kénig 2000),

genetics (Vieira 2012) and gender (Marimimata, KoletsKounari and Margarsi 2016).

Anothersignificantfactor associatedvith dentalhealthisageing Studieshaveshown

general increase idental diseasavith age (Watt, Daly edtl. 2019), including specific
diseasessuchasdentalcaries(Lopez Smithet al. 2017),periodontaldiseasq Eke Dyeet al.

2012, Li, Wen et al. 2024) (Figure 9.1), edentulousness (Park, Shin and Ryu 2023) and oral

cancers (International Agency for Research on Cancer 2012).
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Figure9.1- Prevalenceof periodontal diseaseacrossage groups.Colourof barsindicatethe severityof periodontitisfrom
none to severe. Samples taken from five separategagaps of the American population between 2€0810. Data taken
from (Eke Dyeet al. 2012).Figuremadeusingthe ggplot2 Rpackage(version3.5.2).

Althoughtrendsare often seenbetweenthe relationshipof ageingandother clinicalfactors,

the biological mechanism behind the variability in oral health is less understood (Chan,
Tsanget al. 2024).Specificallwvith ageingthe increasen oral diseasds often associated

with wear and tear, and a lack of reparative mechanisms. Whilst this may be the case, a
better understandingnto why olderteeth are susceptibleo diseasewill be usefulto enable

in earlier prevention of several oral conditions. Age is widely recognised as the main risk
factor for most diseases prevalent in developed countries, such as cancer, cardiovascular
pathologies and neurodegeneration (Niccoli and Partridge 2012). Given its dual association
with both ageing populations in high@rcome settings and treatment dispaes in lower
incomeregions oral health presentsa globallypervasiveandunder-addressegublichealth
challenge. This highlights the need for increased research attention, particularly at the
intersectionof ageing socioeconomimequalityandhealthcareaccessibilityvorldwide

(Singh, Peres and Watt 2019, Chan, Tsang et al. 2024).
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9.2 ToothDevelopment

Developmenbf teeth isa sequentialand highlyregulatedprocesscommonlydividedinto

five stages (Rathee and Jain 2023), detailed in Figure 9.2. Around eight weeks of human
prenatal development, the bud stage begins as dental epithelial cells bud from the dental
laminaundermesenchymainfluence , markingthe sitesof future teeth. Thisis followed by

the cap stage adround12 weeksof gestation, during which thenamelorgan expand$o

shape the tooth crown and root. The bell stage is characterised by extensive cellular
differentiation,within whichameloblastspdontoblastsandcementoblastproducethe
mineralised tissues of the tooth. Cells of the dental follicle that do not become
cementoblastsdifferentiate into fibroblasts formingthe principalfibresof the periodontal
ligament(PDLYHovorakoval esotet al. 2018).Aroundsixmonthsafter birth, the processof
tooth eruption begins, positioning teeth correctly in the oral cavity, followed by emergence
through the gingiva. By two to three years of age, all 20 primary teeth are typically present
(Jain and Rathee 2023). The final stage is the replacement cdyrieeth by permanent
teeth, beginningaroundsixyearsof ageandcontinuinginto adolescenceyith mostof the

adult dentition established by the early teens, ensuring a complete, functional set of 32

permanentteeth (Wright2000).
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; follicle.
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Figure9.2- Summaryof odontogenesisn humans.Theschematidllustratesthe sequentiaktagesof tooth development,
including the bud, cap, bell, late bell, and eruption stages (Rathee and Jain 2023). Image produced with BioRender.

9.3 GeneraDentalAnatomy

Theanatomyof teeth isdefinedby highlyspecialisedtructuresthat are uniquelyadapted

for their functional properties. Permanent teeth are categorised into four main types;
incisors caninespremolars,andmolarswhereeachtooth-type isdistinguishedy its shape
and function to facilitate efficient mastication (Slavicek, 2010). Incisors are adapted for
cutting, canines for tearing, premolars for grinding, and molars for crushing food before
digestion. The structurand function of teeth vary across species, reflecting their dietary
adaptations and requirements. Mammalian teeth are generally classified into two major
types based on their growth and eruption patterns. Brachydont teetlse@s in humans
andmanyother mammalshavealow crownto-root ratio anddo not continueto growor
erupt overtime. In contrast,hypsodontteeth, found in specieswith high-weardietssuchas
herbivores, have a larger proportion of the crown exposed, and continuously erupt
throughout life to compensate for wear (Jheon, Seidel, Biehs, & Klein, 2013). The major

differencesbetweenbrachydontandhypsodontteeth are summarisedn Table9.1.



Table9.1- Summaryof the keydifferencesbetweenBrachydontand Hypsodont.

Feature Brachydont Hypsodont

Crownheight Lowcrown Highcrown

Root Welldeveloped clearly Shortor continuousroot
defined growth

Enamelexposure Limited,surroundedby Extensiveextendsbelow
other tissues the gumline

Wearadaptation Minimal, suitedfor softer Adaptedto accountfor
diets heavyware

Examples Humanscats,dogs, Horsesgcows,sheep
mice,rats

Eruptionpattern Tootheruptsearlyand Continuouseruption
remainsthroughoutlife throughoutlife

Function Bite and chewsoft foods Grindfibrousvegetation

These differences in dental morphology highlight the evolutionary adaptations that enable
various species to process their specific diets efficiently. Within the differing morphologies,
the teeth themselves are composed of several unique tissues: enaemindcementum,

pulp andperiodontalligament(Figure9.3),whichcontributeto their durabilityandfunction.
Eachspecifictissuehasdistinct propertiesand therefore containsa specialisegrotein
composition(KhurshidZohaibet al. 2016).Thefollowing sectionwill coverthe general

structure and function of various dental tissues.
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Figure9.3- Schematiof a humanmolar. Adiagramillustrating the major anatomicalstructuresof a humantooth. Image
was created using BioRender.

9.4 EnamelStructureandFunction

Enameis theoutermostlayer ofteeth and thehardesttissue in thehuman body (Beniash,
Stifleret al. 2019).Primarilyconsistingof hydroxyapatitenanocrystalgBeniashStifleret al.
2019), it is formed by specialised cells called ameloblasts, but once fully developed,
becomes acellular and incapable of regeneration (Moradaak 2012). However, eatly
stageminerallosscanbe partiallyrepairedthroughremineralisatiorprocessesnediatedby

saliva and supplementary fluoride. Approximately 96% of enamel is composed of inorganic
material (Bartlett and Simmer 1999, Fincham, Moradidak and Simmer 1999). The

highly organised architecture of enamel provides the strength required to withstand
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substantial mechanical forces during mastication (Lacruz, Habelitz et al. 2017). The
remaining 4% consists of water¢@®46) and a small but functionally important organic
protein matrix. Wateroccupieghe spacedetweencrystalscontributingto ion transport

and structural resilience (Baldassarri, Margolis and Beniash 2008).

9.4.1 EnameProteinMatrix

Although only representing a minor proportion of the tooth, the enamel protein matrix
includes key developmental proteins such as enamelin (ENAM) (Hu, Hu et al. 2014),
ameloblastif AMBN)FukumotoKibaet al. 2004) tuftelin (TUFT1jDeutschDafniet al.
1997),andamelogenifAMELXJWright, Liet al. 2011). ENAMmakesup about 1¢5%of the
matrix and is essential for ameloblast adhesion and the formation and growth of enamel
crystals(Masuya Shimizuet al. 2005,Hu,Huet al. 2008). AMBN a tooth-specific
glycoproteinjspredominantlyexpressediuringthe secretorystageof enamelformation,
whereit localisego the cellsurfaceandfacilitatesameloblasiattachment(Bartlett2013).
Knockout mouse studies have shown that the absence of AMBN disrupts enamel
development, suggesting a role in amelogenesis imperfecta, a group of rare genetic
disorders affecting enamel formation (Wazen, Moffatt et al. 2009, Liang, Hu et al. 2019).
Tuftelin is believed to bmvolved in thenitiation of enamelmineralisation and the spatial
organisation of hydroxyapatite crystals (Deutsch, Dafni et al. 1997). The highly conserved
nature of the enamel protein matrix composition implies strict regulation of enamel
maturation,whichmayexplainthe sensitivityof this proces€o mutationsin the associated

proteins.

Themostabundantprotein in the enamelmatrixis amelogeninaccountingfor 90¢95%o0f

the total protein content (Bansal, Shetty et al. 2012). Amelogenin plays a crucial role in
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enamelstructureregulationthroughcrystalelongation Multiple studiesusinggenetically
modified mouse models with altered amelogenin have shown, via transmission electron
microscopy, a reduction in enamel crystallite elongation (Wright, Li et al. 2011, Shin,

Yamazaki et al. 2020).

Interestingly amelogeniralsohasforensicapplicationslt iscommonlyusedfor sex
determinationdueto its presenceon both the X(AMELXandY (AMELY¢hromosomesThe
ability to useamelogenirasa deoxyribonuclei@acidbased(DNA)sextest wasfirst identified

in 1993. Researchers utilised the polymerase chain reaction (PCR) and specific amelogenin
primers to amplify amelogenin DNA (Sullivan, Mannucci et al. 1993). The detection of both
AMELX and AMELY indicates a DNA sample from a male whereasdéeqger of only

AMELX suggests a DNA saniglen afemale (Sullivan, Mannucci at. 1993) Several more
recentstudieshaveaddressedssueswvith amelogenirasa DNAtest, leadingto additional Y-
chromosome markers, such as the sktermining region Y (SRY) gene being considered

0 5 NR2Dg6NdablinglLoet al. 2007,Kao,Tsaiet al. 2007).

9.5 Dentin:StructureandFunction

Dentin isanother calcified tissue preseirt teethand formsthe bulk of the tooth structure.

It is arranged in dentinal tubules; microscopic channels that run through the dentin to the
surface of the enamel (Goldberg, Kulkarni et al. 2011). The tubules are fluid filled and allow
for transmissiorof externalstimuli, suchastemperatureandpain.Dentinislessmineralised

than enamel,at 70% ,andcontainsagreateramountof organicmaterialof 20% with the

rest being water(Goldberg, Kulkarni et al. 2011). The structural properties of dentin can be
described as a tradeff between the hardness allowing for protection to the centre of the

tooth, whilst being soft enough to absorb mechanical pressure and prevent enamel cracks.
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9.5.1 DentinProteinMatrix

Due to the lower mineral content relative to enamel, dentin contains a richer and more
functionally diverse protein matrix compared to enamel that is key to its formation,
structure,andreparativemechanismgGoldbergKulkarniet al. 2011).Collagertype | (COL)
protein makes up approximately 85% of this matrix, providing a scaffold for mineral
deposition (Tjaderhane 2019) (Hart and Hart 2007). The remaining 15% is enriched with
proteins such as dentin sialophosprotein (DSPP), dentin sialoprotein (DSP), dentin
phosphoprotein (DPP) and dentin matrix protein 1 (DMP1) (Ravindran and George 2015).
D3P is a key regulator of dentinogenesis and is cleavedtaslationally into DSP and
DPPeachwith distinctfunctions(Yamakosh2008).DPHsahighlyphosphorylatedorotein

with a strong affinity for calcium ions, acting as a potent initiator and modulator of
hydroxyapatitecrystalnucleationandgrowth duringdentin formation (SuzukiSreenathet
al.2009).DSHs anothermajor extracellulamatrix (ECM)protein in dentin andisinvolvedin
odontoblast differentiation through interactions with mesenchymal stem cells and the tight
junction protein occludin (Li, Chen et al. 2017). Similar to enamel pathologies caused by
mutationsin keystructural proteinsmutationsaffectingdentin-specificproteinscan leado
defective dentin formation, a condition known as dentinogenesis imperfecta (de La Dure
Molla, Philippe Fournier and Berdal 2015). DMP1 is expressed in both mineralized and non
mineralized tissues, suggesting diverse biological roles, mainly relatetktagtions with

stem cell differentiation (Terasawa, Shimokawa et al. 2004, Lu, Yuan et al. 2011). In dentin,
the deletion of DMP1 impairs mineralisation and impacts the maturatiopredentin to

dentin during dentinogenesis (Ye, MacDougall et al. 2004, Sun, Lu et al. 2011). Interestingly,
the phenotype observed in DMP1 knockout mice closely resembles that ofix@P#ce,

highlightingthe complementaryimportanceof theseproteinsin regulatingdentinogenesis
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and mineral deposition (Sreenath, Thyagarajan et al. 2003). Further research into the
relationship between DSPP and Dififound that DSPP expression is tightly regulated by
DMR1, suggestind SPRFs downstreamof DMPR-1 andexplainghe phenotypicalksimilarities

when either protein is lost (Gibson, Zhu et al. 2013).

9.5.2 TheDentinrEnamelunction

Thedentin-enameljunction (DEJ)the borderbetweenthe two predominantmineralised
oraltissuesjs25-100>m in humanteeth (MarshallBaloochet al. 2003).TheDE providesa
structure to transfer applied loads during mastication and manage damage and cracks in
enamel.Proteinmatrix studiesinvolvingthe dentin-enameljunction haveidentified aunique
protein profile usinglasercapturemicrodissectior(LCM)anadvancedool to isolatesmaller
regions of interest (Jagr, Ergang et al. 2019). One study identified 15 proteins unique to the
DEJ not evident in enamel and dentin, highlighting the potential of this region to contain a
specialised protein composition that supports its biomechahrole in damage
managemen(JagrErgancet al. 2019).Theseproteinsincludedisoformsof collagens

(collagen type lhlphal chain andcollagen typeXXIll alphd chain), cytoskeletal and
structural proteins (suprabasin and desmoglein 1), regulatory proteins (calmdikain
protein 3and ATRXhromatinremodeller) proteaseinhibitors(cystatinA),enzymesand
stressresponse proteins (thioredoxin and caspdst, and signallingelated proteins
(ubiquitin C, coagulation factor Il [thrombin], and peroxisome proliferaictivated
receptorinteracting complex protein 285), as well as two isoforms of AMELXhwals

mentioned previously are important in enamel formation.
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9.6 CementuntStructureandFunction

Cementumsa specialisednineralisedissuecoveringthe roots of human,and most
mammalianteeth. It isproducedby cementoblastswhichsynthesiseéhe organicmatrixand
A0AYdzZE FGS YAYSNItAAlFGA2Y O65QINNAO2> hdz2l y3
mineralisedmatrix, thesecellsaretermed cementocytesCementocytesvererecently

implicatedin regulatoryrolesin tissuemaintenanceandrepair (Li,Sakisakat al. 2024).Both

cell types rely on nutrient diffusion from the surrounding connective tissue and alveolar

bone due to the lack of direct blood supply (Zhao, Foster and Bonewald 2016). The absence
of vascular architecture in cementum contributes to its low cellulandwer and limited
regenerative capacity, but it may also offer some degree of protection from immune
mediateddamage(Emsliel978)(Li,Huet al. 2019). Compositionallycementumis similarto

dentin, yet with slightly less mineral content (88%), with the organic matrix accounting

for more of the tissue(~33%)(Nanci2013).Themajor function of cementumisto anchor

teeth into place within the jaw. Classification of cementunoften divided based on the
cellularity, with acellular cementum provided more mechanical functions and cellular
cementum whichcontainscementocytesinvolvedin reparativeandadaptiveprocesses

(Yamamoto, Hasegawa et al. 2016).

9.6.1 CementunProteinMatrix

The matrix content of cementum is similar to dentin with the majority being collagenous,
allowingfor the formation of collagenfibresalongthe surfaceof the root (Arzate Zeichner
David and Mercad&elis 2015). Up to 90% of collagenous protein within the cementum
matrixis COLU, whichassemblanto arrayswith smallgapsthat allowfor mineraldeposition

(Yamamoto, Hasegawa et al. 2016). Collagen type Ill (COL Ill) is the other main cementum

S
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collagen, albeit in lower concentrations and its role in cementum organisation and
development is less understood (Li, Fan and Tang 1997)cbltagenous proteins found in
cementum include proteoglycans, acidic phosphoproteins, gla proteins, and alkaline
phosphatase (ALP) (Yamamoto, Hasegawa et al. 2016). Generally, proteoglycan content in
mineralised tissue is quite low, however in cementum a wide range have been detected
(Ababneh, Hall and Embery 1999). Lumican (LUM) and fiboromodulin (FMOD) were detected
in areas of low mineralisation, suggesting possible roles in cementum development (Cheng,
Catersoret al. 1996).VersicanVCAN])s alargeECMprotein detectedin varioustissuesand
studies have shown its localisation on the cementocyte surfaces (Cheng, Caterson and
Yamauchl999).Furthermore biglycan (BGNbpcaliseqearcellularcementumwhereit has

high affinity for collagens (Chiu, Li et al. 2012). The major acidic phosphoproteins in
cementum are osteopontin (OPN) and bone sialoproteins, which are involved in similar
processes including bone remodelling and growth. Acidic phosphoproteins have highly
anionic surfacedue to specific amino acigsidues and phosphate grougreating ahigh

affinity for calciumandtherefore hydroxyapatite(Alvare2014).Thisaffinity allowsfor the
regulation of crystal growth and can facilitate the mineralisation process along collagen

fibrils. Unlike proteoglycans, phosphoproteins in cementum are ubiquitously abundant.

Another protein involved in the mineralisation of cementum is ALP, an 86 kDa enzyme
expressedn both mineralisedandnon-mineralisedissues(GroeneveldEvertsand Beertsen
1995).ALFfunctionsbyincreasinghe availabilityof inorganicphosphate whichisimportant
for hydroxyapatitecrystalformation (Vimalraj2020).Individualswith hypophosphatasidow
levelsof ALPyare more likelyto sufferwith conditionssuch asonefractures, tooth losand
chronicpain (VillaSuarezGarciaFontanaet al. 2021).In oppositionto phosphoproteinsand

ALR glaproteins suchasosteocalcin (BGLARhdmatrixglaprotein (MGP)actasnegative
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regulatorsof mineralisationwhichisimportantto preventexcessivealcificationand

maintain healthy tissue organisation (Yagami, Suh et al. 1999). Gla proteins inhibit
mineralisation by reducing available calcium and directly binding to hydroxyapatite crystals
(Yao ShahbaziaandBostrém2008).Geneticstudieshaveshownthat mutationsin MGPare

linked with accelerated tooth loss and periodontal disease, emphasising the importance of

NBIdA F GAYI YAYSNIEA&FGAZ2ZY LINEOS&E&SE Ay (SSiK

et al. 2016).

Aspreviouslymentioned,cementocytesrethe differentiated cellsembeddedwithin the
cementum.entrappedwithin the mineralisedmatrix of whichthey secrete. Interestingly,
cementumwaspreviouslyconsidereda statictissue,dueto its avascularityhoweverthere is

growing evidence that this is not the case (Brochado Martins, Rodrigues et al. 2021, Saito,
Onuma andvamakosh2023, Jensen, Clarlet al. 2025).Cementocytefiave been shown to

secrete sclerostin (SOST), Receptor Activator of Nuclear Factor [ A 3 YR ow! bY[ 0
osteoprotegrin(OPG)suggestindpone-like signallingpathways suchasmineralhomeostasis

and remodelling (Zhao, Foster and Bonewald 2016). This evidence importantly suggests
cementumis anactivetissuewith capabilitiego respondphysiologicallyand pathologically

to its environment in the context of age and disease.

9.7 PeriodontalLigamentStructureand Function

ThePDLsa connectivedentaltissue,which supportscementumin tooth anchoring,located
between the cementunand bone (Dean 2018). Unlike cementum, gegiodontalligament
is a highly vascularised tissue allowing for a biologically active interface between teeth and
surrounding bone (de Jong, Bakker et al. 2017). The mechanism of tooth anchoring is

controlledby collagenbasedSharpeyfibres(LiangHuet al. 2020).Thesdibresabsorb
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mechanicabtressduringmastication evenlydistributingforceto preventtooth damageThe

PDL is comprised primarily of water giving it both elastic and viscous properties suited to its
function. PDL has a rich ECM, mainly consisting of collagen (Type | and Type Ill),
glycoproteinsandother key matrix remodellingproteinssuchasmatrix metalloproteinases
(MMPs)(Nohutcu,McCauleyet al. 1997).COU providestensilestrengthin the PDLandthe

thick fibres extend throughout the ligament (Liu, Wu et al. 2024). COL Il fibres are thinner
andfurther contributeto the mechanicapropertiesof PDL.PDLisa highlyactivetissuewith
collagen turnover occurring five times quicker than surrounding gingival tissue, an oral
mucosa that provides a barrier to against mechanical and microbiological damage (Sodek
1977).Additionally theseauthors reportedthat collagenturnoverratesare sixand 15times
quicker than in bone and skin respectively (Sodek 1977). The high turnover rates are likely
due to constant mechanical stress and inflammatory conditions which can accelerate

turnover (Jabati, Fareed et al. 2018).

Thereareawide rangeof cellularcomponentsn PDL suchasfibroblasts,cementoblasts,
osteoblastsmesenchymastemcells,immunecellsandendothelialcells (Naruish2022).
Fibroblasts make up the majority of which, functioning to synthesise and remodel the
collagen matrix in response to exogenous inflammatory environment (Naruishi 2022).
Stimuliin the surroundingoral environmentcandirect mesenchymastemcellsdown many
different pathways, leading to production of cementoblasts and osteoblasts in cases of
inflammatorystress(Liu,Zhaoet al. 2020).Theregenerativepotential of the PDLvia
mesenchymastemcells(MSCshasmadethem a promisingtargetfor tissueengineering

therapies (Queiroz, Albuquergt®ouza et al. 2021, Birjandi, Lynham et al. 2025).



9.8 DentalPulp:StructureandFunction

Thefinal majordentaltissueisthe dental pulp, asoft andspecialiseadtonnectivetissue

located in the central cavity of the tooth, able to respond to injury and inflammation
(Ghannam, Alameddine and Bordoni 2025). It is enclosed by dentin and extends from the
centre of the crown to the root apex. Dental pulp plays crucial roles in tooth development,
nourishment, and sensory functions, specifically nociception and the regulatipulpal
bloodflow throughneurovasculasignalling Yuand Abbott 2007).Additionally,odontoblasts
within the pulp are responsible for the continuous deposition of secondary, and the less
organisedertiary, dentinthroughoutlife, whichhelpsprotect the pulpin responseo

normal wear and minor injuries (Nudel, Pokhojaev et al. 2021).

Nociceptive fibres within the pulp detect mechanical, thermal, and chemical stimuli,
transmittingpainsignalsvziaA-deltaand Cfibresto the centralnervoussystem(Cadden,
Lisney and Matthews 1983). In addition to pain perception, sensory nerves release
neuropeptides such as substance P and calcitonin gela¢ed peptide (CGRP), which
contribute to neurogenic inflammation (CaviedBacheli, LopeMoncayo et al. 202).

Thesemoleculegpromote vasodilationandrecruitimmunecellsduringinjury or infection.

9.8.1 DentalPulpProteinMatrix

Thegelatinousmatrix of dentalpulp sharesseveralcomponentswith the periodontal
ligamentmatrix. It consistgoredominantlyof Typel and Typelll collagen proteoglycans,
glycoproteinsandsignallingmoleculessuchastransforminggrowth factor-beta(TGF 0
vascular endothelial growth factor (VEGF), and OPN (Matsushita, Motani et al. 2000,
Nowwarote,Petitet al. 2022) . Whilethere are compositionakimilarities keydifferencesin

functionreflecteachii A & ®idk&yji@adole. Thepulp matrixis more biologicallyactive,
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supportingsignallingandregenerationwhereasthe PDLmatrix is more mechanically
oriented(Tjaderhaneand Paju2019).Collagerturnoverandfibre organisatiorare typically
lower in pulp compared to the PDL, though this has been seen to increase under

inflammatoryconditions(BarkhordarGhaniet al.2002).

Theability of dental pulp to respondto injury andinflammationcausedoy caries trauma,or
restorative procedures, is largely driven by dental pulp stem cells (DPSCs). These cells
respond to the release of growth factors by initiating a cascade that leads to the formation
of tertiary dentin, providing a protective barrier for the pulp (Sl@ard Smith 2007). Like

PDL stem cells (PDLSCs), DPSCs exhibit strong regenerative potential and can differentiate
into odontogenic, osteogenic, chondrogenic, and neurogenic lineages. This maikak de

pulp a valuable tissue in translational research and the development of biomabasald

regenerative therapies (Tomokiyo, Wada and Maeda 2019) (Zhao, Liu et al. 2022).

Themaindifferencesandsimilaritiesof different dentaltissuesdiscussedre summarisedn

Table 9.2.
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Table9.2- Summaryof the main featuresof different dental tissues.

Tissue

Composition/Struc

ture

Function/Role

Regenerativecapacity

Organicmaterial

Enamel

Dentin

Cementum

Dentalpulp

Periodontal

ligament

Highlymineralised
(~96%hydroxyapatite),

acellular.

Collagerrich organic
matrix (~20%worganic,
70%mineral),tubules
containing

odontoblasticprocesses

Mineralisedconnective
tissue(~45,50%
mineral,50¢55%

organic)

Connectiveissuewith
blood vessels, nerves,
fibroblasts,

odontoblasts

Fibrousconnective
tissue vascularised,
containsfibroblasts,

stemcells

Hard,protective
outerlayer;resists
wearandchemical

erosion

Provides bulk of
tooth structure;
shockabsorption;

supportsenamel

Anchorsperiodontal
ligamentfibres;
coversroot; protects

dentin

Maintainstooth
vitality, immune
defencesecondary

dentinformation

Attachegooth to
alveolarbone,
absorbsmechanical

forces

Enamel is capable of re
mineralisationhoweverno

direct repair mechanisms

Limited,secondanandtertiary
dentin can be formed in

response to stress.

Slowcontinuousdeposition

(acellularandcellulartypes)

Relatively high regenerative

capacity

Stemcellspresenthave

regenerativecapcity

EnamelinAmeloblastin,

Tuftelin,Amelogenin

Dentin
sialophosphoprotien,
Dentinsialoprotein,
Dentinphosphoprotein,

Dentinmatrixprotein1.

OsteopontinLumican,
Alkalinephosphatase,
osteocalcinmatrixgla
protein,cementum
protein 1.

Vimentin fibronectin,
nestin,nucleoporins,
transforminggrowth

factor-beta.

TenascinPeriostin,
glycoproteinsgcollagen

1, collagen Ill
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9.9 BiologicalProcessesf Ageing

Ageingsaninevitablelife processdefinedasthe progressivetime-relateddeterioration of
physiological and biological functions across tissues (Guo, Huang et al. 2022). Its biological
effects include systemic changes such as cellular senescence (Di Micco, Krizhanovsky et al.
2021), accumulation of DNA damage (Schumacher, Pothof et al., 20#lL)educed tissue
regenerative capacity (lezzi, Pagella et al. 2019). Research into ageing is crucial for
understandinghe underlyingmechanism®f agerelateddiseaseandhasimplicationsnot

only for extending lifespan, but also health span. Dental ageing, while unique due to the
composition and development of dental tissues, is no exception (Chan, Tamrakar et al.

2021).
9.10 Ageingn DentalTissues

Because many hard dental tissues lack regenerative capacity, their natural durability is
crucialto sustainingunctionthroughoutlifespan.Forinstance althoughenamelpossesses

the capacity for remineralisation, mature enamel is acellular and therefore incapable of
intrinsicselfrepair,in caseswvheretoo muchdamagehasoccurred (MalcangRatanoet al.
2023).Althoughefforts havebeenmadeto replicateenamelwith artificial materials these
substitutesfall shortin mimickingenamelscomplexbiologicalpropertiesand aesthetics
(ShaoJin etal. 2019,Luo,Luet al. 2025).Dentinand cementumpossessomeregenerative
potential, but this capacity is limited and often dysregulated, sometimes giving rise to
pathological changes. The dental pulp and PDL, though housing MSCs, also experience a
decline inregenerativeability with age,in part dueto alossof 'stemnessin thesecell

populations



(lezziPagellaet al. 2019,ZhangWanget al. 2024).Overalldiseaserelateddentalchanges

are summarised in Figure 9.4.

Hedlthy Diseased
Enamel Pit & fissure cavity
Reduced Enamel
Pulp cavity Secondary dentin
(blood vessels & nerves)
Inflamed and
receding gum
Dentin
Reduced Bone
level
Cementum Increased thickness of

cementum

Figure9.4 - Comparativeschematicof humandental ageing. Adiagramof the humantooth ageingprocessTheleft side
depicts a healthy tooth with intact enamel, dentin, cementum, and pulp, while the right side represents an aged tooth,
characterized by enamel wear, pulp chamber reduction, and cementum thickening. Image made using BioRender.

The deterioration of these tissues has traditionally been viewed as an unavoidable
consequence of "wear and tear." This perception has historically shifted research efforts
toward managinghegativesymptomsyatherthan addressinghe underlyingcausegLucas
and van Casteren 2014). However, as with otheraggociated conditions like
osteoarthritis,whichwasoncedismissedsan unavoidabledegenerativediseaseywe now
understandthat ageing involves complex, multifactorralgulated biological processead,
which pharmacological intervention may be possible (Walston 2012, Loeser 2017). This
evolvingunderstandings graduallyreshapinghe waywe view dentalageing openingthe

door for moretargeted,prophylacticandregenerativeapproachesn oralhealth (vander

Wouden, van der Heijden et al. 2022). An understanding of inflammation, cellular
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senescenceandthe oral microbiomecouldleadto waysof mitigatingagerelateddamage

to dental tissues.

9.11 StructuralDentalChange#ssociatedavith Ageing

The ageing process is highly specific to each dental tissue, yet all contribute to each other
O2yaSljdsSyidaltte o6D2tS0O= /Fy1FNI SG fd Haunovd
brittle with ageasaresultexposureto acidicenvironmentsand mechanicaktress Jeadingto
micro-cracks (Kunin, Evdokimova and Moiseeva 2015). The thinning of enamel, while a
normal process, can increase stress on adjacent structures such as dentin and pulp, often
leading to further damage. Secondary and tertiary dentin is continuously produced
throughoutlife to accommodatdor the lossof enamelanddentin, leadingto areductionof

the size of the pulp chamber in a process known as pulpal obliteration (McCabe and
Dummer2012).Thisprocesdeadsto scleroticdentindueto mineralisationof dentin

tubules, which caausepainand aesthetic complaints (Micheletti Cremasco 1998)e of

the mostprominentagerelatedchangesstooth loss(exodontia) often linkedto alterations

in the cementum and PDL.

Cementunthickenswith ageasaresultof continuousdepositionin responseo
environmentalstimuli,whichinterestinglycanalsobe usedasa markerin forensicage
determination(Morgenthal,ZaslanskandFleck2021,GualdiRussoSagutcet al. 2022).PDL
undergoes a similar decline in regenerative ability as the dental pulp, creating an imbalance
between tissue breakdown and repair. This imbalance is frequently observed in periodontal
disease, a condition that becomes increasingly prevalent with agdafWlari 2023). These
localisedchangescontributeto weakeningof the tooth-supportingstructures.Asaresult,

teeth become loose within the alveolar bone and may be lost (Lim, Liu et al. 204).



major changes seen in dental tissues with both ageing and disease is shown in table 9.3.

Table 9.3 Summary of ageing and disease related changes in dental tissues.

Tissue

Enamel

Dentin

Cementum

Dental pulp

54

Ageing changes

Gradual enamel thinning due to
wear; increased brittleness; reduced
permeability; accumulation of
surface stains and microcracks.
Increased deposition of secondary
and tertiary dentin; reduction in
dentinal tubule diameter (sclerosis);
decreased permeability and
sensitivity.

Continuous appositional growth
leading to cementum thickening,
particularly at the apex; reduced
regenerative capacity.

Reduced pulp chamber size due to
secondary dentin formation;
decreased cellularity and vascularity;

reduced reparative capacity.

Disease changes

Demineralisation and cavitation due
to dental caries; erosive loss from
acidic challenges;
hypomineralisation.

Dentin exposure due to caries,
erosion or attrition; pathological
tertiary dentin formation;
hypersensitivity; bacterial invasion of
tubules.

Cementum resorption or
hypercementosis; involvement in
periodontal disease; exposure due to
gingival recession.

Pulpitis (reversible or irreversible);
pulp necrosis; infection secondary to
caries or trauma; calcifications and

pulp stones.
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9.12 SimilaritiedbbetweenMammalianand EquineDentition

Dental anatomy varies significantly across species, reflecting adaptive changes in dentition
for differingdietsandlifestyles(BhargaviAjayet al. 2013).Despitethesedisparities,animal
models, such as horses, dogs, rodents and cows are extremely valuable in studying the
ageing dental environment (Muthanandam, Muthu et al. 2020). Shorter life spans allow
researchers to observe the full progression of dental ageing within a logistically feasible
timeframe (Kanou, Kitaura et al. 2024). Animal models also offer far moreat@vier
interfering variables, since they are less influenced by differences in individual human
behavioursdietsanddental hygienepracticesMuthanandamMuthu et al. 2020).These
studiestherefore canincreaseour understandingf humanagerelateddentaltissuesdue

to the similarity in tissues and also benefit the welfare and health of valued companion

animals.

9.12.1EquineDentalAnatomy

Equineteeth arehypsodont,characterizedy ahighcrown-to-root ratio (StaszykSuskeand
Pdschke 2015). This adaptation compensates for the continual wear of the tooth surface
through a process of continuous eruption. The same dental tissues described above are
present in equingeeth, however the arrangement of them much morecomplex (Staszyk,
Suske and Pdschke 2015), as detailed in Figure 9.5. Equine enamel is folded into complex
patterns, with dentin and cementum interspersed around the tooth, creating a rugged
grindingsurface suitableto the herbivorediet that requirescontinuousgrinding (KilicDixon

and Kempson 1997). Due to the process of mastication and tooth wear, as horses age the

exposed tooth grinding surface constantly undergoes alterationst@&burgh, Schuiz
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Kornaset al. 2021).Asthesesurfacef the teeth canwearirregularly they mayrequire
corrective dental intervention in the form of tooth rasping (Cook 200f)to 70%of
horseshaveundiagnosedientalhealth problems,andmosttreatmentsinvolve tooth
extraction(BH2018,Taylor Bayarsaikhaet al. 2018).Thisoften necessitateslietary
adjustments and can result in secondary complications in adjacent teeth, including caries

development and reduced masticatory efficiency.

Infundibulam
Crown
Cementum &« N
Enamel &« N
> Reserve Crown
Dentin N\
Pulp Cavity } Root

Figure9.5- Schematiof an equinetooth. Adiagramillustrating the structureand arrangementof dentaltissuesn horse
teeth. Figure made using BioRender

9.12.2EquineDentalDiseases

Many of the ageelated diseases in equine teeth are due to structural problems associated
GAUK (220K 6SINE &adzOK a RSydlrf RAFAGSYFOGL X
KeenandDumbell2010,TinsleyFogleet al. 2023).However they alsopresentincreasedisk

of pulpitis, periodontaldiseaseanddental caries withage inamannersimilarto humans(du

Toit 2023). Prior to this research there were no studies that investigate protein changes in

teeth tissuesn ageingor diseasan equinesamples.
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9.12.3Equine Odontoclasti€oothResorptiorandHypercementosis

Aprevalentdentaldiseaseaffectingolderhorsessequineodontoclasticdooth resorption
andhypercementosis (EOTRH) (Staszyk, Bienert et al. 2008). This condition is primarily
observedn the incisorteeth of horsesagedl15yearsandolder,thoughcanineteeth canalso

be affected, albeit less frequently (Staszyk, Bienert et al. 2008). EOTRH is characterised by
two major pathological features: resorptive lesions in the apical regions of the teeth, and
abnormal hyperplastic cementum deposition (Figure 9.6). The exilogy of EOTRH
remainspoorly understoodput new evidence published from our laboratory suggests a link
to chronic inflammation (Jensen, Clarke et al. 2025) and bacterial involvement (Sykora,
Pieberet al. 2014).Clinicallyaffectedhorsesmaypresentwith gingivalinflammation,pain,

difficulty eating, behavioural changes, and weight loss.

Healthy Moderate Severe Sever(HC)

Figure9.6- Radiographidmagesof equineodontoclastictooth resorptionand hypercementosis (EOTRHhagestaken
from the Northeast Equine Veterinary Dental Services and show equine incisors. Circles represent different EOTRH
symptoms; green = earjtage EOTRH, red = resorptive lesions, yellow sfatee hypercementosis.

Although humans do not develop a direct equivalent to EOTRH, tooth resorption can occur
(Datana and Radhakrishnan 2011). Hypercementosis has been documented in rare
conditions,suchast | 3 Hise&séf bone(RacandKarasick982)andD | NR $y&didma
(Pereira, Carvalho et al. 2016). A similar condition also occurs in catsfetiied
odontoclastiaesorptivelesiong FORL whichpredominantlyaffectscatsoverthe ageof 7

years and shares pathological features with EOTRH, including resorption and inflammation
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(Berger,Schawalder eal. 1996).Studyingthese speciespecificagerelated diseasesffers
valuable insights into the mechanisms of dental tissue remodelling and degeneration. By
understanding the biological drivers of such conditions in animals, we may uncover novel
strategiego mitigate the effectsof ageingon humandentalhealth,potentiallyreducingour

reliance on costly and often traumatic dental interventions.
9.13 UtilisingProteomicTechniquesn DentalResearch

Understandinghe biochemicachangeghat occurin dentaltissueswith ageingisa
complicatedresearchguestion.While histologicabndanatomicaldescriptionsare useful,

they may miss key information to capture the full multifactorial complexity of the tooth
ageingprocessashasbeenreportedin other agerelated pathologiessuchasosteoarthritis,
sarcopenia, and cardiovascular disease (Chen, Wang et al. 2023). In these conditions, the
application of omics technologies, including genomics, transcriptomics, proteomics, and
metabolomicshaveenabledresearcherso uncovermolecularsignaturegChungChoiet al.
2020), identify novel biomarkers (Tardif, Paré et al. 2022), and determine pathways driving
tissuedegenerationranddysfunction(Dowling,Gargaret al. 2024).Tobridgethe knowledge

gap in dental ageing, it is similarly essential to generate aogée molecular data that can
drive hypothesigyeneration.Thesehypothesesanthen be systematicallyestedto uncover

the mechanisms underlying tissue ageing and disease (Wilkins, Sanchez et al. 1996).
Fortunately, modern omics approaches now allow us to extract more detailed information
from biologicalsampleghan everbefore,enablinga systemslevelunderstandingof ageing

processes across tissues (Dai and Shen 2022).

Omicsisthe hightthroughputannotationandidentificationof biologicalmoleculesjncluding

proteins, genes, messenger ribonucleic acid (MRNA) and metabolites (Micheel, Nass and
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Omenn 2012). Genomics and transcriptomics are powerful untargeted tools that provide
informationon genesequencesnd messengeribonucleicacid(mRNA}ranscriptionlevels,
however, are not always translational on the functional state of cells or tissues
(Gunawardana and Niranjan 2013). Proteins are the key functional molecules within cells
andare studiedusingabranchof omicscalledproteomics.Manyareasof medicalresearch

have utilised proteomics to identify diseaspecific biomarkers (Akesson, Hojjati et al.

2023), understanding molecular pathways (Xie, Wang et al. 2017) and developing targeted
therapies(de CamargdagalhdesHubneret al. 2024).Modernomicsresearchaimsto not
yS3AtSOG ye NBfSGFyd o0A2Y2% S0 SIALILINERE GK>E (62
more integratedpicture of biologicalchange (ChenWVanget al. 2023).Proteomicgprovides
animportant layerof insightinto the studyof tissueageingabovepurelytraditional genetic

and transcriptional analyses, as it can identify pwahslational modifications (PTM), and
degradation (Haack, Overall and Auf dem Keller 2022, Bobalova, Strouhalova and Bobal
2023). In the context of dental research, proteomics holds promise for identifying global
changesasaresultof ageinganddiseasewhichmayhelp both researcherandclinicians

understand disease progression (Jagr, Eckhardt et al. 2014).

9.13.1FromGenedo Proteins

Thebiologicalbackboneunderpinningthe conceptof omicsisthe centraldogma.Proteins
are genetically encoded in deoxyribonucleic acid (DNA), a dattdaded molecule
comprisedof four nucleotidebasegadenine thymine,cytosine, andguanine)whicharrange
andpair specificallyto form a stabledoublehelix. Thisgeneticinformationistranscribedinto
Ywb! 2 ASNWAYy3 +a | GSYLX TGS F2NIILff LINRPOGSAYC

resulting polypeptide chains of amino acids fold into functional proteins, often undergoing
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PTMs such as phosphorylation or glycosylation, which modulate their activity, stability and
interactions(Wang,0sgoodand Chatterjee2022).Whilethe genomeisrelativelystatic,the
proteome is highly dynamic, reflecting the complex regulatory layers between gene and
protein (Cho 2007). The different layers of the central dogma and the related method of

omicsis shownin Figure9.7.

W DNA [----- [ Genomics

RNA  [----- > Transcriptomics

Q Protein ~  [----- > Proteomics

}

qd:j Metabolite ~ |----- »(  Metabolomics 3"

Figure 9.7- Overview of omicsdhased technologiesSchematic indicates the main types of omics used in research.
Genomicstranscriptomicsproteomicsand metabolomicsreferringto the researchtargeting DNA RNA proteinsand
metabolites respectively. Figure produced using BioRender.

9.13.2GeneraProteomicWorkflow: FromTissueso Peptides

The standargipeline forproteomicsbasedanalysidbeginswith the isolation of thetissue,

cells, or fluid of interest (Jiang, Rex et al. 2024). Proteins are extracted using a lysis buffer,
commonly containing agents such as urea, guanidine hydrochloride (GnHCI), or sodium
dodecyl sulphate (SDS), to solubilise proteins from the samplaxmn@rior to this protein
extraction, specific sample preparation steps, such as mechafhscaption, sonicationor
freezethaw cycles are used to improve protein yield. Following extraction, the protein

concentrationis quantifiedusingassayssuchasthe bicinchoninicacid (BCAJWalker1994)
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or BradfordassayBradford1976),to ensureastandardisecamountof proteinisusedin

downstream applications.

To prepare proteins for enzymatic digestion, disulfide bonds are reduced using agents such
a4 RAGKA 2 (i KN&daptaethand. SubgequendlyiNdysteine residues are alkylated
with iodoacetamide (IAA) to prevent reformation of disulfide bonds, einguproteins

remain in a linearised and accessible form for later detection (Jiang, Rex et al. 2024). The
proteins are subjected to enzymatic cleavage, commonly using trypsin, which specifically
cleaves at the @rminal side of lysine and arginine residu@xcept when followed by
proline),resultingin areproduciblesetof tryptic peptides (OlsenrOQngand Mann2004).This

stage of the proteomic pipeline is summarised in Figure 9.8.
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Proteomics Workflow and Techniques
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Figure 9.8 Schematic summarising the general proteomic workflo@amples are collected and processed to increase
protein extraction efficiency. Proteins are extracted using different buffers depending on the sample type. Cysteine
disulphidebondsarereducedo denatureproteinsthen alkylatedto maintaina linearstructure.Proteinsare then digested

with trypsin into peptides, which are ionised and analysed by mass spectrometry. Peptides are mapped back to proteins
usinglargedatabasesandindividualproteinabundanceas quantified.FiguremadeusingBioRender.

9.13.3GeneraProteomicdNorkflow: FromPeptidego Proteins

The resulting peptide mixture is cleaned, typically by sphidse extraction or StageTFip
based methods to remove salts, detergents, and other contaminants from processing that
caninterfere with liquid chromatographyLClandmassspectrometricanalysisPeptidesare

then separatedusingLCwhichimprovesresolutionandreducessamplecomplexityprior to
massspectrometry(MS)(JiangRexet al. 2024).Aspeptideselute from the LCcolumn,they

are ionised via electrospray ionisation (ESI) or matssisted laser desorption/ionisation

(MALDI)gnablingtheir detectionby the massspectrometer.

Mass spectrometers measure the mdescharge (m/z) ratio of intact peptides (MS1) and

their fragmentationpatterns(MS2) generatingspectrathat canbe usedto deducepeptide
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sequencesMassspectrometrydataconsistof thousandof thesespectrawhicharethen
matched to known proteins sequences using progigmacific algorithmsSpeciesspecific
protein databases are searched and perfamsilicoprotein digestions on all proteins to
simulatepeptidefragmentationpatterns.Thesepatternsare scoredagainsteachspectrum
in the raw dataset to determine the most likely peptide and protein match. Software
available for this stage of data analysis includes Comet (Eng, Jahan and Hoopmann 2013),

Andromeda (Cox, Neuhauser et al. 2011) and Mascot (Perkins, Pappit393L.

9.13.4Analysiof ProteomicdDatasets

Following identification of proteins from peptidesd fragmentation spectra, the next step
is to quantify either the relative or the absolute abundanceuifteinsacross different
samples and experimental conditions (Plubell, Kall et al. 2022). Quantification of proteins
can be sullividedinto labeklree or labetbased Labelfree quantificationismore
commonlyused,and abundances are quantified based on the intensity of peptide signals
(Cox, Hein et al. 2014). Lallsedquantificationis slightlymore complexandinvolves
chemicallyor metabolically taggingroteinswith stableisotopes,suchastandemmasstag
(TMT) (Zech&atpathyet al. 2019)jsobarictag for absoluterelativequantification(iTRAQ)
(Wiese Reidegelt al. 2007) and stable isotope labelling by amino acids in cell culture
(SILAC) (Anand, Samuel e28l17).Thesaagsinducemassdifferenceswhichare
detectablebythe massspectrometer and lead to more precise quantification data (Chen,

Sun et al. 2021).

The next stage of the mass spectrometry analysis involves following a statistically robust
pipeline to compare quantified protein abundances across experimental conditions. The

major stagesn this statisticalworkflow arefiltering, normalisationjmputation, clustering
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anddifferentialabundanceanalysigEckelPassowDberget al. 2009, KammersColeet al.
2015).Missingvaluesarecommonin proteomicsdatasets.Theymayarisedueto many
differentreasonssuchasbiologicaleffects,low-abundanceproteinsandgenerakechnical
problems (Kong, Hui et al. 2022). Multiple studies have aimed to design the most
appropriate method to correctly process them (Jin, Bi et al. 2021, Harris, Fondrie et al.
2023).Filteringbasedon missingvaluepercentageensuresstringentdataanalysisvithout

the loss of potentially valuable biological information.

Dataisthen normalisedio ensureanormaldistributionto allowfor morereliablestatistical
testing.After normalisation,missingvaluescanbe imputed; however this processnustbe
approached with caution to avoid introducing artificial biological effeStadies with
appropriate sample size will often not need to do this (Taylor, Ponzini 2022). Finally,
protein measurements across groups are compared using differential abundance analysis
(DAA), where statistical testing is undertaken for individual proteins to determine any
changes across experimental conditions. The results from thetist&tal tests are then
adjusted to correct for multiple testing using methods such as, Bonferroni (Haynes 2013)

and BenjaminHochberg (BH) (Benjamini and Hochb&8§5) correction.

Omics data is presented by showing the proteins detected in relevant groups, the proteins
which change between biological conditions, and the categorical grouping of samples with
apparent similarity and differences. The results of DAA can be fuett@oredusing
pathwayanalysidools,whichuselargerdatabasedso matchproteinsto relevantfunctions,
pathwaysandbiologicallocations(Wu,HasarandChen2014).Example®f pathwayanalysis
tools include Search Tool for the Retrieval of Interacting Ggmet#ins (STRING)
(SzklarczyKirschet al. 2023),IngenuityPathwayAnalysigIPAYXKramer Greenet al. 2014),

Protein Analysis Through Evolutionary Relationships (PANTHER) (Thomas, Kejariwal et al.
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2003)andclusterProfilefWu,Huet al. 2021).Thegeneralstatisticalproteomicspipelineis

summarised in Figure 9.9.
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Figure9.9- Schematicsummarisingthe generalstatistical pipelinefor analysisof proteomicsdata. Quantifiedproteomics

data is first filtered based on the percentage of missing values per protein, per group. The resulting filtered data is then
normalised for more reliable statistical testing. Data can then be imputed for different types of clustering analysis.
Normaliseddatais alsousedfor differentialabundanceanalysiso determineproteinschangescrossiologicalconditions.
Differential abundance data is further analysed with pathway analysis tools to map any observed changes to biological
processes and molecular functions. Image made using BioRender.

9.13.5Challengesvith Proteomicdn DentalTissues

Understandablyhe desireto utilise omicsbasedtechnologiesn dentalresearchisgreater
than ever, as the promising nature of proteomizased research can provide new insight
into dentaldiseaseResearchingentaltissueswith proteomicspresentresearchersvith a
unique set of technical and biological challenges, such as computing power, cost and
complexity (Hongzhan, Shukla et al. 2007). As well as this, regions of teeth are highly

mineralisedacellularand containrelativelylow amountsof protein comparedo other
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biologicaltissuegJagrEckhardet al. 2014, KabbashiRoomaneyand Chetty2024).
Although mass spectrometry is extremely sensitive, the effectiveness of the pipeline
upstreamof usingthe massspectrometercanbe aidedby largeramountof startingprotein

material.

Themineralcontentof enamelismorethan anyother tissuein the humanbody,andthe

total protein contentisverylow (LacruzHabelitzet al. 2017,Green,Schulteet al. 2019).
Thisproblemisfurther amplifiedby the factthat proteinspresentin enamelplayimportant

roles in the structural organisation of minerals so bind tightly with the hydroxyapatite,
reducing the accessibility of the proteins (Gorbunoff and Timasheff 1984). This problem is
also seen in dentin and cementum, albeit to a lesser extent. Magtyhods have been
developed to overcome these issues and increase the efficiency of protein extraction from
thesetissuesjncludingutilisingharsherextractionbuffersandspecificdecalcificatiorsteps

(Mueller, Gambarotti et al. 2019).

Dentaltissuesexistin close proximityand distinguishingoetweenthem canbe a challenging
processEvenwith the ability to differentiate betweendentin andenamel,or cementumand
dentin,to removeonetissue fromanother withoutcontamination carbe a challenging step

of sample processing. To overcome this issue, LCM, an advanced form of tissue processing,
originallypurposedto differentiate cellpopulations hasbeenused(SalmonGiorgettiet al.

2016). Even with LCM sample preparation, the resulting amounts of tissue can still be very

low comparatively to other organs.

Problemdor dentaltissueproteomicsarenot limited to hardtissues.Theperiodontal
ligamentanddental pulp canalsobe a challengingissueto processDentalpulpisdifficult

to access given its biological location (Yu and Abbott 2007) (Figure 9.3), and periodontal
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ligament attachment is not consistent between teeth. Both tissues are highly vascularised
andtherefore proneto rapiddegradation(Goodwin Langet al. 2010)followingremovaland

potential for contamination with blood proteins (Kruger, Yue et al. 2023).

Anotherfundamentalissuewith extractingproteinsfrom dentalissuedsthe dominanceof
ECM proteins in the mixture (Ravindran and George 2015). As mentioned previously,
collagens, proteoglycans, and other ECM proteins are major protein groups in all dental
tissues (Jagr, Eckhardt et al. 2012, Salmon, Giorgetti et al. 2016, Sharmas&rierival.
2019),anddueto their sizeandstructuralrigidity, they are difficult to solubiliseand digest
(McCabe Schmittet al. 2021).Suchhighabundanceof ECMspecificproteinsin proteomics
can often mask the presence of lower abundant, but still biologically important proteins.
Thisissueis alsoseencommonlywhenanalysingsamplessuchasmuscle serumand

plasma, however protocols have been developed to account for this, which use column
basedapproachedo reducethe abundanceof dominantproteins(BoschettandRighetti

2008, Seo, Kang et al. 2024).

Toovercomethe issuesnentionedabovein termsof tissueprocessingprotein extraction,
and protein digestion, researchers have developed dental tissue specific workflows for
analysis. These protocols rely heavily on strong decalcification methods (Formic acid, Nitric
acidandEthylenediaminetetraacetiacid(EDTA)andharsherysisbuffers(GnHCandurea).
Although such additions have benefits in protein extraction, they can lead to downstream
complicationsDetergentsusedin this processnustbe removedprior to massspectrometry

to avoid ion suppression and signal interference, which can lead to the loss of already low
amountsof protein (TubaonHaddadand Quirino2017).Thebuffersmayleadto non-tryptic

protein degradation and nobiological PTMs making accurate peptide identification more
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challengingRegardlessf theselimitationsthere areawide rangeof publicationscurrently
available, which cover a plethora of dental tissues under different conditions. Such papers

and findings will be discussed in the following sections.

9.14 Proteomicof DentalTissues

Thegenerationof proteomicdatasetsn dentalresearchhasprogressedteadilyacrosghe

last two decades. Improvements in mass spectrometry sensitivity and sample preparation
methodshasincreasedhe overallcoverageof different dentaltissues(Eckhardt,Jagret al.

2014, Lertruangpanya, Roytrakul et al. 2024). Despite this, there are still gaps to be
researchedespeciallyegardingdirectcomparison®f diseaseandageinglnitial efforts

aimedto maptissuespecificproteomes(Eckhardt,Jagret al. 2014, Widbiller,Schweikkt al.
2019), but rarely compared them against another tissue or even another condition, and
instead were interested in determining as many protein identifications as possible. More
recent research has focused on direct disease comparisons anelgpendantstudies to
understand dental development in more detail (Giovani, Martins et al. 2021, Bellei, Monari

et al. 2024).

9.14.1EnameProteomics

Proteomicanalysiof enamelpresentsuniquechallengeslueto its highlymineralised tissue
and acellular nature (Lacruz, Habelitz et al. 2017). These challenges limit both the diversity
andabundanceof extractableproteins(Green,Schulteet al. 2019).Thetendencyof proteins

in enamel to be tightly bound with the inorganic hydroxyapatite crystals means that it is

beneficial to utilise decalcification agents, such as EDTA and acids (Gorbunoff and Timasheff

1984). Another major problem with enamel analysis is ensurig enamel is collected for

protein extraction,without dentincontamination.Toovercomethis, researcherfiaveused
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high-speed burs (Rexh&abel etal. 2024)to grind awayenamelfrom the outside, or
alternativelymorefinessedapproacheasitilisingalow-speeddiamondsawto produce
sectionsof teeth (GreenSchulteet al. 2019).Onestudydemineralisecenamelsamplesn

12% trichloroacetic acid prior to protein extraction (Green, Schulte et al. 2019), whereas
anothergroupopted againstdemineralisationRexhajSabekt al. 2024) A different study
employed a sequential extraction approach, using buffers of increasing strength and
thereforedividingproteinsinto four solubility-basedfractions;Neutralextract,alkaline

extract, acid extract and residual extract (Hu, Yamakoshi et al. 2006).

Earlyproteomicstudiesof enamelwere mainlyfocusedon globalproteomicprofilesand
wereableto identify well-knownandestablishednarkersof enamel,suchas AMELXSNAM,
kallikrein4 (KLK4) and enamelysin (MAB) (Hu, Yamakoshi et al. 2006, Green, Schulte et
al. 2019). Dentin proteins were also detected in these proteomic studies, such as DSPP and
DMP1, however it is unknown if these proteins have a role in enamgeoce detected

because of sample contamination during processing. More recent proteomic studies
researchedoth clinicalobservationgMukhtar,Goyalet al. 2022)aswell astechnical

variationin sampleprocessindRexhajSabekt al. 2024),which highlightsthe importanceof

how samples are prepared. A study published in 2022, determined a specific protein profile
associated with molamncisor hypomineralised enamel, which results in less mirggake
enamel, leading to structural insufficiency and more susceptible tesamd erosion

(Mukhtar, Goyal etl. 2022) Differentially abundanproteinswere detected acros¥oth
groups(controlandhypo-mineralised) highlightingpathwaysassociatedvith the disease
processDespitethis, there remainsalackof studiesdescribingenamelacrosdifferent age

related pathologies.
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9.14.2DentinProteomics

While enamelis a highlymineralised acellulartissuewith limited protein abundancegdentin
isamuchmore biologicallyactivetissueandprotein-rich environment(GoldbergKulkarniet

al. 2011).Proteomicstudiesof dentin are aidedby the abundanceof dentin within the tooth
(Sakaguchi, Ferracane and Powers 2019). When extracting proteins from dentin, most
publications opted for EDTA as a decalcifying agent rather than harsher acids, such as
hydrochloric acid or formic acid (Jagr, Eckhardt et al. 2012, Widbiller, Schweikl et al. 2019).
EDTA binds calcium iotightly and therefore removes calcium from the hydroxyapatite,
whichincreaseshe solubilisationof proteins(Gorbunoffand TimasheffL984).Differentlyto

acid demineralisation, EDTA is a much gentler process and avoids harsh pH shifts-and non
tryptic protein cleavage, yielding more intact proteins éxtraction and therefore
potentiallyincreasingorotein coverage(Wilsonand Szpak023).Themaindownsideis the

time takento demineralisewith EDTAs muchlongerthan acidalternatives,andthat EDTA
becomes saturated and must be replaced sequentially (Pang, Su et al. 2021). The first
proteomicanalysignto dentindemineralisedsampledor 16 daysin 0.5MEDTAPark,Choet

al. 2009) and more recent studies extended this 4o@eeks with fresh EDTA applied every

two days (Chun, Lee et al. 2010).

Earlydentin proteomicstudiesidentified 223 (ParkChoet al. 2009),147 (Chun Leeet al.
2010) and 289 (Jagr, Eckhardt et al. 2012) proteins respectively, however with the
advancementsn sampleprocessin@ndmassspectrometry the rangeof knownproteins
identifiedin dentin hassincegreatlyincreased A paperpublishedin 2018usedproteomics

to compare different preractionation methods and detected 813 human dentin proteins

(Widbiller,Eidtet al. 2018).Givenits abundanceandclinicalimportancein conditionssuch
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as caries and pulpitis, dentin is currently the only dental tissue in which the proteomic
effects of ageing have been studied (Reis, Lee et al. 2021). The study compared cervical
dentinfrom young(18-25yearsold) andold humans(75-85yearsold) andfound proteins
exclusive to both young and old samples. Inslike growth factor binding protein 3
(IGFBP3ndlysyloxidase (LOXyere both exclusiveo youngsampleswhereashemopexin
(HPX)serineproteaseinhibitor C1(SERPINCIalgranulilS100A9and TGFBwere specific

to oldersamplesalthoughtheseresultswere not validatedwith orthogonalmethodologies.
This study was also one of the first to test the eligibility of analysing samples from one
individualtooth without poolingsampledogether (Reisl.eeet al. 2021).In addition, studies
have investigated the effects of dental caries on the dentin proteome (Carrilho, Scaffa et al.
2023) and dentin across species has also been compared (Horsophonphong, Sercia et al.

2020).

9.14.3CementunmProteomics

As previously mentioned, cementum shares many similarities with dentin compositionally
andstructurally(YamamotoHasegawat al. 2016).Althoughit isaverysimilartissue there

are challengesnvolvedin its processingsuchasPDLlattachmentandalsothe factthat there

is less total tissue than in dentin, which overall makes it much more difficult to analyse
(Foster 2017). The first proteomic approach to sampling cementum removed adherent
connective tissue and then scraped away cementum tissue using a curette ainder
stereomicroscope (Salmon, Tomazela et al. 2013). This method was later refined, and
extractedmandibleswerefixedin formalin,decalcified andembeddedin paraffin,prior to

laser capture microdissection (Salmon, Silvério et al. 2012, Salmon, Giorgetti et al. 2016).

Whilst this process allows for a more accurate method of sample processing, fixation and
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decalcification ardnarshprocesses and caesultin someprotein loss (Salmon, Giorgetti et
al. 2017). The most recent proteomics studies identified a similar number of proteins as
previous research (510), however, did not include decalcification agents in the protein

extractionprocesswhichmayhavelimited the protein profile (GiovaniMartinset al. 2021).

Ofthe three cementumproteomicpapersavailablen literature, approximately500proteins
were detected Theseproteinsareinvolvedin multiple pathways, suchs bindingcatalytic
activity, structural molecules and cell adhesion (Salmon, Tomazela et al. 2013, Salmon,
Giorgettiet al. 2016,GiovaniMartinset al. 2021).Firstly,cementumwascomparedto

It @S2f N 02y SEARES WRPRMERI AS2Y S KSNE Al
unique proteins not found in bone (Salmon, Tomazela et al. 2013). Unique proteins
identifiedin cementumincludesuperoxidedismutase3 (SOD3)eriostin(POSTNandBGN.
and have been proposed as potential biomarkers to distinguish cementum from bone.
Anotherstudyinvestigatedhe proteomicchangesassociatedvith newlyformeddental
cementum,wherethe researchergxperimentallyinducedcementumgrowth by unloading
the mandibularmolars(SalmonGiorgettiet al. 2016).Theycomparedprotein profilesafter

six and 21 days, and identified markers of newly formed cementum including extracellular
matrix (ECMtructuralproteins:COL11AZenascinX(TNX)FMODmatricellularproteins:
thrombospondinl (THBS1), secreted protein acidic and cysteine rich (SPARC), OPN;
proteoglycansasporin(ASPN)andproteaseinhibitors: pigmentepithelium-derivedfactor
(PEDH)SalmonGiorgettiet al. 2016).Finally researchersavealsoobservedvariabilityin

the protein profile of cementum found in deciduous and permanent teeth with 60

differentiallyabundantproteinsidentified (GiovaniMartinset al. 2021).

gl
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9.14.4PeriodontalLigamentProteomics

Proteomicanalyse®f the PDLrevealedvaluableinsightsinto its matrix compositionand
biologicalfunctions,particularlyin responseo physiologicahnd pathologicalconditions
such as mechanical loadin@rhant, Kaku et al. 2022), periodontal disea€avalla,
Biguettiet al. 2017, LopesMarcantonioet al. 2025, and obesity(Marcantonio,Lopeset

al. 2022 Nogueira, Lopes et al. 2023).

Like cementuml.CMhasbeen employedo isolate thePDL fomore precise and specific
protein extraction.However,unlikemineraliseddentaltissuesthe PDLis protein-rich and
soft, allowing for a more standardised extraction protocol without the need for
decalcificatioror extensivesamplecleartup (Marcantonio Lopeset al. 2022).Twospecific
proteomics studies identified approximately 700 unique proteins within the PDL
(Marcantonio, Lopes et al. 2022, Thant, Kaku et al. 2022) while more recent work has
expandedhisto over1300proteinsdemonstratingadvancesn proteomictechnologies

sensitivity (Lopes, Marcantonio et al. 2025).

Mechanical loading of the PDL has been experimentally modelled in mice by applying
orthodonticforce usingnickekitanium closedcoil springspositionedbetweenthe left
maxillaryfirst molarsandincisorsfor 14 days,with the contralateralmolarsservingas
controls (Thant, Kaku et al. 2022). Under this mechanical stress, key ceattegkiying
enzymes including prolyl hydroxylases, lysyl hydroxylases, and transglutaminases were
upregulated suggestinghe importanceof collagenregulationin adaptingthe PDLECMo
changes in mechanical force (Rojasawasthien, Srithanyarat et al. 2025). Analysis of
periodontaldiseaseon PDLhasbeenundertakenthroughthe analysiof humansamplesas

well as induction in rats by placing a cotton thread bilaterally around the upper first molars



andsecuringt with aknot for 20days (Lopedylarcantonioet al. 2025).Heatshockprotein

27 (HSP27) and SERPINB1 were identified as regulators of periodontal disease in human
tissue (Cavalla, Biguetti et al. 2017). HSP27 is known for its role in cytoprotection (Singh,
Sharma and Tiwari 2017) and inflammation modulation (Zhang, Waalg 2820), while
SERPINHEinctionsasaserineproteaseinhibitor, likely limiting tissuedamageby controlling
protease activity during inflammation (Torriglia, Martin and Jaadane 2017). Proteins
associated with key inflammatory signalling pathways, such as nuclear factor-kgippa
chainenhancer of activated B celFf 6 0 | Yy R-acWvatédzdt8itykinase (MAPK),
were shown to be increased when periodontal disease was chemically induced (Lopes,
Marcantonioet al. 2025).Additionally the upregulationof ECMdegradingenzymes,
includingseveralMMPs,confirmedthe enhancedissuebreakdowncharacteristicof

periodontal disease (Kinane, Stathopoulou and Papapanou 2017).

The link between obesity and periodontal disease is-esthblished and the proteomics
changeghat occurhasbeenstudiedwith animalmodels(ReytorGonzalezPariseVascaet

al. 2024). The presence of obesity demonstrated a distinct protein profile compared to
control samplesn normalconditions(Nogueiral.opeset al. 2023)andundermechanical

stress (Marcantonio, Lopes et al. 2022), highlighting how obesity impacts normal PDL, as
well asimpactingthe responseo mechanicaload.Keyfindingsincludedthe upregulationof
inflammatory mediators and ECM remodelling proteins, which likely contribute to-a pro

inflammatorymicroenvironmentwithin the PDL(VillagémezOlea,Uribe-Querolet al. 2024).

9.14.5DentalPulpProteomics

Similarly toPDLdental pulp isa soft tissue, making thuch less completo process than

enamel,cementumanddentin (Yuand Abbott 2007).Theprotein matrix of dentalpulpis
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much broader than hard dental tissues (Linde 1985). However, isolation of dental pulp is
more challenging than the PDL, due to its deep, dentin surrounded location within the
tooth. The first dental pulp proteomics paper was published in 2005 where pup wa
removedfrom the coronalchamberof third molarsand96 proteinswere detected using 2D

gel electrophoresis methods (Paakkonen, Ohlmeier et al. 2005). A later study attetapted
comparethe globalprotein profile of pulp,dentinandplasmaanddetected 342 proteins in
total, with 137 of these proteins being exclusive to dental pulp (Eckhaadtet al. 2014).
Thisstudyprovidedbiomarkersof dental pulp aswell asproteinspresentin pulp and dentin

but not in plasma, which may have roles dentin regeneration processes (Eckhardt, Jagr et

al. 2014).

Furtherdentalpulp proteomicstudieshavefocusedon the levelof susceptibilityof teeth to

dental caries (Jagr, Eckhardt et al. 2016). In this stl@lproteins were differentially

abundant in dental pulp, whichnked to pathways such as, cytoskeletal organisation,
metabolismandinflammation.Thiswasfurther exploredwheninflamedandnecroticpulp

were comparedto healthypulp, with distinctprotein profilesobservedin different clinical
diagnoses (Silva, Lima et al. 2021). Finally, a study published in 2024 compared the dental
pulp of supernumerary teeth with normal permanent teeth to identify any variability in
protein profiles (Lertruangpanya, Roytrakul et al. 2024). Contrgstirother previous
methodologies, nanol-@IS/MS was utilised instead of 2D gel electrophoresis, which is far
more sensitiveAsaresult,the groupdetected 3534 proteingjighlightingthe

advancements ilMStechnology(Daiand Shen2022).Oftheseproteins,174were
significantlydifferentially abundant, involving a variety of functions such as responses to
stress and stimuli, wound healing, and regulation of apoptosis (Lertruangpanya, Roytrakul et

al. 2024).
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9.14.6AdditionalApplicationsof Proteomican DentalResearch

Dental proteomics spans further than just the tissues detailed thus far. A study in 2020
exploredthe proteomicdifferencesassociatedvith different classification®f humanteeth
(Sharma, Rastogi et. 2020). Incisorgre-molars, molars and canirteeth werecollected

and proteins extracted in similar methods as previously mentioned from the entire tooth.
Unigueproteinswere detectedin different tooth types,suggesting link betweenbiological
function and protein profile. The study also stated the importance of comparing the same

tooth type across clinical and biological conditions (Sharma, Rastogi et al. 2020).

Researchers have also focused on the cellular proteomes foutiin dental tissues by
conductingproteomicson different typesof dental cells (HaniHonget al. 2019,Lei,Wanget

al. 2021, Zhang, Liu et al. 2025). Proteomic comparisons between PDLSCs and DPSCs
provides arunderstanding of theidifferences and howhey may bothbe usefulin terms of
tissueengineeringesearch(Lei,Wanget al. 2021).Anotherbenefit of utilisingstemcellsfor
proteomicsresearchisthe applicationof the effectsof certain stimuli, suchasinflammatory
cytokines, proteins and bacteria may have on these cells and how that may be linked to

dental diseases (Bansal and Jain 2015).

Onelimitation of proteomicstudieson dentaltissuessthat, in almostall casesteeth must
be extracted for analysis. This poses challenges for using dental proteomics in preventive
care and early disease detection. To address this, many studies have turned to salivary

proteomicsasamore accessiblenon-invasivealternativefor monitoringoral health.

Dentalproteomicshasalsobeenutilisedbeyondmedicalresearchand hasapplicationan
forensicspalaeontologySchweitzerSchroeteret al. 2019),andarchaeologyDekker Larson

et al. 2023). The proteins and peptides present in dental tissues are highly stable and, in
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some cases, represent the only surviving biological material. By characterising these
proteins,researcherfiavebeenableto reconstructevolutionaryrelationshipsandgain
insightsinto the biologyof ancientspeciesandhumanancestorgJersieChristensen, Lanigan
et al. 2018 Welker,RamosMadrigalet al. 2020)Recentstudieshave successfully retrieved
proteomicdatafrom fossilisedeeth, providingnew informationin casesvhereancientDNA

is too degraded to analyse (Cappellini, Welker et al. 2019).

9.15Areasfor FutureResearch

This introduction provides an overview of the structure and function of dental tissues and
explorescurrentliterature in the field of dentalproteomics However severalareasremain
open for further investigation. A deeper understanding of the molecular and proteomic
changes across different dental tissues and life stages could help clarify mechanisms of
healthy ageing and agelated disease. While recent advances in masstspeetry and
bioinformatics have improved the characterisation of dental tissue proteomes, more
standardised methods and larger comparative datasets are needed to improve
reproducibilityandclinicalrelevance Finally translatingfindingsfrom basicresearchinto
practicalapplicationssuchasbiomarkersfor earlydiagnosior noveltherapeutictargets,
remain a promising but underexplored avenue. Continued interdisciplinary research
integratingproteomicstissuebiology,andclinicalstudiesholdsgreatpotentialto advance

the field of dental and oral health in humans and animals.
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10 MaterialsandMethods

10.1 Proteomicmethoddevelopmentof dentaltissuedrom onetooth

using Bovine incisors

10.1.1BovineSampleCollection

Forthis section five biologicalreplicatesof bovineincisorswere usedfor massspectrometry

analysis. Mandibles were used asgpducts of routine slaughter and samples were
collectedimmediatelyandstoredoniceto preservebiochemicaintegrity. Incisorswere

collectedfrom lower mandiblesof cowsbetweenthree to five yearsold. The material used in this

study was obtained posnhortem from animals already processed for the food industry at a licensed
abattoir. No animals were sacrificed specifically for research purposes, and ethical approval was nc
required.Samples were then transported back to tbeiversityof Liverpoolandstoredat -80°C

until further processing.

10.1.2Isolationof BovineDentalTissues

Following extraction, each tooth was extensively cleaned with distilled water and a
toothbrushto removeexternaldebrisandpotential contaminants Adherentperiodontal

ligament was removed using a sterile scalpel and snap frozen in liquid nitrogen. Teeth were
then sectionedat the crown-root junctionusinganIsoMett low-speedsaw(Buehler lllinois,

USA) with constant water cooling. Pulp tissue was carefully removed from the exposed root
chamber using endodontic files (BDSI, Barugh Green, England) and snapvitbZeyuid

nitrogen
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Dentalcrownswere mountedonto a WELlprecisiondiamondwire (WELLL.eLocle,

Switzerland) using Kerr impression compound sticks (Henry Schein, New York, USA). Thin
sectionsof enamelwere cut from the tooth, with anydentin removedusingthe EcoMet30
manualgrinderpolisher(Buehler Jllinois,USA)andsnapfrozenprior to analysisDentin

was subsequentlgollectedfrom the crownsn the same mannernsuringall remaining

enamel was removed using the EcoMet 30, and were also snap frozen.

10.1.3Confirmationof dentaltissuesusingQuantitativelight-induced

fluorescent imaging

Throughout sample processing, bovine incisors were imaged to facilitate visualisation of
dentaltissuesmore clearlythan with the nakedeye.lmageswvere acquiredusingthe QLFDu
Biluminator system (Quantitative Lightduced FluorescenebB; Inspektor Pro Research
Systems, Bussum, Netherlands) mounted onto a silegle reflex (SLR) camera (Canon,
Tokyo, Japan) with an £5-60 mm /2.8 macro lens (Canon, Tokyo, Japan). The Biluminator
consistf atube containingd blue LED$405nm) and 4 white LED$6500K),with filters for
capturingboth white-light and QLAmages Allimagingwasperformed in adarkroomunder
standardised setting®r blue and white light to ensure consistency. Resulting images were

used to more accurately divide dental tissues, specifically enamel and dentin.

10.1.4PreProcessingf DentalTissuedor ProteinExtraction

Soft tissues (PDL and dental pulp) were minced into small fragmentsaustegle scalpel.

50 mg of each tissue was weighed and snap frozen prior to protein extraction. Mineralised
tissuegenamelanddentin) were cryogenicallypulverisedinto afine powderusinga Mikro-
Dismembratoi(SartoriusgGroup,Goettingen Germany)Cryochamberscontainingd mm ball

bearings (Sartorius, Goettingham, Germany) wereqmeled in liquid nitrogen foR min



80

before the addition of tissue sections, which were then cooled for a furdram.
Pulverisation was performed at 2000 rpm until complete powderisatioa achieved From
this, 50 mgof eachtissuetype wasweighedout andsnapfrozenfor subsequent protein

extraction.

10.1.5ProteinExtractionof Bovinelncisors

Forsofttissuess0 mgof eachsamplewasincubateddirectlyin 500 uLof 4 M GnHCsolution

for protein extraction (ThermoFisher Scientific, Massachusetts, USA) containing cOtplete
EDTAfree proteaseinhibitor cocktail(Merck,Darmstadt,Germany) at °Candsonicatedfor

ten 30 second cycles using a Bioruptor plus sonication device (Diagenode, Liege, Belgium).
Samples were then incubated with constant agitation for 24 hours at 4 °C. Following
incubation,sampleswvere centrifuged (10,00& g, 5 min) andthe GnHG{soluble protein

fraction was collected from the supernatant for downstream analysis. For
mineralisedissuescryogenicallypulverisedpowderswerefirst demineralizedn 0.5M, pH
8.0EDTAMerck,Darmstadt,Germany¥or three daysat 4 °Cunderconstantagitation.

Samples were then centrifuged (10,000,% min), and the EDT-80oluble protein fraction

was collected. The remaining pellet was resuspended in 4 M GnHCI (ThermoFisher Scientific,
Massachusettd)SARandincubatedunderidenticalconditionsfor anadditional24 hours.

After centrifugation, the GnHE3oluble protein fraction was collected. The EBBAIble

and GnHGCJoluble fractions were then pooled to generate the final mineralised tissue
protein extracts. EDTA treatment was employed for mineralised tissuesntove calcium

and facilitate protein soluitization, whereas soft tissues required only guanidine

hydrochloride due to their nomineralised nature.



81

10.1.6FilteraidedSamplePreparation

Protein extracts from both soft and mineralised tissues were processed using -aiiilést
samplepreparation(FASPapproachto removedetergentsandother contaminantsprior to
enzymatiadigestiond 2 A T y 2038).Brigfly,50 ug of eachprotein extractwasappliedto

a 10 kDa molecular weight coff centrifugal filter unit (Cytiva, Massachussets, USA).
Samplesverefirst denaturedandreducedin 8 M urea(Sigmaaldrich,Missouri,USA)

containing 50 mM DTT (Thermofisher, Massachusetts, USA) for 30 min at room
temperature, followed by alkylation with 50 mM IAA for 20 min protected from light. The
denaturantwasthen removedby repeatedwashingwith 8 M ureain 50 mM ammonium
bicarbonate (Ambic) (Signrddrich, Missouri, USA), followed by additional washes with 50
mM ambic to equilibrate the filter for enzymatic digestion. Proteins were sequentially
digested on the filter, first with LysC (Promega, Wisconsin, USA) at 37 °C overnight and then
with sequencing grade modified trypsin (enzytoeprotein ratio of 1:100) at 37 °C fdr

hours (Promega, Wisconsin, USA). Peptides were recovered by centrifugation and further
eluted from the filter using 50 mM ambic. The resulting peptide mixtures were desalted
using C18 spin columns (MilliporeSigma, Massachusetts, USA) and concentratemlivia
centrifugationprior to massspectrometryanalysisThecompletesample processingipeline

for bovine incisors is summarised in Figure 10.1.
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Five bovine incisors removed from lower jaws
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, / \
Periodontal ligament removed using a scalpel Dental pulp removed with endodontic files
Enamel and dentine isolated using a precision diamond wire saw 1
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Samples digested using filter-aided sample preparation
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15

Samples analysed by mass spectrometry proteomics

Figure10.1- Schematiaepresentingproteomicpipelinefor bovineincisors Samplesverecollectedfrom mandiblesand
proteins extracted in a sequential process involving EDTA and GnHCI. Proteins were digested emitedfitample
preparation and ran on a-Bour gradient. Image created with BioRender.

10.1.7LiquidChromatographyyfandemMassSpectrometryAnalysis

Peptide samples were resuspended in 0.1% formic acid and quantified phaytto
resolution liquid chromatograplggandem mass spectrometfl. GMS/MS) Approximatelyl
ug of peptidesfrom each sampl&vasinjected onto areversedphasenancoliquid
chromatography system (Vanquish Neo UHPLC, Thermo) coupled online teradulyiion
massspectrometer(Explori#80, Thermo) Peptidesvere separated at flow rate of 250
nL/min using a 13in binary gradient of increasing acetonitrile and ionized via
electrosprayThemassspectrometewasoperatedin data-dependentacquisitionmode,
with survey scans recorded at high resolution and the most abundant precursor ions
selected for fragmentation. Fragmentation spectra were acquired using hegengy

collisionaldissociationHCD)anddynamicexclusionwasappliedto minimiserepeated
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sequencingf abundantpeptides.Rawdatafileswere collectedfor subsequenprotein

identification and quantification.

10.1.8ProteinldentificationandQuantification

Raw mass spectrometry data were processed using MaxQuant (maxquant.org|&ek
Institute Munich- version2.0.1.0)for proteinidentificationandlabelfree quantification.The
softwarewasconfiguredto searchagainsta reviewedcanonicafastadatabaseof Bostauros
from UniProt, including common contaminants. Carbamidomethylation of cysteine residues
was set as a fixed modification, while methionine oxidation artdrihinal protein

acetylation were set as variable modifications. Enzyme specificity was set to trypsin/P,
allowing up to two missed cleavages per peptide. Mass tolerance was set according to the
instrument specifications for precursor and fragment ions. False discovay (GDR) for
peptide-spectrummatchesandprotein identificationswere controlledat 1%usingatarget-

decoy approach. Protein quantification was performed using the MaxLFQ algorithm, with
peptides uniquely assigned to each protein considered for calonlat protein intensity
values. Resulting protein groups were exported for downstream statistical analysis and

bioinformatic processing.

10.1.9StatisticalAnalysis

Proteingroupsidentified by MaxQuantwerefiltered to onlyretainthosedetectedin at least
three of five biological replicates per tissue, ensuring robust and reproducible detection.
Uniqueprotein listsfrom eachtissuewere subsequentiyanalysedusingSTRINGSzklarczyk,
Gable et al. 2019) for proteiprotein interaction and functional enrichment analysis. Venn
diagrams were generated using the ggvenn R package (version 0.1.10) to visualise the

overlapandtissuespecificproteins.Formultivariateanalysisproteinswerefiltered
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differently to retain proteins detected in at least 20% of samples across all tissues. This
threshold was chosen to balance inclusion of informative proteins with minimisation of
noise from sparsely detected proteins. Missirajues weraeplaced with zeros to allow
inclusionof all proteinsin downstreamanalysesPrincipalcomponentanalysigPCAjvas
performedto assessampleclusteringandoverallvariance usinghe prcompfunctionfrom

the statsRpackaggversion4.2.2) .Differentialabundanceanalysisvasconductedusingthe

R package NormalyzerDE (version 1.16.0) (Chawade, Alexandersson and Levander 2014,
Willforss, Chawade and Levander 2019yaRies were adjusted for multiple testing using
the BenjaminiHochberg (Benjamini and Hochberg 1995) method, with a significance
GKNBaAK2fR 2F LI T nonpd tNRGISAYya 6AGK |y
differentiallyabundant.Differentialabundanceesultsfor enamelversusdentinandpulp

versus periodontal ligament were subsequently input into the clusterProfiler R package
(version4.6.2)(Wu,Huet al. 2021)for functionalenrichmentand pathwayanalysisAll other

data visualisation was carried out using the ggplot2 R package (version 3.5.2).

o

a

2
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10.2 InflammationandResponséo BacterialnfectionasPotential
Drivers of Equine Odontoclastic Tooth Resorption and

Hypercementosis

10.2.1EthicalApprovalfor the useof Equinelncisors

This studynvolved samples obtained from an abattoir as veallroutine dental extractions
from living horses. For samples collected from living horses, the project was advertised in
equinedental practicesandinformed consentwasobtainedfrom the ownersfor the useof
extracted teethin this study.Ethicalapproval forthe useof clinicalsamplesvasgrantedby

the University of LiverpooVeterinary Research Ethics Commit{éghics no. VREC1171).

10.2.2SampleCollectionfor Equinelncisors

Diseasedncisorswere collectedfollowingextractionby a veterinarysurgeonusingstandard
equinedentalextractioninstrumentsat the North WalesEquineDentalPractice EOTRIas
confirmedbasedon the presenceof resorptivelesionson the lower portion of the teeth and
further verified by radiography. A total of five diseased incisors were collected from
individual geldings (mean age = 22.3 years, SD £2.8). Control samples were obtained from
horses without gross signs of EOTRH, as assessed by a veterinary surg&pnlmese

control incisors were collected from cadaver heads (mean age = 8.2 years, SD +3.4) at F
Druryand Sonsabattoirandwere abyproductof the agriculturalindustry.A secondset of
samplesvasalsocollectedfrom the abattoir and processedsimilarlyto validatethe findings

(N = 3 per group; controls mean age = 9.2 + 1.3 years, EOTRH mean age = 24.6 £ 4.6 years).

lff &l YL S&a 6SNBX ad2NBR G bync/ AYYSRAI (St @
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10.2.3Processingf Cementunmfrom Equinelncisors

Adherent PDL, pulp, and alveolar bone were removed using a sterile scalpel, and the outer
surface of the teeth was gently cleaned with a toothbrush and 70% ethanol. Teeth were
measuredrom the mostocclusato the mostapicalpoint anddividedinto three segments.

Each segment was mounted and cut onto a WELL precision diamond wire (WELL, Le Locle,
Switzerlandjsdescribedn Section10.1.2 Thinsectiong(~3¢5 mm) of tissuewere
prepared,andanydentin or enamelcontaminantswere removedusinga EcoMet30 manual
grinderpolisher(Buehler lllinois,USAsdescribedn Section10.1.2 Approximately250mg

of cementum was collected for downstream processing.
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10.2.4QuantitativeLightinducedDigitalimaging

Throughout sample processing, images were captured as described in Scioto
ensure that only cementum was collected for downstream analyses. After each round of
imaginganyadherentand non-specifictissuewasremoveduntil only cementumwasleft.

Figure 10.2 shows an example €l inage taken from an equine incisor with specific

tissues labelled.

Enamel Dentin

Cementum Bone

Figurel0.2- Quantitative light-inducedfluorescent(QLF)mage of an equineincisor.Equineincisorsverecrosssectioned
and QLF images were taken to assist in tissue isolation.

10.2.5ProteinExtractionfrom EquinelncisorCementum

Proteinextractionfrom hard cementumtissueswvasperformedusinga sequentiaprotocol
with EDTA (Fisher Scientific, New Hampshire, USA) and GnHCI (ThermoFisher,
Massachusetts, USA) similarly to SectiOril.5 with some changes. Cementum sections
were crushedinto afine powderusinga mikro-dismembrator(SartoriusGroup,Goettingen,
Germany) under liquid nitrogen cooling as previously described in seiidm Then,
cementum powder was first incubated in phosphdeffered saline (PBS) (ThermoFisher,

MassachusettdJSA¥or 5 min with constantagitation,followed by centrifugationat
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10,000x g, andthe supernatantwasdiscardedThepelletwasthen re-suspendedn 0.5M

EDTA (pH 8.0) containing cOmpleteDTAfree Protease Inhibitor Cocktail (Merck,

Darmstadt, Germany) at 4°C under constant motion. After two days, the sample was
centrifuged, and the supernatant was collected. Fresh EDTA was added, and the sample
underwent sonication for ten 38econd cy@s using a Bioruptor Sonication Device

(Diagenode, Liege, Belgium). After a further three days, the second EDTA extract was
collected.Finally the remainingpelletwasincubatedwith a GnHCeéxtractionbuffer

containingd M GnHC(ThermoFishemassachusettdJSA)65mM DTT(ThermoFisher,
MassachusettdJSARNd50 MM sodiumacetate(Invitrogen,MassachusettdJSAgnt 4°C

with agitationfor 3 days.All protein extractswere pooledfor eachindividualsamplefor downstream

analysis.

10.2.6Proteindigestion

Proteinextractswere centrifugedat 15,000x g for 10 minto removeanyresidual

cementumpowder. Theresultingsupernatantwastransferredto 5000Damolecularweight

cut-off Vivaspim ultrafiltration spin columns (Sartorius, Goettingham, Germany), and the
SEGNI QGiA2y o0dzFFSNI 61 & SEOKIYy3ISR FA0S GAYSa
instructions.Protein concentration wadeterminedusingthe Piercet 660nm ProteinAssay

Kit (ThermoFisher, Massachusetts, USA). Brigfy| of protein mixturewas incubated with

150>L of Pierce protein assay working reagent and incubate8 foin in a 96well plate.
Absorbance was measured at 660 nm using a SPECTROstar NanegpletéBMG

Labtech, Ortenburg, Germany). Protein concentrations were compared againstgute

bovine serum albumin (BSA) standard(@0>g/mL) and protein concentrations were

calculated usinghe in-houseAndersRpackaggversion 0.0.0.9000). Fdigestion,100>g of
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protein wasincubatedwith 10 >L of Stratacleam resin(AgilentGenomicsCalifornia USA)
andwashedthree timeswith 25 mM ambic(ThermoFishegcientific MassachusettdJSA).
Rapigest (0.05% w/v) (Waters, Massachusetts, USA) was added, and the samples were
heated at 80°C for 10 min. Proteins were reduced with 3 mM DTT (ThermoFisher,
Massachusetts, USA) at 60°C for 10 min and alkylated with 9 mM IAA at 25°C for 30 min
(SigmaAldrich,MassachusettdJSA)Digestionwasperformedwith Trypsin/LysC(Promega,
Wisconsin, USA) at a 50:1 protéarenzyme ratio for 12 h at 37°C with agitation. Following
digestion,sampleswvere centrifugedat 5000x g for 10 min andthe tryptic supernatant was
collected. Rapigertwas then inactivated with 0.5% (v/v) trifluoroacetic acid
(ThermoFisher, Massachusetts) at 37°C for 45 min. The digest was centrifudedCi xg

for 15min, andthe resultingsupernatantwasusedfor liquid chromatographgtandemmass

spectrometry analysis.

10.2.7SodiumDodecylSulfatePolyacrylamidéselElectrophoresis

Priorto massspectrometry protein extractsandpeptidedigestswere analysedy sodium
dodecyl sulfatepolyacrylamide gel electrophoresis (SBSGE) to assess extraction and
guantification accuracy as well as digestion efficacy. Fodgestion samples,
approximatelyl0 >g of protein extractwasmixedwith 4 XSDSoadingbuffer (0.5M TrisHCI
pH 6.8, 8 % SDS, 70 % Glycerol, @@®@omophenol blue) and boiled at 96 for5 min.
Samples were loaded onto al2 % Bis Tris gel (ThermoFisher, Massachusetts, USA) with
250 mL 1 X NuPage MEBS running buffer (ThermoFisher, Massachusetts, USAgber
Samplesvererun at 150V until completion. Gelswere stainedusinga colloidalblue staining

kit (ThermoFishemMassachusettdJSAgaccordingo the manufactiNG N3dction.
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Forpost-digestgels 7 uLof the final digestwasmixedwith 7 uLof 2 X SDS3oadingbuffer and

processed in the same way as above.

10.2.8LiquidChromatographyyfandemMassSpectrometryAnalysis

SamplesveredesaltedusingC18ZipTipgMilliporeSigmaMassachusettdJSApnccordingo
GKS YIydzFl O dzNBNDa A yiD,000Hz) RTA PryiaEtransfsr@yto OSy i NA
total recovery vial§Waters, Massachusetts, USA) focMS/MSanalysis Approximately
300ngof eachsamplewasloadedonto the trapping column (PepMap100, C18, 300 pum x
3.5 mm; ThermoFisher ScientifidassachusettdJSAlsingpartial loopinjectionfor 7 min

at aflow rate of 12 pL/min with0.1%(v/v) formic acid.Peptidesnvere separatedonthe
analyticalcolumn(EasySpray C18, 75 um x 500 mm; ThermoFisher, Massachusetts, USA)
using a gradient from 96.2%olventA (0.1%formic acidin water; Merck, Darmstadt,
Germany)nd3.8%solventB (79.95%acetonitrile,19.95%water, 0. 1%formic acid;Merck,
DarmstadtGermany}o 50%A/ 50% B over 90 min at a flow rate of 0.3 nL/min, followed

by 30min blanks between samples. Data acquisition employed a-dependent program

with a fulkscan MS resolutioaf 60,000(m/z 200)in the Orbitrap (ThermoFisher,
MassachusettdJSAYAGQarget: 3 x 10"6ions;maximumifill time: 100ms).Thel6 most
intensepeaksfrom eachfull scanwere selected for HCD MS/MS at 30,000 resolutions (AGC
target: 1 x 1075 ions; maximum fill time: 45 ms), with an isolation window of 2 m/z and
normalised collision energy of 30%inglychargedonsandionswith chargestatesx+6
wereexcludedTopreventrepeatedselectionof the samepeptides,adynamicexclusion
window of 60 swasapplied.Allsamples were analysed in a randomised order. Full analysis

pipeline for EOTRH samplesapresentedn Figurel0.3.



EOTRH and non-EOTRH incisors were collected

I

Cementum was isolated using diamond wire

0.5M EDTA was incubated with Cementum powder for
(o]

decalcification HoL 0
H
| fwv“f
HO\A) o] OH

n«@ Supernatant was removed and EDTA extract collected
' ®
NH, o 8805
)J\ Cl™  4M GnHCI added to samples e
H2N NH2 l -+ 458
Samples dialysed for downstream processing | {3
-Gl
=2 | X
St

Protein extracts digested into peptides

Samples analysed by Mass spectrometry-based ‘:
proteomics ‘ —]

Figure 10.3 Schematic representing proteomic pipeline of equine cementum for rrgssctrometry based
proteomics.Equinecementumwasisolatedfrom incisorsand proteinsextractedwith EDTAethylenediaminetetraacetic
acid) and GnHCI (guanidine hydrochloride). Extracts were digested and analysedhour ayadient.

10.2.9Labelfree Quantification

Peptideandprotein identificationwasperformedusinganin-houseMascotserver.Searches
were conductedagainstthe UniHorsedatabasewith the followingparameterspeptidemass
tolerance of 10 ppm, fragment mass tolerance of 0.01 Da, trypsin as the enzyme with up to
one missed cleavage, fixed modification of carbamidomethylation (cysteine), and variable
modification of oxidation (methionine). Protein quantification was @rout using
Progenesi®Qlsoftwarev4 (Waters,Massachusettd,JSA)consideringonlyuniquepeptides.

All raw data is publicly available via ProteomeXchange under the identifier PXD051310.
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10.2.10 StatisticalAnalysis

Alldataprocessingandanalysisvere performedin R(version4.2.2).Datanormalisationwas
evaluated and carried out using NormalyzerDE (Chawade, Alexandersson and Levander
2014) , which compares methods based on multiple metrics, including density p&ds, Q
plots,andrelativelog expression{RLEplots. Proteomicdatawere normalisedusingmedian
normalisation, in which each protein abundance was divided by the median intensity per

sample, multiplied by the average median of total intensities, and finally-tiggisformed.

AAAAA
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proteomicsstudies.PrincipalcomponentanalysigfPCAasusedto assesselationships
betweenbiologicalreplicates Variablesvere convertedinto principalcomponentsandthe
contribution of each protein to the components was determined. Differentially abundant
proteins were identified using NormalyzerDE, which employs a limasad linear
modellingapproachfor accuratedifferential expressiorestimationusingthe normalyzerDE
function (Ritchie, Phipson et al. 2015). Statistical significance was adjusted with the BH
correction(Benjaminiand Hochbergl995), and proteinswere consideredlifferentially
expressedf the FDRcorrectedp-valuewaslessthan 0.05and FCwaslower than 0.5or
largerthan two. FunctionalkenrichmentanalysisvasperformedusinglPA(QIAGENNc.,
Hilden,Germany)KramerGreenet al. 2014).C A & & dttEstidentified significantly
overrepresentegathwaysandZ-scoreredictedpathwayor biologicafunctionactivation
states (positive = activated, negativérhibited). A Zscore significantly differerfrom zero
indicated that the observed activation or inhibition was unlikely to occur by chance.
ValidationwasperformedusingL t & ©2 Y LJH NOV- & ®¢ftd caraparepathway
information between the main dataset and an independent cohort. All figures were

generatedusinglPAor RpackagesincludingggVenn(version0.1.10)andggplot2(version

Qa



3.5.2).ForPCAmissingvalueswereimputed usingBayesiarPCAviathe PCAtoolskpackage
(version 2.10.0), which outperformed other methodsngarest neighbour, local least
squaresyandomforest,mean)basedon root meansquareerror. Fordifferential abundance

and enrichment analyses, only detected observations were used, while missing values were

excluded.

10.2.11 Isolationof periodontalligamentcells

Equineincisorswere extractedfrom live animalsaspart of pre-plannedandroutine dental
procedures, with informed owner consent. Extracted teeth were immediately placed in
Falcontubes(50 mL)xontainingcultivationmediamadeup of 5 dzf o SMbdifedEagle
Medium¢High Glucose (DMEMG) (ThermoFisher, Massachusetts, USA) supplemented
with 10%foetal bovine serum (ThermoFisher, Massachusetts, USA), 1%
penicillin/streptomycin (Sigmaldrich, Massachusetts, USA), andd®¥photericin B
(ThermoFisher, Massachusetts, USA). Teeth were processed withoufafter

collection. Under sterile conditions, cultivatiomediawasremoved,andteeth wereplaced

in a150-mm culture dish.PDLtissuewasscrapedrom the mid-third of the root surface
usingasterile scalpelavoidingremaining gingivabr root tissue. Theollected PDlissue
wasfinely mincedandtransferredto a15ml tube containing 15 ml of digestion media,
which contained supplemented DMENG and 2 mg/mL collagenase type Il (ThermoFisher,
Massacusetts, USA). Samples were digest&Y AT on a rotating rack farhour, followed
by centrifugation at 300 x g fd¥ min. Thesupernatantwasremoved,the cellpellet
resuspendeandfiltered througha 70 um cell strainer.Theflow-throughwascentrifuged
againat 300x gfor 5 min, resuspendedn 1 ml of cultivationmedia,andseedednto T25

culture flasks (ThermoFishekassachusettdJSA).
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10.2.12 Maintenanceof CellCultures

Cellswere maintainedat 37 °Cin a humidifiednormoxicatmospherewith 5%/ h Meblia
wasreplaced every two days. At 88 confluence, cells were washed with PBS and
incubated with 0.2%%6 trypsin/EDTA (Sigr#ddrich, Massachusetts, USA) until cell
detachment. Detached celgere neutralised with cultivation media, centrifuged at 200 x g
for 5¢10 min, and resuspendddr re-seeding Selectivadetachmentwasperformedto
enrichfor fibroblastsor cementoblasts. Briefly, trypsinisation (3 min at°®) was repeated,
and cells weranonitored microscopicallyo detachonecelltype preferentially.Detached
cellswere harvested andreseededwhile remainingadherentcellswere maintainedin

culture for further enrichment.

10.2.13 Cellimaging

Cellmorphologywasmonitored usingan AxiovertS100ight microscopgZeiss©Oberkochen,
Germany). Fibrobladike cells displayed spindghaped morphology and formed parallel
strandlike arrangements at confluence. Cementobihise cells exhibited a cobblestone
appearanceformingdenselypackedcolonieswith definededges PDLSGsere notedto be
fibroblastlike, making distinction based on morphology alone challenging. Images were
captured using an Axiovert S100 microscope (Zeissm Oberkochen, Germany) at 10
magnificationwith imageacquisitionperformedviathe SEYEShenzhemiayearElectronics,

Shenzen, China) software on an attached device.
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10.3 Proteomicsignaturef equinedentaltooth tissuesn ageingand

disease

10.3.1EthicalApprovalfor the useof EquineTeeth

This studynvolved samples obtained from an abattoir as veallroutine dental extractions
from living horses. For samples collected from living horses, the project was advertised in
equinedental practicesandinformed consentwasobtainedfrom the ownersfor the useof
extracted teeth in this study as described in SecfiOr.1 Ethical approval for the use of
clinicalsamplesvasgrantedby the Universityof Liverpool Veterinary Research Ethics

Committee(Ethics no. VREC1171).

10.3.2MicroCTandImageAnalysis

Equine molars were imaged using a hrgsolution micrecomputed tomography (microCT)

system (Quantum GX2; PerkinElmer, Massachusetts, USA). Scans were acquired over a 14

min duration usinga copperandaluminiumfilter combination(Cu0.06mm + Al0.5mm),

with a tube voltage 090kV anda currentof 88> ! ® ¢ KoBvieW(ROY faRgedirom 72¢

86 mm, resulting in an isotropic voxel size of approximatelycd H  >Y ® wSO2 y & (i Nz
Digitallmagingand Communicationgn Medicine(DICOMfJileswereimportedinto

Dragonfly3D (ObjectResearcl8ystemsQuebecCanadajor meshgenerationand

visualisation. Morphometric measurements, including total tooth length and crown length,

were performedusingMeshLak(version2020.07) (CignonGallieriet al. 2008),basedon the

3D surface meshes exported from Dragonfly 3D.
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10.3.3SampleCollectionof EquineMolars

Equine molars were collected as described@®.2 Briefly, cadaver heads from mixed
breeds, sourced from an abattoir were collected and aged using horse passports and by
analysinglentalstructure. Fordiseasedeeth, molarswere collectedfollowingaroutine
surgical extraction by a veterinary surgeon with informed consent and ethical approval
(Universityof LiverpoolVREC1171Jeethwere storedimmediatelyat ¢ 80 °Cafter removal

prior to processing.

10.3.4Isolationof DentalTissues

Dental tissues were isolated in a similar process as described in SE@tioBwith some
extraprocessingtepsto accountfor soft tissues. Adherer®RDL wasemovedusingasterile
scalpel Pulpwasextractedusingsteriledentalprobes andendodonticfiles.Both soft tissues
were immediately stored a#80 °C. Teeth were sectioned into three segments: crown,
reservecrownandroot. Thesegmentsvere separatedby cutting horizontallyusinga

Precision Diamond Wire Saw (WELL, Le Locle, Switzerland) under constant water cooling.
Thecrownwasfurther cutinto 1¢3 mmthick sectionsTodistinguishthe individualtissues,

the cross sections were visualised under QLF imaging as described in $@&idnAny
remaining pulp tissues &ve removed, and hard tissues (dentin and cementum) were cut
based of previously acquired images. All hard tissues were stor&) 4t for downstream

processing.

10.3.5ProteinExtractionfrom EquineDentalTissues

Hardtissueswere processedsdescribedn section10.2.5anddental pulp wasprocesseds

described in sectiod0.1.5



10.3.6ProteinDigestion

Proteinwasquantifiedanddigestedasdescribedn section10.2.6 Asummaryof the sample

processing protocol from equine molars is shown in Figure 10.4.

Equine molars Dental tissues Mass spectrometry
young, old, diseased isolation analysis
Clinical
crown
Pulp o _ )
extraction i ¥ Protein extraction
Reserve —> and digestion
crown l v
| W
\
Root { // \ 9
L..’/\J Dentin \
Clinical v Label-free
inica prownl s quantification
sectioning / -
Ename \ >
£ . ‘1 If
Cementum I ﬂﬂ m/zh il
isolation |

0 Pulp O Enamel
[J] Dentin [] Cementum

Figure 10.4 Summary of proteomic pipeline used for equine molaBental tissues were carefully dissected, with

adherent periodontal ligament removed using a sterile scalpel and pulp extracted with dental probes and endodontic files.
Teethweresectionednto crown,reservecrown,androot usinga precisionrdiamondwire sawunderconstantwater cooling.

Crown crossections (&3 mm) were imaged with QLF to distinguish dentin and cementum from residual pulp, which was
removed prior to storage. Hard tissues (dentin and cementum) were decalcified with EDTA prior to solubilisation in
guanidine hydragloride (GnHCI), wheas soft tissues (pulp and periodontal ligament) were directly solubilised in GnHCI.
Theschematidllustratesthe workflow from tissueisolationto proteinextractionanddownstreamproteomicanalysis.

Image produced using BioRender.

10.3.7SodiumDodecylSulfatePolyacrylamidéselElectrophoresis

SDSPAGHEnNalysidor pre andpostdigestiongelswere completedasdetailedin section

10.2.7



10.3.8LiquidChromatographytandemMassSpectrometryAnalysis

Massspectrometrywasperformedasdescribedn section10.2.8 Mature, old, anddiseased
samples were run on the same day; however different tissues were analysed on separate
days.All four raw datasetshavebeenuploadedto the ProteomicddentificationsDatabase
(PRIDE) under the following identifiers: Enamel (PXD065888), Dentin (PXD065894),

Cementum(PXD066267gndPulp(PXD065888).

10.3.9Labelfree Quantification

Rawdatafileswere quantifiedusingthe samemethodasdescribedn section10.2.9with

the same search parameters and database used.

10.3.10 StatisticalAnalysis

Statisticalnalysisvasperformedasdescribedn section10.2.10with someminor changesTo

assess the overlap of proteins in different dental tissues, proteins detected in at least one of each
group (mature, old, diseased) for each tissue were retained. This threshold was lowered for this
section due to increased number of different biol@jigroups compared with section 10.2.10.
Proteinswerefiltered to excludethosewith excessivenissingvalues;specificallypnly proteins
guantifiedin at leastthree biologicalreplicatesper groupwereretainedfor differential abundance
analysisData was median normalised and pairwise differerdlaindanceanalysis waperformed

within eachtissuetype usingNormalyzerDEChawadeAlexanderssoandLevande014),

comparingthe followinggroups:maturevs.old, maturevs.diseasedandold vs. diseased. Statistical
significance was assessed using empirical Bayes modersgststProteinswere considered
differentiallyexpressedf they met both afold changethreshold2 ¥ f 2 3 H 0 Q And a pgalue 2 N
X nonpd® !'ff GAradadtArAalidArzya gSNBE ISYSNI G§SR dza

clusterProfiler R package (version 4.6.2) was used for gene ontology (GO) and pathway over
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representation analysis, allowing the identification of enricliealogicalprocessesmolecular
functions,andcellularcomponentsassociated wittprotein expressiorchangesingenuityPathway
AnalysifQIAGENNhc.,Hilden,Germany) (KrameGreenet al. 2014)wasemployedto provide
complementaryinsights,including upstream regulator prediction, canonical pathway mapping, and
network-levelinterpretation of the data. Differentialabundancedatawasinput into IPA,andthe

datag & ONR &aa NBFSNByOSa F3aFAyald GKS WdzaSNJ RI

experiment.

10.3.11 ShinyApplicationDevelopmenfor DataVisualisation

AcustomShinyapplicationwasdevelopedn R(version 4.2.2)singthe shinyRpackage
(version 1.7.4.1). Within the app, protein expression data and differential abundance
analysioutputsfrom the four dentaltissueswere integrated.Pairwisecomparisonsvere
organised to separately evaluate ageing (oldwature) and disease (old diseased vs. old
healthy). The application includes modules for generating interactive volcano plots,
visualisingoverlapof differentially expressegroteinsacrosgissues andgexportingdatasets.
Theappwasdeployedonlineat (https://andersjensenl4.shinyapps.io/ageing_teeth_shiny/),

andthe sourcecodeispubliclyavailableat https://github.com/AJensenl14/Teeth _Shiny App



https://andersjensen14.shinyapps.io/ageing_teeth_shiny/)
https://github.com/AJensen14/Teeth_Shiny_App

10.4 Applicationof ProteomicMethodsto DetermineAgerelated

Changes in Human Teeth

10.4.1EthicalApprovalfor the Useof HumanSamples

Humantooth sampleswvere collectedin accordancevith ethicalguidelinesandapprovedby

the Liverpool University Biobank and Ethical Review Committee (Project numigdn 23
Written informed consentwasobtainedfrom all participants.Informationregardingage,sex,

and smoking status was recorded for each domly extracted molars without obvious
macroscopic signs of disease, as assessed by gross visual inspection, were included in this

study.

10.4.2SampleCollection

Teethwere obtainedduringroutine dentalextractions Eachrsamplewasassignedarandom
identification number by the dental clinician to ensure donor anonymity. Samples were
transferred to the University of Liverpool Biobank Faculty of Healthy and Life Sciences,
Universityof Liverpool wheretheywere storedat 80 °Cuntil requestedfor processing.
Samplesvere cataloguedand madeavailableto the researchersvith the supportof the

Liverpool University Biobank for the provision of material.

10.4.3HumanSampleProcessing

Human molars wer@rocessed following aimilar protocol tothat described in Section
10.1.2with minor modifications Briefly teeth were cleanedusingwater andatoothbrush,
then rinsedwith 70%ethanol.Anyadherentsoft tissuewasremovedwith asterilescalpel,
and the crown was separatedfrom the root at the cementeenameljunction usinga

diamond
100
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wire. Thepulpchambemwascleanedwith endodonticfilesand 70%ethanol,after whichthe tooth was

bisected. Enamel was ground away as detailed in Se6fi@md dentin was subsequently imaged

using QLID, as described in Secti@f.1.3to confirm accurate tissue isolatioRollowingthis,dentin

pieceswere snapfrozenin liquid nitrogenandcrushedinto a powder as in SectiatD.1.4

10.4.4ProteinExtractionandDigestiorusingS Trap

Protein extraction from dental samples was performed using two methods: EDTA/SDS
extractionfor the mainstudy,alongsiddormic acidextractionin orderto improveprotein

recovery and mass spectrometry consistency.

10.4.4.1EDTA/SD&«traction

100mgof dentinpowderwassuspendedn 0.5M EDTApH8.0)(ThermoFisher,
MassachusettdJSA)andthe supernatantwascollectedasdescribedn Section10.1.5 SDS
extractionbuffer (10%SDS5 mM DTT0.1M TrisHCI)(ThermoFisherfylassachusettd,JSA)

was added to the remaining pellet, and samples were boiled for one hour at 95°C. Samples
were centrifuged at 10,000 x g f6min, and the supernatant collected. Both

supernatantsvere combined,andthe pooledextractwasdried usinga SpeedVac.

The dried protein extract was resuspended in 200 {Ie® lysis buffer (Protifi, New York,
USA)heatedto 70°Candcentrifugedat 15,000x g for 10 min. Proteolyticdigestionwas
LISNF2NYSR | OO0O2NRAY3I (G2 GKS Yhryory&thy(phosphiBeNI) a
(5 mM final concentration) was added for reduction at 55°C for 15 min, followed by
alkylation with methyl methanethiosulfonate (20 mM final concentration) at room
temperaturefor 15min. Phosphori@acid(2.5%(w/v) final concentration)wasadded,
andproteinsweretrappedusingbindingbuffer in STrapcolumns centrifugedat 4,000 g

for 30 secondsand washed thre¢dimes withbinding/washbuffer. Trypsinwasadded ata

LJIN



1:10(enzyme:proteinyatio andincubatedovernightat 37°CPeptidesvere elutedin three

sequential steps, with different elution buffers, pooled, dried in a SpeedVac, and

resuspendedn formic acidfor massspectrometry. Alfeagentsusedin the STrapprotocol

are listed in Table 10.1.

Table10.1- Listof buffersusedin STrapdigestion.Takenfrom www.protifi.com.

Solution Composition pH

Reducingagent 120mM TCERm water (Tris(2 Unadjusted
carboxyethyl)phosphiné@ydrochloride)

Alkylatingagent 500mM MMTSin isopropanolmethyl Unadjusted
methanethiosulfonate)

Acidificationagent 27.5%phosphoricacid <1

1 M TEABstock TEABpHadjustedwith phosphoricacid 7.55
(Tetraethylammoniunioromide)

Binding/ washbuffer 100 mMTEABN 90%methanol 7.55

Trypsinstocksolution 1 mg/mLtrypsin in50mM TEAB 8.5

Digestionbuffer 50 mM TEAR:ontainingtrypsin(lugper 8.5
10ugsample)

Elutionbuffer 1 50 mM TEABnN water 8.5

Elutionbuffer 2 0.2%formic acidin water Unadjusted

Elutionbuffer 3

50%acetonitrilein water"

Unadjusted


http://www.protifi.com/
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10.4.4.2Formicacidextraction

A total of10 mgof powdereddentin wasdissolvedn 10%formic acid.Samplesveredriedin a
SpeedVaagesuspendedn STraplysisbuffer, andprotein concentrationmeasuredoy OD280
on a Nanodrop. A total of 50 pg protein was then processed using the sdmap Protocol

described above.

10.4.5LiquidChromatographytandemMassSpectrometryAnalysis

MSsetupwascarriedout identicallyacrossall samplesPeptidesamplesvere analysedn a
EASYILC 1200 system (ThermoFisher, Massachusetts, USA), coupled online to a Tribrid
Eclipsemassspectrometer(ThermoFisheiassachusettdJSA)Separatiorwasperformed

on a 20 cm analytical column with an inner diameter of 75 um, which was packedise
with ReproSiPur C18AQ resin (3>m particle size) (Dr. Maisch, AmmerbtiEhtringen,
Germany)Peptideswere eluted at aflow rate of 250nL/minusinga50 min linear gradient

from 5% to 35% solvent (904 acetonitrile, 0.26 formic acid).

10.4.6Labelfree Quantification

Raw mass spectrometry data were analysed using MaxQuant (version 2.6.7.0) with the
integratedAndromedasearchengine.Individualspectrawere searchedagainsthe Homo
sapiens UniProt FASTA database (January 2025). Carbamidomethylation of cysteine was
specified as a fixed modification, and oxidation of methionine was set as a variable
modification.Enzymespecificitywassetto trypsin,allowingup to two missedcleavages.

Search parameters included a first search peptide tolerance of 20 ppm and a main search
peptidetoleranceof 4.5ppm. Thefragmention masstolerancewassetto 20 ppm. A 1%FDR

was applied at both the peptidepectrum match (PSM) and protein levels using a target
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decoystrategy.Theminimumpeptidelengthwassetto sevenaminoacids,andonly proteins

identified by at least one unique peptide were considered.

10.4.7 StatisticalAnalysis

Statisticalnalysisvascarriedout asdetailedin Section10.1.9 Briefly,for agerelated
Comparisongoroteinswerefiltered out unlesspresentin at leastthree youngandold
samples. Clustering, differential analysis and pathway analysis was all conducted as

explained in Sectioh0.1.9

10.4.8WesternBlotting

Proteinextractsolution (10 >g)from humandentin powderwasincubatedwith 5> [
StrataCleamesin(Agilent,California USA)andthe buffer wasexchangedvith 1x PBSAfter

the final wash, the beads were resuspended MZDS sample buffer containing 100 mM
DTTSDSPAGRvasperformedasdescribedn Sectionl0.2.7, then proteinsweretransferred
ontoTrans. f 20 ¢dz2Nb2 aAyA nou >Y t2fegdAywRad ARSY S
California, USA)sing alransBlot Turbo system undemixed moleculaweightsettings(2.5

A, 25 V7 min). Membranes were blocked in 5% (w/v) milk powder (Sigialaich,
Massachusetts, USA) f8hours at room temperature prior to antibody incubation.
PrimaryantibodiesagainstS100A9qPA146489,ThermofisherMassachusettdJSA) and. OX
(PAX16953, Thermofisher, Massachusetts, USA) were diluted 1:2000 in 5% milkahB8S
incubatedovernightat 4 °C.Membraneswerethen washedthree timesin 0.1%PB&Tween

20 (PBY) and incubated with antiabbit alkaline phosphataseonjugated secondary
antibody (1:5000; Promega, Wisconsin, USA) for one hour at room temperature. After five
additionalwashesn 0.1%PBST,membranesvere developedusingnitro bluetetrazolium/5

bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) substrate (Thermo Fisher, Massachusetts,



USAuntil signaldevelopmentwascomplete.Blotswere subsequentlymagedusinga

Chemidoc (BioRad, California, USA).
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11.1 Abstract

Establishing reliable workflows for the proteomic analysis of dental tissues is essential for
understanding oral biology and supporting future studies of ageing and disease. In this
chapter,we optimisedamassspectrometrybasedproteomicworkflow for profilingmultiple
dental tissues from a single bovine tooth, enabling direct tissue comparison from a shared
biologicalbackgroundEnameldentin, dentalpulp, and periodontalligamentwere dissected
and processed using a sequential sample preparation protocol, followed byfiabel
guantification. Approximately 3900 proteins were identified across all tissues, with distinct
clustering of hard and soft tissues observed in principal compoaealysis. Classic marker
proteins were used to assess tissggecific expession, with expected enrichment patterns
confirming biological validity. Differential abundance and enrichment analyses revealed
tissuespecific molecular specialisations, such as extracellular matrix remodelling in
periodontalligamentand metabolicand neurovasculaactivityin the dental pulp.
Comparisonbetweenenamelanddentinrevealedcloselyrelated proteomicprofiles,likely
reflecting shared mineralisation biology or technical overlap. Overall, this work provides a
validated and scalable pipeline for dental tissue proteomics, supporting future studies of

dental development, ageing, and pathology.
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11.2Introduction

Althoughoften consideredasone ubiquitouscalcifiedunit, teeth are highlyspecialised
composite organs composed of multiple structurally and functionally distinct tissues. Each
tissuecontributesuniquelyto the mechanicalntegrity, sensorycapacity andoverallhealth

of the tooth, through their distinct properties and functionality.

Enamelthe outermostlayer ofthe tooth, isthe mostmineralisedissuein the bodyand
servesasa protectivebarrieragainstphysicalindchemicaldamage (Lacrutjabelitzet al.
2017).Beneaththe enamelliesdentin, alessmineralizedyet stillresilient matrix that makes

up the bulk of the tooth and provides structural support (Goldberg,

Kulkarniet al. 2011).Theinnermostcompartment,the pulp, containsconnectivetissue,

nerves, and blood vessels, playing a crucial role in cellular nutrition, perfusion, innervation,
andimmunedefence(Yuand Abbott 2007).Surroundinghe root, the PDLanchorsthe tooth
within the alveolar bone and absorbs masticatory forces (Nanci 2013). The anatomy and
localisationof thesetissuesdirectly reflectstheir structuralrole within the tooth asawhole.

For example, the PDL is flexible in order to absorb masticatory force and prevent damage,
whereasenamelis exteriorfacing,hard andrigid, therefore providinga protectiveinterface.
However lessisunderstoodaboutthe dynamicorganicconstituents suchasprotein, within
these tissues, changeswhich may represent underlying causes contributing to the loss of

function seen in age or disease.

A more comprehensive understanding of the protein composition of each individual dental
tissuehasthe potentialto improveboth basicandapplied clinicatesearchTheproteome of
each distinct tissue reflects its biological functions, and therefore can provide insights into

tissuespecific developmental processes (Widbiller, Eidt et al. 2018, Gabe, Bui et al. 2024),
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maintenanceof tissueintegrity (Luo,Luoet al. 2023),andresponsego injury or disease

(Lopes, Marcantonio et al. 2025).

Severaproteinshavealreadybeenidentified ashavingimportant biologicalfunctionswithin
specific dental tissues. In dentin, DSPP is a key regulator of mineralisation and structural
organisation of the matrix (Yamakoshi 2008, Suzuki, Sreenath et al. 2009). Enamel contains
enamelin and amelogenin, both of which are essential for proper crystal growth and
maturationduringenameldevelopment(MasuyaShimizuet al. 2005,Gabe Buiet al. 2024).
Within the pulp, growth factors,suchasvasculaendothelialgrowth factor andtransforming
growth factor beta, as well as bone morphogenetic proteins contribute to extracellular
matrix production (Chan, Lan et al. 2005), angiogenesis (Bagio, Julianto et al. 2021), and
tissue repair (Vainio, Karavanova et al. 1993, Heikinheimo MN#ikhshima 2005). The
PDLsrichin structuralproteinsincludingcollagentype 1l (Butler,BirkedatiHansen et al.

1975) and tenascin (Sato, Fukuoka et al. 2016), which support attachment to the tooth root
and adaptation to mechanical forces. Despite these known markers,
comprehensiveandcomparabledatasetsspanningmultiple tissuesarelimited. Generating

such profiles can help to validate or establish fouerlapping protein markers in a

consistent experimental framework and may also reveal novel tissgeciated proteins

with potential diagnostic or therapeutic relevance.

Although advances in mass spectrometry sensitivity have increased the coverage of dental
tissueproteomics(SalmonGiorgettiet al. 2016,Carrilho,Scaffeet al. 2023,Lertruangpanya,
Roytrakulet al. 2024) the analysiof dentalstructurespresentsseveraltechnicalchallenges.
Thehighmineralcontentof enamelanddentin significantlycomplicategrotein extraction,

often resulting in low yields and incomplete recovery of malbund proteins (Hubbard
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andKon2002).Evenwhendemineralisatiorproceduresare applied,thereisariskof
degradationor modificationof labile proteins (Simé&nd Cifuentes2003,Toroian,Limand
Price2007,Carrilho,Scaffaet al. 2023).Theanatomicalproximity of distinctdentaltissues

leads to challenges in tissue separation even with advanced tools, such as laser capture
microdissectior(SalmonGiorgettiet al. 2017).A specificexampleof thisisthe interfaceof

enamel and dentin (Jagr, Ergang et al. 2019) as well as the connection between the pulp
and dentin via highly porous dentinal tubules (Pashley 1996). Blood contamination from the
highly vascularised pulp and dentin tissues also has the potential to@ke@omic

profiles to overrepresent proteins highly abundant in blood.

Many existing studies have addressed the low protein yields by pooling material from
multiple teeth or animals althoughthis increasegotal material,it canobscureimportant
biological variation between samples and even the types of tooth involved (Sharma,
Srinivasan et al. 2019, Widbiller, Schweikl et al. 2019, Giovani, Martins et al. 2021). By
focusingon optimisingmethodologiego extractandanalyseall four compartmentsfrom a
single tooth individually, this work establishes a foundation for future studies that can
directly comparetissuespecifigproteomeswithin a singlespecimenThisapproachnot only
supports a more controlled and biologically relevant assessment of differences associated
with health, ageing, or experimental manipulation, but also enables the exploration of
coordinated or compensatory protein expression patterns across tissubsite same
tooth. Such comparisons may be particularly informative in understanding processes that
spantissueboundariesfor example how inflammatoryor degenerativechangesn the pulp

could be reflected in adjacent dentin or periodontal ligament pamments.



We hypothesisedhat massspectrometrybasedproteomicscouldbe usedto identify
biomarkershighlyspecificto eachdentaltissue.Totest this, we usedbovineincisorsas they
are readilyobtainable, share composition and histological organisation with human teeth,

and are large enough to yield sufficient quantities of each tissue for method development

and analysis.
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11.3Results

11.3.10verviewof proteomicsdataacrosgissuesandsamples.

To assess the quality and completeness of our proteomic dataset prior to quantitative and
differentialabundanceanalysiswe first examinedmissingdataacrosssamplesderivedfrom
bovinedentaltissues Acrossall sampleswe detectedatotal of 3919proteins. Thenumber

of missing values across samples for a given tissue was consistent with no obvious outliers.
Enamel showed the fewest number of proteins across tissues as expected and had the

highest variability across samples (Figure 11.1).
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Figure 11.1 Distribution of missing proteomics data across bovine tissues and samplasplot showing presenead
absencef quantifiedproteinsacrossall tissuesand samplesBluebarsindicatedetected(non-missing)proteinintensities,
while red cells represent missing values. Figure made using the ggplot2 R package (Version 3.5.2).

Proteinsidentifiedin at least60%(n = 3)of replicatesfor eachdentaltissuewere identified
andthe overlap of proteirprofile was compared (Figurkl.2).Across all tissues 2928
proteins were detected after filtering. Approximately 30% of these proteins were detected
in all dental tissues, yet within each distinct dental tissue, unique and exclusive proteins
were detected. Enamel had 34 unique proteinsjuding bactericidal permeability

increasing protein (BPI)



andodontogenic ameloblasassociated proteifODAM)Dentinhad 256 uniqueproteins,

the most across the tissues, and included proteins such as MMP14, bone morphogenic
protein 4 (BMP4)andFam20CAmongthe 137ligamentonly proteins,proteinsinvolvedin
ECMremodelling(Matrillin-2, MMP-9 and Collagen type 1V), catlhesion (Tropomyosin 3
and Kindlin 3) and inflammation (Interferon regulatory factor 3 and Apoptsseciated
specklike protein) were all identified. In dental pulp the majority of the 158 proteinswere
related to vascularisation (ure netrin receptor B and caspase 3) and metabolism

(Dihydrolipoamide Acetyltransferase and Gluta®gdA Dehydrogenase).

KLK4
BPI COL4A1
CATHL2 Enamel Ligament MATN2
CATHL3 MMP9
BACS5 TPM3

PYCARD

MMP14
MMP15 DLAT
BMP4 GCDH
FAM20C CASP3
WNT10A UNCSB
JAK1
STAT2

Dentin

Figurel1.2- Venndiagram showingthe overlapand uniquedistribution of identified proteinsacross bovinelental

tissues Thediagramillustratesthe numberof proteinsdetectedby massspectrometryin dentin(blue),enamel(grey),
periodontalligament (purple) and pulp (redJirclesepresent theoroteomesof each tissue, with overlappinggions
indicatingproteinssharedbetweentwo or all threetissues. Proteingresentin eachgroupwere detectedin at least60%of
replicates. Biomarkers of each tissue are labelled on the plot. Figure made using the ggvenn R package (version 0.1.10).

To further characterise the unique proteins of each dental tissue, we analysed functional
associationsisingthe STRIN@atabasgversion12.0).Thethree mostsignificantbiological
processes and molecular functions are shown in the dot plots, together with the most
significantcellularcomponent.In enamel(Figurell.3A) the majority of proteinswere
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associated with the extracellular space. Among these, the most enriched biological
processesvereresponseso bacteria,includingGramnegativebacteria.Notably three
interconnected proteins; laminin subunit beG(LAMB3), laminin subunit gamr2a

(LAMC2), and laminin subunit alpBgLAMAS3) were all enamel specific and form the
laminin-332complex.In dentin (Figurell.3B) the predominantcellularcomponentwasthe
endomembrane system, although extracellular, cytoplasamc, cellsurface proteins were
also present. Four proteins were involved in the biological process of tooth mineralisation,
including stromal interaction molecule 1 (STIM1), cyclin and CBS domain divalent metal
cation transport mediator 4 (CNNM4), familythvsequence similarity 20 member C
(FAM20C), and progressive ankylosis protein homolog (ANKH) (FDR = 0.0218). All proteins
uniqueto dentalpulp (Figurel1l.3Cwereintracellular.Themainmolecularfunctionin this
setwasstructuralconstituentof the nuclearpore, determinedby the presenceof multiple
nucleoporin(NUP)proteins(NUP85NUP98NUP160NUP107andNUP93)aswell asSEH1
like NUP(SEH1LPeriodontaligamentproteins(Figurell.3D)were locatedboth insideand

outside the cell, and the only significant molecular function was binding (GO:0005488).
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11.3.2ClusterindAnalysiRevealdissuespecificBovineProteomicProfiles

To explore global proteomic variation among bovine dental tissues, unsupervised
multivariateanalysesvere performed.PCAvasappliedto assesshe major sourcesof
variance and to visualise sample relationships for high dimension data. In addition,
hierarchicaklusteringwasconductedto identify patternsof similarityanddivergenceacross
tissueproteomes.Theseanalysesaimedto determinewhetherdistincttissuetypescouldbe
distinguished based on their proteomic profiles, to determine the effectiveness of the
sampleprocessingipeline andinally highlightthe potential of the identified unique

proteins as tissuspecific biomarkers.

ForPCAproteinswerefiltered basedon if they were detectedin at least20%of samples
acrossalltissuesThefirst two principalcomponentgPCland PC2}ogetherexplained64%
of the total variance and the percentage variability explained of the next five principal
componentsareshown in Figure 11.4A. Most tissues exhibited tight clustering across
biologicalreplicateswith enamelshowingthe highestvariability. PDLandpulp samples
clustered in close proximity and were split from the two hard tissues as expected,

predominantly along PC1 (Figure 11.4B).
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produced using the ggplot2 R package (version 3.5.2).
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PCA based on the first two principal components mainly showed separation between hard
tissues (dentin and enamel) and soft tissues (PDL and dental pulp), with differences within
these groups being less pronounced. To resolve the overlap between softstisstlerd
principalcomponent(PC3wasexamined PC3accountdor 6.9%0of the total variabilityand
enables clearer separation of PDL and dental pulp when samples are visualized4in three
dimensional PCA space (Figure 11.5).
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Figure11.5- ThreeDimensionaPrincipalComponentAnalysis(PCApf BovineTissueProteomes Labelfree proteomics
datawaslog, normalised and filtered for proteins at least 20% ofamplesacrosgissuesPrincipalcomponent analysis
results show the sampleample variability. The 3D PCA plot displays bovine tissue samples along the first three principal
componentfPC1PC2and PC3)whichtogetherexplainapproximately67.8%of the total variancein proteinabundance

data. Figure made using the plotly R package (version 4.10.4).

Despite the improved resolution provided by the third principal component, the overall
separation between tissue groups remained limited when all four tissues were analysed
together.Tobetter characterisg¢hesetissuespecifiqgoroteomicpatterns,the datasetwas
subsequently divided into hard (dentin and enamel) and soft (periodontal ligament and
dentalpulp)tissuegroupsfor separatePCAanalysesFigurell.6Ashowsthe PCAesultfor

hardtissueswith slightseparationalongPC1Themajorseparatingactorsbetweendentin



andenamelare shownin Figurell.6Bandincludelipocalin2 (LCN2JPC1>0) andtubulin

beta 4B (PC1 < 0).
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the data. A) PCA score plot showing separation between enamel and dentin samples based on global protein expression
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contributingmoststronglyto eachprincipalcomponent(PC)Proteinsare rankedby their loadingson positivePC1negative
PC1positivePC2and negativePC2highlightingkeydriversof sampleseparation. Figurewere producedusingthe ggplot2

R package (version 3.5.2).
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Tofurther distinguishproteomicprofilesof soft dentaltissues, PCWasusedwithout the
inclusionof hardtissuegFigurell.7).Themajor separationof this comparisonvasalong
PC1lwhichaccountedfor 45.6%of variability(Figurel1l.7A).Thiscontrastswith the analysis
including all tissues, in which pulp and PDL were primarily separated along PC3 (7% of
variability) (Figure 11.5). Variability between replicates was higher in periodontal ligament
comparedwith dentalpulp. Clusterin(CLU)liver-type phosphofructokinas¢PFKL)andliver
glycogen phosphorylase (PYGL) were associated with pulp, while collagen type V alpha 1
chain(COL5A1procollagenlysine,2oxoglutarate5-dioxygenasd (PLOD1)andheatshock

protein 47 (SERPINH1) were more strongly linked to PDL (Figure 11.7B).
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Figure 11.7 Principal component analysis (PCA) highIightingP%}é%ae%n%ic differences between periodontal ligament and
dental pulp. Labelfree quantificationproteomicdata wasnormalised and principalcomponentanalysisvasusedto reduce
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produced using the ggplot2 R package (versi&m23.

122



123

11.3.3DifferentialAbundancéAnalysidBetweenDentalTissues

To identify proteins differentially abundant across distinct dental tissues, pairwise
comparisonsvere performedbetweendentinandenamel,andseparatelybetween
periodontalligamentand pulp. Foreachcomparisonproteinsshowingsignificantchangesn
abundance were determined using statistical thresholds based on adjustetlips (adp)
and FC criteria (agj < 0.05 & |logFC| > 1). To ensure robust comparisons, proteins were

first filtered to includeonly thosedetectedin at least60%of replicatesin both tissuegroups.

Between dentin and enamel there were 987 proteins retained for DAA. Statistical testing
identified 414 proteinsasdifferentiallyexpressedetweendentinandenamel(adjp <0.05).
Figure 11.8 shows the volcano plot representing this data. Protein involved in immune
related processes and inflammatory response were more abundant in enamel, including
S100calciumbindingproteins(S100A85100A%Nd S100A12)ipocalin2 (LCN2)Azurocidin
(AZU1) and peptidoglycan recognition protein 1 (PGLYR¥dieins with mineralisation
functions were also more abundant in enamel, such as, amelogenin, ameloblastin, bone
sialoprotein 2, osteomodulin and osteopontin. Proteins more abundant in dentin were
intracellularly localised, and included actin (ACTR1ARBCARPC1A, ARPC3 and ARPC4)

and tubulin (TUBALC, TUBALD, TUBB2B and TUBB4B) related proteins.
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Figure 11.8 Differential abundance analysis of dentin vs enamel proteomic profileeteomics data was normalised,
and differential protein abundance was determihesing the limma R package (version 3.54.2). Volcano plot displaying
logzfold change (dentin relative to enamel) on thaxis andglogio(p-value) on the yaxis. Each point represents a
quantified protein. Significantly differentially expressed proteirga{pe < 0.05 and absolute Igépld change > 1)) are
highlightedin colour:proteinsupregulatedin dentinare shownin red,andthoseupregulatedin enamelare shownin blue.
Nonsignificant proteins are shown in grey. The dotted horizontal line indichgesignificance threshold for adjusted p
value, and vertical lines mark the fettiange cutoffs. Proteins in bold were significant afteafue adjustment using
BenjaminiHochbergcorrection Figurewasproducedusingthe ggplot2Rpackage(version3.5.2).

When comparing the two soft dental tissues there were 437 significantly differentially
abundant proteins out of 2050 proteins detected in both groups (Figure 11.9). Neuronal
proteins,suchasNeurofilamentheavychain(NEFH)Neurofilamentlight chain(NEFLand
peripherin (PRPH) were all more abundant in dental pulp. Other metabolic proteins were
alsodetectedin higheramountsin dentalpulp, includingfructose-biphosphatealdolaseC,
retinal dehydrogenase 4nd 6phosphogluconate dehydrogenase. The ECM protein DSPP

was more abundant in dental pulp relative to PDL. There were many collagen subunits



identified at higherabundancesn periodontalligament,suchasCOL1AICOL1A2COL3Al
and COL5AL. Proteoglycans BGN and LUM were also increased in PDL. MMP2Band TGF

were also more prominent in PDL-ggj < 0.05, FC > 2).
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Figure 11.9 Differential abundance analysis of dental pulp vs periodontal ligament proteomic profiRmteomics data
was normalised, and differential protein abundance was deterchirging the limma R package (version 3.54.2). Volcano
plot displaying logfold change (pulp relative to periodontal ligament) on thaxis andclogio(p-value) on the yaxis. Each
point represents a quantified protein. Significantly differentially expressed proteiadu@ < 0.05 and absolute lgfpld
change > 1)) are hidjghted in colour: proteins upregulated in pulp are showred and those upregulated in periodontal
ligament are shown in blud&lonsignificantproteins are shown igrey. The dotted horizontal line indicates the significance
thresholdfor adjustedp-value,andverticallinesmarkthe fold-changecutoffs.Proteinsn bold weresignificantafter p-value
adjustment using Benjamitiochberg correction. Figure was produced using the ggplot2 R package (version 3.5.2).
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11.3.4FunctionaEnrichmentAnalysif DifferentiallyAbundantProteins

Functionakenrichmentanalysisvasperformedusingthe clusterProfilelRpackaggversion
4.6.2) to identify overepresented biological processes and pathways among proteins
significantly increased or decreased in each tissue comparison. Lists of differentially
expressegroteinswere analysedseparatelyfor eachcomparisondentinvs.enamel,and
PDLvs.pulp). Thisapproachallowedclearidentificationof the mainbiologicalprocessesnd
pathways linked to the differentially expressed proteins and provided an overview of their

functional roles.

GeneOntology(GO)enrichmentanalysiof proteinsupregulatedin enameldemonstrated
significant overrepresentation of extracellular matrpelated functions, including
extracellular matrix structural constituents, enzyme inhibitor activity, and peptidase
regulator activity. As well as this, several enriched GO terms in dnaere related to
interactions with ECM elements, including heparin, collagen, integrin, and fibronectin
binding. In contrast, proteins more abundant in dentin were primarily assediafth
cytoskeletabndmetabolicfunctions,suchascadherinbinding,ATPhydrolysisactivity,and
actinbinding.Thedistributionand magnitudeof enrichment forenamelanddentin unique

proteins are illustrated in Figure 11.10.
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Figure 11.10 Functional enrichment of proteins more abundant in enamel and denbifferential abundance analysis
wasprocessedo extracthigherabundanceproteinsin both enameland dentin,and GeneOntologyanalysisvascarriedout

using the ClusterProfiler R package (version 4.6.2). Bubble plots showing Gene Ontology (GO) molecular function terms
enriched among proteins increased in enamel (left) and dentin (right).-dkis indicates GeneRatio (proportion of input
proteins amotated to each term), bubble size reflects the number of proteins contributing to the term, and bubble colour
represents adjusted-palue (BenjaminHochberg).

Thesameanalysisvascomparedacrosssoft tissuesto determinedistinctspecialisation
between dental pulp and PDL (Figure 11.11). Proteins more abundant in PDL were
predominantlyassociatedvith extracellulamatrix organisationand structuralsupport,
includingcollagenbinding,integrinbinding,andtensilestrengthrconferringactivities.In
contrast,the pulp showedhigherrepresentationof metabolicandredoxrelatedfunctions,
with significantenrichmentof oxidoreductasectivities,nicotinamideadeninedinucleotide
and nicotinamide adenine dinucleotide phosphate binding, and enzymes involved in

carbohydrate and fatty acid metabolism.
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Figure 11.1% Functional enrichment of proteins more abundant in periodontal ligament and dental piijfferential
abundanceanalysisvasprocessedo extracthigherabundanceproteinsin both periodontalligamentanddental pulp,and

Gene Ontology analysis was carried out using the ClusterProfiler R package (version 4.6.2). Bubble plots showing Gene
Ontology (GO) molecular function terms enriched among proteins increased in periodontal ligament (left) and dental pulp
(right). The »axis indicates GeneRat(proportion of input proteins annotated to each term), bubble size reflects the

number of proteins contributing to the term, and bubble colour represents adjustaetlip (BenjaminHochberg).

11.3.5Comparisorof ProteomicdDatawith TraditionalMarkersof Dental

Tissues

To validate the accuracy and biological relevance of our proteomic ta®iging, we

examined the protein abundance patterns of previously reported protein markers for each
specificdentaltissue.Thesemarkersserveaspreliminaryreferencepointsfor tissueidentity

and functional specialisation within the tooth. By assessing their relative abundance across
samples, we confirmed that proteins classically identified in dentin, enamel, periodontal
ligamentor pulp were predominantlydetectedin their correspondingissues confirmingthe
effectiveness of our sample preparation workfloivhis demonstrated the effectiveness of

our sample isolation against traditional dental tissspecific biomarkers.
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For enamel, we selected the following protein markers; AMBN, AMELX, ENAM, and KLK4.
Theseproteinsplaycriticalrolesin enamelformation andmaturation,andtheir expressions
highly specific to the ameloblasierived enamel matrix. The relative abundance of these
proteins across tissues is shown in Figure 11.12. All four proteins were only detected in
enamel and dentin samples, and all of them were detected in a higher proportion of
biologicalreplicates Howeveronly KLK4vassignificantlydifferent betweenenameland

dentin (p < 0.001) (Figure 11.12).
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Figurell.12- Relativeabundanceof enamelassociatedproteinsacrossdental tissues.Proteomicslatawasnormalised

by logtransforming the data and data was filtered for selected enamel proteins; Ameloblastin (AMBN), Amelogenin
(AMELX), Enamelin (ENAM) and KalikdefKLK4 KLNB1). Statistical comparisons were performed using the ggpubr R
package(version0.6.0)with statisticalsignificancedenotedwith asteriskgns:p >0.05,*: p<0.05,**: p<0.01,***: p <

0.001, ****: p < 0.0001). Each point represents a biological repeat. Figure was produced using the ggplot2 R package
(version 3.5.2).
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Fordentin,we selectedthe followingprotein markers DMP1DSPPMGP andMMP20.
These proteins are central to dentinogenesis, contributing to matrix organisation,
mineralisationandremodelling Noneof the markerswere significantlydifferent when
comparedwith enamel,howeverall four proteinsshowedsignificantchangesn relationto
periodontalligamentabundanceDMP1(p <0.0001) MGP(p <0.05)and MMP20(p<0.01)
were all more abundant in dentin than pulp, however DSPP showed no significant

differencesacrosdoth tissuegp >0.05)(Figurel1.13).
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Figurel1.13- Relativeabundanceof dentin-associatedoroteinsacrossdental tissues.Proteomicglatawasnormalisecby
log-transforming the data and data was filtered for selected dentin proteins; dentin matrix protein 1 (DMP1), dentin
sialophosphoproteifDSPP)matrix gla proteins(MGP) andnatrix metalloproteinase20 (MMP20).Statisticalcomparisons
wereperformedusingthe ggpubrRpackage(version0.6.0)with statisticalsignificancelenotedwith asteriskgns:p >0.05,
* p<0.05,**: p<0.01,*** p<0.001****: p<0.0001)Eachpointrepresents biologicalrepeat.Figurewasproduced
using the ggplot2 R package (version 3.5.2).
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Fordentalpulp, we selectedfour proteinsreflectingits connectivetissueandneurovascular
composition: FN1 (Fibronectin), NEFL, PRPH, and VIM (Vimentin). These proteins are
associated with the ECM (FN1), intermediate filaments in neural tissues (NEFL and PRPH),
and mesenchymal cells (VIM). Their expression is characteristic easicalarised and
innervatedenvironmentof the pulp. Allthe selectedproteinsshowedhigherabundanceand

was detected in higher percentages across biological replicates. FN1 showed significant
increase in abundance compared with enamel (p < 0.001), dentin (p < 0.0001) and
periodontalligament(p <0.01).VIMandNEFlwere alsosignificantlyincreaseccompared

with all tissues. PRPH was increased against dentin (p < 0.0001) and PDL (p < 0.001),

however was not significantly increased compared with enamel (p > 0.05) (Figure 11.14)
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Figure 11.14 Relative abundance of dental pulpssociated proteins across dental tissué€soteomics data was
normalised by logransforming the data and data was filtered for selected dental pulp proteins; fibronectin (FN1),
neurofilamentight chain(NEFL)peripherin(PRPHand vimentin(VIM).Statisticalcomparisonsvere performedusingthe
ggpubrRpackagegversion0.6.0)with statisticalsignificancelenotedwith asteriskgns:p >0.05,*: p<0.05,**: p<0.01,
** p<0.001,****: p<0.0001)Eachpointrepresentsa biologicalrepeat.Figurewasproducedusingthe ggplot2R
package (version 3.5.2).

For the periodontal ligament, we selected four proteins characteristic of its specialized
extracellulamatrixandfibrousarchitecture:ASPNCOL3AIRPOSTNandPeptidytprolyl cis
transisomeraseC(PPIC)ASPNind POSTMre particularlywell-establishecasPDLEenriched
proteins involved in matrix organization and elatrix interactions. COL3AL1 reflects the
high collagen content of ligamentous tissue, while PPIC contributes to extracellular matrix
remodelling and protein folding. ASPN was significantlyessed in periodontal ligament
againstenamel(p <0.001),dentin (p <0.0001) pulp (p <0.0001). COL3AWwasdifferentially
abundantbetween dental soft tissueg <0.001) having sower abundance in dentgulp.

t h{ ¢ b detected Dhnrdtissuesandwasdetected insignificantlylower abundances



in dentalpulp (p <0.05).Finally,PPIGvasdetectedmorein periodontal ligamenthanin any

othertissue (enamel: p < 0.05, dentin: p < 0.0001, pulp: p <0.001) (Figure 11.15).
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Figure11.15- Relativeabundanceof periodontalligament-associatedoroteinsacrossdental tissues Proteomicslatawas
normalised by logransforming the data and data was filtered for selected periodontal ligament proteins; asporin (ASPN),
collagen type lll alpha 1 chain (COL3A1), periostin (POSTN), and gaptidydistrans isomerase C (PPIC) Statistical
compari®nsweredoneusingthe ggpubrRpackage(version0.6.0)with statisticalsignificancelenoted withasteriskgns:p
>0.05,*: p<0.05,*: p<0.01,***: p<0.001,**** p<0.0001).Eachpointrepresents biologicalrepeat.Figurewas

produced using the ggplot2 R package (version 3.5.2).
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11.4 Discussion

Theprimaryobjectiveof this studywasto validatea comprehensiveroteomicworkflow for

the analysis of dental tissues by applying it to anatomically and functionally distinct regions
within the tooth. Specifically, the aim was to demonstrate that higholution mass
spectrometry could reliably distinguish the unique protein expression profiles characteristic
of enamel, dentin, dental pulp, and periodontal ligament. Establishing reproducible and
biologicallycoherenttissuespecificsignaturess essentiato confirmboth the sensitivityand

the specificity of the experimental and analytical approach used throughout this thesis.

Toachievethis, bovineteeth were selectedasan experimentalmodel.Bovinedentaltissues

share important structural and compositional similarities with their human counterparts,
andtheir sizeandgeneralanatomymakesthem acommonlyusedmodelin dentalresearch
(Yassen, Platt and Hara 2011, Soares, Follak et al. 2016). Additionally, bovine specimens are
readily accessible and are large enough to ensure enough sample for optimisation and
analysis. This model therefore provided a practical yet relevant framework to assess the
capacityof labekHree quantitativeproteomicsto generatedatathat reflectsknownbiological
differences between dental tissues. Based on these results, the same proteomic workflow
can nowbe appliedto investigate howdiseasgrocessesnd agerelatedchangesffectthe

protein composition of each dental tissue in future studies, with clinical samples.

Intotal, 3,919proteinswere quantifiedacrossall samplesrepresentingone of the most
comprehensiveroteomicprofilesof dentaltissueso date (Figuresl1.1& 11.2)(Widbiller,
Schweikl et al. 2019, Sharma, Rastogi et al. 2020). The increase in detected proteins may
partly be explained by the inclusion of multiple tissue types within the same analysis;
however, it also likely reflects the development of more sensinass spectrometry
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technologies (Dai and Shen 2022). For comparison, a previous study that analysed the
proteomeof wholeteeth detectedonly 152 proteinsanddid not report removalof soft
tissuesprior to analysigSharmaRastoget al. 2020).Byseparatingout tissuesinto distinct
fractions we have shown an increased capability to detect undpresented lower
abundance proteins. Publications focused on shtigigue proteomics have a protein
coveragecomparableo our results(Green Schulteet al. 2019,Widbiller,Schweikkt al.

2019, Lertruangpanya, Roytrakul et al. 2024, Lopes, Marcantonio et al. 2025).

Aspredicted,eachdentaltissuehada subsetof proteinsthat wasuniquelyidentified when
filtering our dataset, such unique proteins can be usegdtentially distinguish between
dental tissueshowever validation with other biological methods would be needed to
confirm this The key gene ontology terms associated with these proteins is shown in Figure

11.3.

ODAMisimplicatedin the developmentaktagesof enamelgrowth (Lee,Jiet al.2015),more
specifically differentiation of ameloblasts ardamel maturation (LedRarket al. 2012) and
was exclusive to our enamel samples. Enamel samples also contained several unique
antimicrobial proteins, including BPI, cathelicidins (CATHL2 and CATHL3), and defensins
(DEFBZ2DEFBSDEFBEDEFB7DEFBIDEFB1aNnd DEFB12Althoughtheseproteinsare

not typicallyclassified agnamelspecific their presence isikelydueto the adsorptionof
innate immune factors onto the mineralised tooth surface, where they may help form a
protective antimicrobial barrier (Garefaodoy and Hicks 2008). This aligns with previous
findings that enamel can act as a reservoir for salivary and crevicular psoteiolved in

host defence (Heller, Helmerhorst and Oppenheim 2017). These proteins are of interest
because their abundance may change under pathological conditions suchessarari

periodontaldiseasemakingthem potential biomarkersof oral health. Effortswere madeto
135
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remove superficial contaminants, yet any more aggressive cleaning could have eliminated
biologically relevant proteins. Including these proteins in our analysis therefore offers a
ONRIFRSNJ dzy RSNERGFYRAY3I 2F Syl YSt Qa4dN@EIS AY
that enamelhadthe highestsampleto-samplevariability,whichmaybe dueto difficultiesin
sample preparation or possibly due to its external location, making it more susceptible to

environmental exposure, wear, and contamination.

Surprisingly, dentin contained 256 unique proteins, the highest number among all dental
tissues analysed, likely reflecting its complex anatomical and functional connections to both
pulp and enamel (Pashley 1996, Marshall, Balooch et al. 2003). Of partiterest, BMP4
wasexclusiveo dentin,whichisknownto playakeyrole in dentindevelopment (YeJianget

al. 2022). Knockut mouse models have shown a decrease in dentin thickness and an
increase in pulp chamber area when BMP4 is absent (Jam®it &iu2018), highlighting the
potential of comparative proteomics across tissues within a single tooth. Interestingly,
MMP14 was also only detected in dentin. Although MMP14 is-evedracterised in pulp

tissue for its role in matrix remodelling (Brodzikowska, Gondek et al. 2019), its absence in
our pulp samplesnaybe dueto its tight regulationby tissueinhibitors of metalloproteinases
(TIMPs) (Baker, Edwards and Murphy 2002) and its susceptibility to rapid proteolytic
degradation(Nandadasayartin et al. 2022).In contrast, MMPssuchasMMP 14may

become entrapped and preserved within the mineralised dentin matrix, where their
associatiorwith the inorganichydroxyapatitecanprotect themfrom degradation allowing

their detectiondespitetheir functionalrelevancean other tissuegPashleyTayet al. 2004).

Dentalpulp specificproteinscouldbe linkedto the highlyvascularisedhature of dentalpulp

and more generally the metabolic activity, which occurs often in response to injury or

i K
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inflammation(Kramerl960).Bloodcontaminationmayalsoexplaintheseproteins;however,

they would also be expected to be seen in periodontal ligament if this were the case. The
detectionof Unc5 netrin receptorB (UNC5B)a netrin receptorinvolvedin angiogenesiand
vascular guidance (Lu, le Noble et al. 2004), supports the critical role of pulp vasculature in
maintaining tissue homeostasis. Similarly, the presence of cashaskey effector of
apoptosisjsconsistentwith activecellturnoverandpotential regulationof vascular

endothelial cell survival (Jin, Mao et al. 2001). Proteins such as Dihydrolipoamide
AcetyltransferasendGlutarytCoADehydrogenaséurther underscoreghe substantial

metabolic demands of pulp tissue, which sustains both neural and immune functions
(CampogGarciaChacorCamacheet al. 2019,Wang,Luoet al. 2025). In additionto these
proteins, several members of the NUP family of proteins were exclusive to dental pulp
(NUP160, NUP85, NUP93 and NUP98). A recent proteomic study of dental pulp stem cells
(DPSCsuggestedhat NUPproteinsmaybe important for maintainingstemnessn DPSCs

andalsoindicated thelevelsof theseproteinsreduceswith age (Wangyanget al. 2025).

ThePDLproteomereflectsits distinctivefunctionasa dynamicconnectivetissue. Amongthe

137 ligamerdonly proteins, several were strongly linked to ECM remodelling, such as
matrillin-2, which contributes to matrix assembly and tissue integrity (Klatt, Becker et al.
2011), and MMP, a key protease involved in collagen degradation during physiological
turnover (DelaisséEngsiget al. 2000,Lima,Amaroet al. 2021),whichhasbeenshownto be
much more dynamic in PDL than other surrounding tissues (Sodek 1977). The exclusive
detection of Kindlir3, TropomyosifB, and multiple myosin isoforms in the PDL highlights
the unique importance of cytoskeletal organization and cell adhesion processesbling

this tissue to withstand mechanical loading (Chukkapalli and Lele 2018). Inflammatory and

immunesignallingvere alsoevident,ashighlightedby Interferonregulatoryfactor 3, a
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transcriptionfactor centralto antiviralresponsegZhangandPagand 997),and Apoptosis
associated speckke protein, which plays a role in inflammasome activation (Masumoto,

Taniguchi et al. 1999).

As expected, the hard dental tissues (enamel and dentin) clustered together distinctly from
the soft tissues of pulp and PDL when all samples were analysed colledihislgffect may
have been caused by differences in protein extraction meththasdifferences in the

amount of recoverable proteome of hard tissues compared to sofhotentially biological
differencesWhen the samplewere analysedn separatecohorts,we were ableto clearly
distinguishbetweensoft dentaltissueshoweverthe differencesbetweendentin and
enamelremainedminimal. This limited distinction may reflect biological similarity between
the two mineralised tissues or could result from challenges in sample preparation when
processing highly mineralised tissubat existin closeproximity. Quantitativelight-induced
fluorescentimagingwasused in the sample processing to better distinguish the two tissues,
however it is unclear if the proteomic similarity is biological or technical. To test this, we
conducted differential abundancnalysidetweenboth comparisongo idertify
guantifiabledifferencesbetween both tissuesThere were 414 proteins identified as
significantly changed in dentin amthamel,suggestingnoveralluniqueprotein profile. The

list of differentiallyabundant proteins further supports the presence of immuedated
processes associated wiimamel.Theincreasedabundanceof S1I00A8S100A9S100A12,
LCN2and AZU1n enamel supports the idea that proteins involved in antimicrobial defence
remain embedded in or adheretd the mineralisedsurface We alsoidentified manyECM
relatedproteinsasbeing increased in enamel; however, this may not reflect a true increase
in absolute abundancénstead,it islikelyaresultof theseproteinsmakingup alarger

proportion of the limited total enamelproteome.GivenS y | Y Bghlyhiineralisedand
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acellulamature,with limited protein diversity, structural ECM proteins are expected to
dominate, potentially skewindifferentialabundanceanalysedasedonrelative
proportions.Geneontologyanalysif dentin proteinssuggestednostlycellularproteins

were present,whichislikelynot related to these proteins being high in dentin, more so that

they are unlikely to be abundant enamel.

Proteins increased in the periodontal ligament were predominantly involved in interactions
with extracellulamatrixcomponentssuchascollagenandproteoglycansSurprisinglyboth
MMP-2andTGH weremore abundantin PDLdespitetheir well-establishedolesin dental

pulp function (Watanabe, Watanabe et al. 2009, Niwa, Yamakoshi et al. 2018). This likely
reflectsthe highermatrixturnoverandremodellingin the periodontalligament,drivenby its
need to continuously adapt to mechanical load and environmental stimuli, compared to the
relatively stable structural environment of the dental pulp. The enrichment of neuronal
proteinssuchasNEFHNEFLand PRPHN the pulp alignswith its knownrich innervation,
highlighting its sensory and neurovascular functions (Sainio, Ylikallio et al. 2018).
Additionally the higherabundanceof metabolicenzymesn the pulp suggesta
metabolicallyactivetissueengagedn energyproductionandredoxhomeostasisgonsistent

with its role in maintaining pulp health and responding to physiological and pathological

stresses.

To further explordgissuespecific protein expressiome selected a set of previoustpted
markerproteinsfor eachdentaltissueandvisualisedheir abundanceTheseproteinswere

chosen based on their established roles in the biology and literature of each tissue. For
enamel, proteins like AMBN, AMELX, ENAM, and KLK4 are key players in enamel formation
andmineralizationmakingthem suitableindicatorsof enamelspecificexpression{GitBona

and Bidlack 2020). Dentin markers such as DMP1, DSPP, MGP, and MMP20 were included
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due to their involvement in dentin matrix organisation and mineralisation processes (Linde
1989, Butler 1998). For the dental pulp, proteins FN1, NEFL, PRPH, and VIM reflect the
0 A a &azfae@mpositionandneurovasculafunction (Murakami,imabayashét al. 2012,
Sainio, Ylikallio et al. 2018, Balic, Perver et al. 2023). Lastly, markers such aS@ISIAN,,
POSTNandPPIGvere selectedfor the periodontalligamentbecauseof their association

with extracellular matrix structure and tissue remodelling. The majority of dentin and
enamel protein markers showed no significant differences between the two tissues, which
may suggest problems in sample processing, or could be a biological finding. Many of the
biologicalprocesseselatedto mineralisationarethe sameacrosgissuesandproteins,such

as MMP20, DSPP and DMP1 which have been reported to have roles in both tissues.
Moreover, the close developmental and spatial relationship between enamel and dentin
may contribute to the observed overlap, particularly for proteins expressed near the
dentin-enameljunction. Whilethesemarkersarewell-establishedtheir usein proteomic
profiling also served as a useful internal control, helping assess the consistency of tissue

specific expression in our dataset.

11.5 Conclusion

Thisstudyrepresentgshe first stepin establishinga comprehensiveroteomicframeworkfor
analysinglentaltissues Byapplyinga consistentandreproducibleworkflow, we successfully
profiled four distinct bovine dental tissues and demonstrated clear biological separation,
particularlybetweensoft and hardtissues Cruciallywe were ableto isolatetissuesfrom one
single tooth and extract enough protein from each tissue for proteomics analysis. The
identification of wellcharacterised marker proteins in their expected tissues further

supports the validity of the approach and highlights its potential for uncovering tissue
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specificprotein signaturesWhile certainoverlapsespecialljpbetweenenamelanddentin
may reflect biological similarity or technical limitations, the overall findings provide
confidencein the experimentaldesign.Theseresultslay the foundationfor subsequent
chapterswherethis methodologywill be appliedto more complexor clinicallyrelevant

samples to investigate age or diseastated changes in the dental proteome.

11.6 Ethics

All samples used in this study were obtained from the ABP Food Group abattoir in
ShrewsburyUK.Thecollectionof tissuesamplesvascarriedout postmortem, andin

accordancewith relevantnationalandinstitutional guidelinesfor the useof animaltissuesin
researchNo animalswere sacrificedspecificallyfor this study. All procedurescompliedwith

the ethical standards of the University of Liverpool.
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12.1 Abstract

Equineodontoclastidooth resorptionandhypercementosi$EOTRH} aprogressivalental
disease primarily impacting the incisors of older horses (15+ years old), with significant
implications for equine health, performance, and welfare. Early diagnosis remains difficult,
and the pathophysiological mechanisms driving the disease argatdtilly understood.

This study aimed to investigate proteomic changes in incisor cementum associated with
EOTRHCementumsampledrom horsesdiagnosedvith EOTRKh =4) andhealthycontrols

(n = 5were analysed using an unbiased, lafrek mass spectrometry approach. A total of
1,149 unique proteins were identified, with four proteins detected exclusively in diseased
samplesEOTRHffectedcementumshowedgreaterproteomicheterogeneitythan healthy
tissue. Differential abundance analysis identified 54 proteins with increased and 64 with
decreased abundance EOTRHffected samplegadjp < 0.05) Notably, inflammatory
proteinsincludingCathepsirG,neutrophilelastasepactericidapermeabilityincreasing
protein, azurocidinandlactotransferrinwere significantlyincreasedn EOTRHathway
analysigndicatedenrichmentof antimicrobialpeptide activity (Z-score2.65,p =1.93x 1 @)

and neutrophil degranulation (Zcore 1.89, p=1.7xi@0 = &ddzZa3SadAy3 |y
responsdan affectedtissue.Whilethe absenceof a scoringsystemfor diseasestaginglimits
interpretation, thesefindingshighlightsubstantiabiochemicahlterationsin the cementum
proteome during EOTRH progression. Proteins with altered abundance may serve as
biomarkersor earlydetection,andfuture developmentof a celtbasedmodelcouldfurther

clarify their roles in the pathogenesis of hypercementosis.



12.2 Introduction

Equineodontoclasticdooth resorptionand hypercementosis (EOTR$larelatively recently
describeddentaldisorder,mostcommonlyobservedn horsesover 15 yearsof age(Staszyk,
Bienertet al. 2008).Initially categorised irR008,EOTRMvasdefinedbased on clinical cases
that revealed severe resorptive lesions and the formation of cementomas at the apical
aspectof equineincisors (KreutzeiVohlsein etal. 2007).Thetwo hallmarkfeaturesof the
disease include tooth resorption mediated by odontoclasts, and hypercementosis which is
characterisedy excessivandirregulardepositionof reparativecementumoften resulting

in bulbous, deforming swellings along the affected teeth (Schatzle, Tanner and Bosshardt
2005).Clinicallyhorseswith advancedeOTRIgresentwith oral pain,dysphagiayweightloss,
andbehaviourakchangesseverelycompromisingheir welfare and quality of life (Rawlinson

and Earley 2013).

Epidemiologicallataon EOTRemainlimited. However arecentstudyin aged(15+years)
Icelandic horses reported a clinical diagnosis in 72.2% of individuals examined for gingival
anddentalpathology(Hain,pdrisdéttiret al. 2023).Similarly aradiographicsurveyof horses

and ponies in Northeast Germany found signs of EOTRH in 94% of animals aged 10 to 37
years, with 62% displaying moderate to severe incisor changes (Rehrl, Schréder et al. 2018).
While clinical examination and radiography remain the primary diagnestils, earlystage
lesionsare often radiographicallysubtle,andrecentstudieshavesuggestedhat radiographs

may lack the sensitivity required for early detection (Albers, BieAeit and Staszyk 2022).

This diagnostic limitation can delay interveant and restrict options to palliative care or

tooth extraction.
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Theaetiologyof EOTRIb not yet fully understood.Factorssuchasage,sex,breed,diet, and
environmentalconditionshaveall beensuggestedascontributors (Pearsoriylansfieldet al.
2013). One of the earliest proposed mechanisms involves a cycle of periodontal
inflammation leading to local tissue destruction and resorption, followed by a reparative
cementogeniagesponsg(StaszykBienertet al. 2008).In supportof this, microbialprofiling

of gingivalcrevicularfluid hasidentified increasedorevalenceof gramnegativebacteriasuch
asTreponemand Tannerellan affected horses, implicating the oral microbiome as a
potential trigger or exacerbating factor (Sykora, Pieber et al. 2014). Currently, there are no
curativeor diseasemodifyingtreatmentsavailablegxtractionof affectedteeth remainsthe
only definitive intervention, despite the high likelihood of disease progression to
neighbouringeeth (RahmaniHayrinenet al. 2019).Consequentlythe & 3 2 staRdardof
treatment is largely focused on symptom management and improving patient comfort

(Foster 2013).

EOTRH predominantly affects the cementum, a mineralised tissue that covers the entire
lengthof the equinetooth. However equineteeth alsocontaindentin,enamel,pulp,and

the surrounding?DLwhich can alsshowsignsof disease. Cementum plays an essential
role in anchoringthe tooth viathe PDLandis compositionallysimilarto bone,comprising
approximately 55% organic matrix and 45% inorganic hydroxyapatite (Tziafas 2005). The
cementum of equine teeth includes three major types: coronal cementum, which supports
enamel; root cementum, which connects to the PDL; and infundibular cementum, located
nearthe (i 2 2 dd€l@sasurface DuringEOTRHrregular,excessiveementumis deposited

at both resorptiveandnon-resorptiveareas particularlyalongthe cementungPDLinterface

(Staszyk, Suske and Pdschke 2015).
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Cementoblasts and cementocytes are two specialised cell types responsible for the
productionandmaintenanceof cementum.Cementoblastarethoughtto originatefrom
mesenchymal progenitor cells within the periodontal ligament (PDL), particularly during
tooth development, repair, or in response to injury. Cementocytes, which derive from
cementoblasts and become embedded in the mineralised matrix, share morphological and
functional features with osteocytes. These mechanosensitive cells regulate matrix
remodellingthroughanetwork of canaliculihat allowscellularsignallingandfluid exchange

(Zhao, Foster and Bonewald 2016).

Thecellularprocessesirivinghypercementosisemainpoorly understood However,
externalstimuli suchaschronicinflammation,mechanicaktress,or altered occlusaloading

may disrupt normal regulatory mechanisms and promote excessive cementum formation.
These stimuli could enhance cementoblast activity, prolong their lifespan, or alter the local
microenvironmento favourmatrixdeposition.In conditionsEOTRH, such factors may play

a central role in driving pathological cementum accumulation.

Proteomic technologies offer a powerful means of investigating disease pathogenesis by
enablingcomprehensiverofiling of protein expressiorin both healthyanddiseasedissues.

In dental research, untargeted mass spectromdiased proteomics has been employed to
characterisehe protein compositionof variousmineralisedandsoft dentaltissuesjncluding
enamel (Hu, Yamakoshi et al. 2006, Hu, Hu et al. 2008, Green, Schulte et al. 2019), dentin
(JagrEckhardet al. 2012,Widbiller,Schweiket al. 2019),cementum(SalmonGiorgettiet

al. 2016), dental pulp (Eckhardt, Jagr et al. 2014, Silva, Lima et al. 2021) and periodontal

ligament(Thant,Kakuet al. 2022,LopesMarcantonioet al. 2025).Thesestudieshave
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helpedestablishbaselingproteomesandidentify tissue specificprotein signatures.
Proteomicapproachesavealsobeenappliedto humandentaldiseasesuchasgingivitis
(Goncalvesda,Soareset al. 2011),dental caries(Wang,Wanget al. 2018)and periodontitis
(Hartenbach, Velasquez et al. 2020), contributing to a deeper understanding @f host

microbeinteractions,immuneactivation,andtissuedegradation.

In equine dentistry, very few proteomic studies exist, although initial work has indicated
distinct histological/pathological changes in the cementum of horses affected by EOTRH
(Smedley, Earley et al. 2015). Based on theshypothesised that horsesith EOTRH would
exhibitdistinctchangesn the cementumproteomecomparedto healthycontrols,reflecting
diseaseassociated biological processes. To test this, we employed an untargetedirégel
proteomicworkflow usingL@&MS/MSto captureglobalprotein expressiorpatternsin incisor

cementum.



12.3 Results

12.3.10ptimisingCementumProteomicWorkflowto IncreaseProtein
Coverage

The isolation of proteins from equine cementum was carried out in a sequential process
involvingdemineralisatiorusing0.5M EDTAfollowed by further protein extractionwith 4 M
GnHCI. To evaluathee contributionof EDTAo overall protein recovery, EDTA and

subsequent GnHCI fractions were analysed separately from three healthy cementum
samples (n = 3). Across all samples, a total of 428 unique proteins were identified. Of these,
373proteins(~87%)were detectedin both EDTAnd GnHCextracts,12 proteins(~3%)were

unique to EDTA, and 37 proteins (~9%) were unique to GnHCI (Figure 12.1).

EDTA GnHCI

Figure 12.1 Venn diagram showing the overlap of proteins identified in EDTA and GnHCI extracts from healthy
cementum(n =3). Proteinswereincludedif detectedin at leasttwo out of three biologicalreplicatesgper extractionmethod.

A total of 428 proteins were identified across both extracts, with 379 (87%) shared between EDTA and GnHCI, 12 unique to
EDTA, and 37 unique to GnHCI. Figure was produced using the ggvenn R package (version 0.1.10).
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Proteinsuniquelyidentifiedusingonly EDT Aarelistedin Tablel2.1.Proteinsdetectedwhen
GnHCI was included in the extraction process following demineralisation, that were not

detected previously are listed in Table 12.2.

Tablel2.1- Proteinsidentified exclusivelyusingonly ethylenediaminetetraacetiacid (EDTA).
Entry Protein Name Gene Name

ADA3Q2GVX4  Laminin subunit alpha-4 (Laminin-14 subunit alpha) (Laminin-8 subunit alpha) (Laminin-9 subunit alpha)  LAMA4

FES2F8 H1.3 linker histone, cluster member H1-3
ADA3Q2HID2 | Src substrate cortactin CTTM
ADASF5PF23 | Transaldolase (EC 2.2.1.2) TALDO1
ADASFSPHPO | High maobility group protein B1 (High mobility group protein 1) HMGE1
ADASFSRILO | 5100 calcium binding protein A2 510042
FBR5B2 High maobility group protein B2 (High mobility group protein 2) HMGB2
FEX118 Hemopexin HPX
FTBEFM4 Ribosomal protein RPL10A
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Table12.2- Proteinsexclusivelyidentified usingguanidinehydrochloride(GnHCI).

Entry
AQA3Q2GRT7
AQA3Q2GWF8
AQA3Q2GZ58
ADA3Q2H351
AQA3Q2HC99
ADA3Q2HYQO
ADA3Q2I14F4
ADA3Q21A43
AQA3QzIBJ8
ADA3Q2L483
AQA3Q2L5D3
ADASFSPNW7
AQA5F5PPD6
ADASFSPRC2
AQA5FSPTX8
ADASFSPW18
AQASFSPWF7
ADASF5Q325
F6RKM7
FERMA4
F65158
F6TXZ9
F6UVQO
F6VeQ3
FeX7U7
F7AB24
F7B0S3
F7B3L3
F7C8U9
F7CDJ8

F7DU34

Protein Name
Major vault protein
Fibulin-2

Heat shock protein 90 alpha family class A member 1

S-(hydroxymethyl)glutathione dehydrogenase (EC 1.1.1.284)
Cytoplasmic dynein 1 intermediate chain 2 (Cytoplasmic dynein intermediate chain 2) (Dynein intermediate chain 2, cytosolic)
Tubulin beta chain

WD repeat-containing protein 1

Large ribosomal subunit protein uL30 (60S ribosomal protein L7)

C-type lectin domain family 11 member A (Lymphocyte secreted C-type lectin) (Osteolectin) (Stem cell growth factor)

Elongation factor 1-delta

RNA helicase (EC 3.6.4.13)

Coagulation factor VII (EC 3.4.21.21) (Serum prothrombin conversion accelerator)
Large ribosomal subunit protein eL31 (60S ribosomal protein L31)

Collagen alpha-1(XXI) chain

ATP-dependent RNA helicase (EC 3.6.4.13)

Serpin family F member 2

T-complex protein 1 subunit gamma

Pyruvate dehydrogenase E1 component subunit beta (EC 1.2.4.1)
Large ribosomal subunit protein eL22 (60S ribosomal protein L22)

Ribosomal protein L15

Neurocalcin-delta

40S ribosomal protein $25

Heterochromatin protein 1-binding protein 3

40S ribosomal protein 56

40S ribosomal protein S4

Large ribosomal subunit protein eL38 (60S ribosomal protein L38)

Milk fat globule EGF and factor V/VIll domain containing

Large ribosomal subunit protein uL15 (60S ribosomal protein L27a)

Isthmin 2

Small ribosomal subunit protein uS4 (40S ribosomal protein S9)

Ribosomal protein S11

Gene Name

MVP

FBLN2

HSPO0AAT

ADH5

DYNC1I2

TUBB3

WDR1

RPL7

CLECT1A

EEF1D

EIF4A2

F7

RPL31

COL21A1

DDX1

SERPINF2

CCT3

PDHB

RPL22

RPL15

NCALD

RPS25

HP1BP3

RPS6

LOC100053416

RPL38

MFGE8

RPL27A

ISM2

RPS9

RPS11
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Inorderto further characterisehe differencesbetweenprotein extractiontechniquesthe
differential abundance of commonly detected proteins was assessed.-frabel
guantification revealed significant differences in protein abundance between the two
extractionmethods,identifyingproteinspreferentiallyenrichedin eitherthe EDTAr GnHCI
extracts (Figure 12.2). There were 57 proteins that were significantly different following p
valueadjustmentwith 15 proteinshigher in the EDT-Kactionand the remainingl5 higher

in the GnHCI fraction.

5 10
Fold change (log2)

Figure 12.2 Comparison of protein yields between Ethylenediaminetetraacetic acid (EDTA) and EDTA/ guanidine
hydrochloride(GnHClgextractions.Differentialabundanceanalysisvascarriedout usingNormalyzerDR packageversion
1.16.0) for cementurproteomics data. Volcanplots comparing protein abundanbetweenEDTAblue)and GnHC[red).

The xaxis represents the log2 fold change (FC) in protein abundance, anduieshows thelog10(pvalue) indicating
statistical significance. Points represent individual proteins: coloured points indicate significantly increased or decreased
proteins based onpalue < 0.05 and |log2 FC| > 1 thresholds. Grey points are proteins not significantly changed. Vertical
dashedinesat +1 markthe fold changecutoffs,andthe horizontaldashedine indicatesthe significancehreshold(p-value
=0.05).Labelswvith boldedtext and higheropacityare significantafter p-valueadjustment.Figuresvereproducedusing

ggplot2 R package (version 3.5.2).



12.3.2ProteomicAnalysiRevealedistinctProteinsin Diseased eeth

Followingprotein extractionoptimisationexperimentsfive controlandfive EOTRH
cementumsamplesvere analysedvith meanagesof 8.2years(SD=+/- 3.4)and22.3years

(SD = +/2.3) respectively (Figure 12.3A). In total 1149 proteins were detected across both
groupswith 874 proteinscontainingfull observationsacrossall samplesOneEOTRIBample

(D3) was removed from the analysis due to a high percentage of missing values (MVSs)
(>40%) and due to a poor alignment score (<30%). Data was further filtered and only
proteinswith at leastthree observationger groupwere usedin downstreamanalysis.

Following filtering there were 966 proteins considered in further analysis. Figure 12.3B
representghe frequencyof missingdata, whichoften occurin omicsbasedresearch(Jin,Bi

et al. 2021, Kong, Hui et al. 2022). Diseased samples showed a higher frequency of missing
values (22.8%) compared with healthy samples (10.8%). A total of 981 proteins were found
in at least three donors from both groups and 143 proteins were onlydanrealthy

samples. We identified four proteins exclusively in diseased samples: PGLYRP1, pro
interleukin-16 (1L.-16),neutrophil cytosolicfactor 2 (NCF2and 60Sribosomalprotein L31

(RPL31) (Figure 12.3C).
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SamplelD Group Age’ Proteins” P
H1 Healthy 6 1121
H2 Healthy 6 1113
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Figure 12.3 Overview of proteomics results from equine cementu) Overview of the samples used in this study,
includingsamplelD,experimentagroupassignmentage,andthe numberof proteinsquantifiedpersample. BBarplot
showingthe percentageof proteinsidentifiedpergroupandthe correspondingqiumberof missingvalues(MV), categorised

as MV =0, = 1, or <1. C) Venn diagram illustrating the number of proteins uniquely identified in healthy samples, shared
betweenhealthyand EOTRKamplespr uniquelyfoundin EOTRHffectedcementum Figuresvereproducedusingthe r
packages DT (version 0.28) and ggplot2 (version 3.5.2).

12.3.3HigherProteomicVariabilityObservedn EOTRHhffectedCementum

Followingimputation,anunsupervisealusteringapproachwasusedto assesvariability
within and between groups. PCA, a dimensionality reduction technique, was applied to
identify patterns in the proteomic dataset. Variables were transformed into principal

componentsgeachcapturinga portion of the total variance.

PCA revealed tighter clustering among healthy samples compared to those from EOTRH
affected horses (Figure 12.4A), indicating greater homogeneity in the control group and
increasecheterogeneityin diseasedsamplesThefirst two principalcomponentsaccounted

for approximately64% of the total variance, with partial separation between healthy and
EOTRH groups along P6Q.23%). Figure 12.4B shows the corresponding loadings plot,
illustrating the relative contribution of individual proteins to the first two principal

components.
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Figure12.4- Principalcomponentanalysis(PCApf equineproteomicsdata. Proteomicglata wasnormalisedoy median
normalisation and missing values imputed using Bayesian PCA methods. A) Unsupervised multivariate anaBGi& using
The first two principal components were plotted, accounting for ~64.42% of the variance. Cementum samples were plotted
based on acquired datdependent acquisition mass spectrometry data, after median normalis&ectplotted point

representsa singlebiologicalreplicate.B) Aloadingsplot wasproducedo demonstrate the contribution of specific

proteins in driving the variatioidentified PCA Specifically, the proteins labelled contributed to the first and second

principal components iA. Figures produced using the R package ggplot2 (version 3.5.2).

12.3.4QuantitativeProteomicProfilingldentifiesDifferentiallyAbundant

Proteins in EOTRH

Atotal of 54 proteinsshowedincreasedabundanceand 64 showeddecreasedabundancen
EOTRHffected cementum (adild XX nonpT Foaz2ftdziS f23i C/ x
proteinsare presentedin Figurel2.5.Tosupportthesefindings,anindependentcohortwas
analysed consisting of cementum from horses without clinical evidence of EOTRH (n = 3;
mean age 7.7 £ 1.2 years) and horses with confirmed EOTRH (n = 3; mean age 24.7 £ 4.6
years). Protein extraction, digestion, and lafrele quantification were perfoned as

previously described.
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Figure12.5- Differentially abundantproteinsassociatedvith EOTRHDifferentialabundanceanalysisvascarriedout
usingNormalyzerDRpackagg(versionl.16.0)for cementumproteomicsdata. Volcanaoplotscomparingproteinabundance
between healthy and EOTRH impacted teeth. Tédxrepresentthe log2 fold change (FC) in protein abundance, and the
y-axis shows thelog10(pvalue) indicating statistical significance. Points represent individual proteins: coloured points
indicate significantly increased (EOTRH) or decreased (Healthy) protedspasDRdjusted pvalue < 0.05 and |log2

FC| > 1 thresholds. Grey points are proteins not significantly changed. Vertical dashed lines at fit rficddichange
cutoffs, and the horizontal dashed line indicates the significance thresheldy@ = 0.05). Labels with coloured text were
also differentially abundant in a separate cohort (N = 3). Figures were produced using ggplot2 R package .&@jsion 3

Across both cohorts, six proteins consistently showed increased abundance in EOTRH
samplegp<0.05;f 2 EC>1): neutrophilelastasg ELANEBPIAZU1 cathepsinG(CTSG),
dolichykdiphosphooligosaccharide protein glycosyltransferase subunit 1 (RPN1), and
lactoferrin(LTF)Threeproteinsconsistentlyshoweddecreasedbundancgp <0.05;f 2 ECi
<¢1):HSP70HSPA1A1SPBlandchromosomel9 openreadingframe 33 (C19orf33) Table

12.3).
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Table12.3- Proteinswith consistentdifferential abundanceacrosstwo independentcohortsof cementumsamples.

Gene Protein Function Direction
ELANE Neutrophil elastase Serine protease involved in neutrophil-mediated tissue EOTRH
degradation and inflammation
BPI Bactericidal permeability-increasing Antimicrobial protein that binds LPS and neutralizes EOTRH
protein Gram-negative bacteria
AZU1 Azurocidin Antimicrobial protein with chemotactic and immune- EOTRH
modulating activity
CTSG Cathepsin G Serine protease contributing to inflammation and EOTRH
microbial killing by neutrophils
RPN1 Dolichyl-diphosphooligosaccharide- | Involved in N-linked glycosylation and protein EOTRH
protein glycosyltransferase subunit 1 processing in the ER
LTF Lactoferrin Iron-binding glycoprotein with antimicrobial and EOTRH
immunomaodulatory properties
HSPA1A Heat shock protein family A (Hsp70) Molecular chaperone involved in protein folding and Healthy
member 1A stress response
HSPB1 Heat shock protein family B (small) Chaperone that protects cells against oxidative stress Healthy
member 1 and apoptosis
C190rf33 Chromosome 19 open reading frame Function poorly understood Healthy
33

12.3.5Enrichment oinflammatory Pathways EOTRFffectedCementum.

Differentially abundant proteins were input into Ingenuity Pathway Analysis (IPA) for

pathwayandupstreamregulatoranalysisThetop 10 canonicapathwaysdentifiedby IPA

are presented in Table 12.4.
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Tablel2.4- Topten canonicalpathwaysidentified in equine odontoclastic tooth resorption and

hypercementosicementumusinglngenuityPathwayAnalysis.

Ingenuity Canonical
Pathways

Antimicrobial peptides

Airway Pathology in Chronic
Obstructive Pulmonary
Disease

Neutrophil degranulation

Interleukin-4 and Interleukin
13 signaling

Clathrinrmediated
Endocytosis Signaling

Immunogenic Cell Death
Signaling Pathway
Unfolded protein response
Nuclear Cytoskeleton
Signaling Pathway

Degradation of the
extracellular matrix

Regulation of Insulidike
Growth Factor (IGF) transpo
and uptake by IGFBPs

Logp
value

8.72

3.91

3.75

3.44

3.14

2.79

2.66

2.63

2.61

2.32

Z-
score
2.65

2.00

1.89

0.00

0.00

-0.45

0.00

-0.71

2.45

1.67

Ratio

1.00

0.50

0.15

0.33

0.21

0.31

0.29

0.19

0.24

0.16

Molecules

BPI, BPIFA2, LCNZ2, LTF, PI3, S100A8, S1C

CTSG, ELANE, FGF23, LCN2, MMP2

ANXA2, AZU1, BPI, CST3, CTSG, ELANE,
HSPALA/HSPA1B, HSPAS8, LCN2, LTF, LY.
RETN, S100A8, S100A9, S100P, SERPINB
STOM

ANXA1L, FN1, FSCN1, HSPAS, LCN2, MMP
ALB, CLTA, FGF23, HSPAS, ITGB4, LYZ, S

SH3KBP1, WASL

ANXA1, CALR, HSP90B1, HSPA1A/HSPA1
HSPAS8

CALR, DNAJB11, HSP90B1, HSPA1A/HSP
HSPAS8

DCTNZ2, DCTNS3, FN1, ITGAG, ITGB4, LMNI
SUN1, TUBA1B

A2M, CTSG, ELANE, FBN1, FN1, MMP2

ALB, AMTN, CST3, CTSG, FBN1, FGF23, F
HSP90B1, MMP2



Themostsignificantpathwaywasantimicrobialpeptides,whichshowedactivationin EOTRH
cementum (Zscore = 2.65, p = 1.9318m). Other notable pathways included neutrophil
degranulation(Z-score=1.89,p =1.7 x 10w dle€gradationof the extracellulamatrix (Z
score=2.45,p =2.46x% 10@), andthe inhibited pathwayprotein ubiquitination (Zscore=¢

1.13, p =1.93 x 18) (Figure 12.6A). A graphical summary of major biological themes,
including canonical pathways, upstream regulators, diseases, and biological functions, is

shown in Figure 12.6B.
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Figure12.6- Functionalenrichmentanalysisusinglngenuity PathwayAnalysis.A) Topcanonicapathwaysenriched
amongdifferentiallyabundantproteinsin EOTRHhffectedcementum Pathwaysare rankedby statisticalsignificance
(p<0.05).TheZscoreindicatespredictedactivation(orange)or inhibition (blue),with the bar length correspondingdo the ¢
log(p)value.B) IPAgeneratedgraphicalsummaryhighlightingkeybiologicalprocessesjpstreamregulators,and canonical
pathwaysassociatedvith EOTRH\Nodecolourreflectspredictedactivationstate (orange=activated,blue=inhibited);lines
indicate known biological relationships between nodes.
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Upstream regulator analysis was performed to identify potential molecules driving the
observed protein abundance changes in EOTRH. Ingenuity Pathway Analysis (IPA) predicts
the activation or inhibition status of upstream regulators based on the datasetnidgst
significantupstreamregulatoridentified waslipopolysaccharideyhichwaspredictedto be

activated (Zscore 2.8, p = 1.3 x &) (Figure 12.7).

Figurel2.7- Predictedupstreamregulatorsof protein abundancechangesn EOTRKementumidentified by Ingenuity
Pathway Analysis (IPAY.he analysis highlights lipopolysaccharide as the top activated upstream regulator, based on a
significant activation Zcore and pralue. The Bcore predicts activation (positive values) or inhibition (negative values),
whilethe p-valuereflectsthe statisticalsignificanceof the overlapbetweenthe datasetandknowntargetsof the regulator.

Themostsignificantdiseasesandfunctionsidentified are shownin Figurel2.8Aand Table

12.5. Quantity of metal was identified as a significant function (Figure 12.8B). The top
regulatoryeffect network wasantimicrobialresponsewith a highlysignificantconsistency
score of 47.2 (a measure of how causally consistent and densely connected a Regulator

Effects network is) (Figure 12.8C).
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Figure12.8- Ingenuity PathwayAnalysisof diseasesand functionsof EOTRHproteomicsdata. A) Heatmapof significant
diseases and functions. The most significant diseases and functions across the dataset are shown. Orange indicates
activated and blue inhibited. B) Quantity of metal was a significant function identified as activated. C) Antimicrobial
responseegulatoryeffectnetwork.Hierarchicabtructureshowsupstreamregulatorin the top row, differentiallyabundant
proteins in the next row with biological functions underneath.
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Tablel2.5- Topdiseaseandbiologicalfunction categoriespredictedto be associatedvith changesn protein abundance
in equine odontoclastic tooth resorption arldypercementosisementum asidentified by Ingenuity PathwayAnalysis

A mechanistic network was then constructed with lipopolysaccharide (LPS) at the core to
visualise the potential signalling cascade connecting other upstream regulators and to
illustrate how they may act together to elicit protein changes in cementum IrREDT

(Figure 12.9).
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