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4 Thesis Abstract 

 
Teeth are unique mineralised organs that, unlike most tissues, lack the ability to regenerate 

and are continuously exposed to external mechanical and chemical challenges, making them 

highly susceptible to age-related changes and disease. Dental disorders represent a 

significant clinical and economic burden across species, yet the molecular mechanisms 

underpinning ageing and associated pathologies in dental tissues remain poorly defined. 

Proteomics offers the opportunity to characterise the dynamic protein composition of teeth 

in greater detail than was previously possible. However, the scale and complexity of mass 

spectrometry-based proteomic data necessitate the development of efficient analytical 

pipelines to ensure accuracy, reproducibility, and biological relevance. The aim of this thesis 

was therefore to combine biological investigation with methodological development, 

advancing understanding of complex dental tissue biology while establishing a 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 

bovine samples as a model system. Second, proteomic changes were investigated in relation 

to Equine Odontoclastic Tooth Resorption and Hypercementosis (EOTRH), a recently 

characterised disease of aged horses. Third, age-related changes in equine dental tissues 

were examined, with particular attention to the interaction between ageing processes and 

pathology. Finally, the optimised workflow was applied to human dental tissues in order to 

explore proteomic markers of ageing within a translational context. 
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Mass spectrometry proteomics was employed to comprehensively profile protein 
 

composition across both mineralised and soft dental tissues, revealing distinct signatures 

between enamel, dentin, cementum, and pulp. This thesis provides new insights into 

protein-level changes associated with dental ageing and disease, while also addressing 
 

methodological challenges that have limited proteomic research in this area. The biological 

findings enhance understanding of dental tissue biology and support the identification of 

candidate biomarkers for future diagnostic applications. 

A key outcome of this work was the development of a reproducible and efficient 
 

computational pipeline for large-scale proteomic data analysis. By systematically evaluating 

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, this thesis demonstrates the potential of modern proteomics as a powerful tool in 

dental research and as a driver of innovation in the wider fields of ageing and biomedical 

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

Figure 14.16 - Western blot analysis of S100 calcium-binding protein A9 (S100A9) in human 

dentin. 
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Figure 19.1 - Evaluation of imputation methods for proteomics data. 
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7 Abbreviations 

 
ACAN ς Aggrecan 

ACSF2 - Acyl-coa synthetase family member 2 

ACT ς Actin 

ACTN1 ς Actinin 

ADAMTS - A disintegrin and metalloproteinase with thrombospondin motifs 

Adj-p ς Adjusted p-value 

AFP ς Alpha-fetoprotein 

AHCY - S-adenosylhomocysteine hydrolase 

ALP ς Alkaline phosphatase 

Ambic ς Ammonium bicarbonate 

AMBN - Ameloblastin 

AMELX - Amelogenin 

AMP ς Antimicrobial peptides 

ANK1 ς Ankyrin 1 

ANX ς Annexin 

APOH - Apolipoprotein H 

APP ς Amyloid precursor protein 

APRT - Adenine phosphoribosyltransferase 

ARP ς Actin related protein 

ASPN ς Asporin 

AZU1 ς Azurocidin 

BCA ς Bicinchoninic acid 

BGLAP ς Osteocalcin 

BGN ς Biglycan 

BH ς Benjamini-Hochberg correction 

BMP ς Bone morphogenic protein 

BP ς Biological processes 
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BPI - Bactericidal permeability-increasing protein 

BSA ς Bovine serum albumin 

C19orf33 - Chromosome 19 open reading frame 33 

CA2 ς Carbonic anhydrase 2 

CALR ς Calreticulin 

CATH ς Cathelicidins 

CC ς Cellular components 

CCT - Chaperonin containing TCP1 subunit theta 

CDX - Caudal type homeobox 

CGRP ς Calcitonin gene-related peptide 

CLU ς Clusterin 

COL ς Collagen 

CT ς Computed tomography 

DAA ς Differential abundance analysis 

DDX23 ς DEAD-box helicase 2 

DEF ς Defensins 

DEJ ς Dentin-enamel junction 

DICOM - Digital Imaging and Communications in Medicine 

DLST - Dihydrolipoamide S-succinyltransferase 

DMEM-HG - 5ǳƭōŜŎŎƻΩǎ Modified Eagle Medium ς High Glucose 

DMP1 ς Dentin matrix protein 1 

DNA ς Deoxyribonucleic acid 

DPP ς Dentin phosphoprotein 

DPSCs ς Dental pulp stem cells 

DSP ς Dentin sialoprotein 

DSPP ς Dentin sialophosphoprotein 

DTT ς Dithiothreitol 

ECM ς Extracellular matrix 

EDTA - Ethylenediaminetetraacetic acid 



26  

EIF6 - Eukaryotic translation initiation factor 6 

ELANE ς Neutrophil elastase 

ENAM - Enamelin 

Enamelysin ς MMP-20 

ENO1 ς Alpha-enolase 

EOTRH ς Equine odontoclastic tooth resorption and hypercementosis 

ESI ς Electrospray ionisation 

F6R013 ς Matrix gla protein 

FAM171B - Family with sequence similarity 171 member B 

FASN ς Fatty acid synthase 

FASP ς Filter-aided sample preparation 

FC ς Fold change 

FDR ς False discovery rate 

FGF ς Fibroblast growth factor 

FMOD ς Fibromodulin 

FN1 ς Fibronectin 

FORL ς Feline odontoclastic resorptive lesions 

FOV ς Field of view 

FSTL1 ς Follistatin-like 1 

FTL - Ferritin light chain 

GnHCl ς Guanidine hydrochloride 

GO ς Gene ontology 

H9GZV1 - Ig-like domain-containing protein 

HB ς Haemoglobin 

HCD ς higher-energy collisional dissociation 

HPX ς Hemopoxin 

HRG - Histidine-rich glycoprotein 

HSP ς Heat shock protein 

IAA ς Iodoacetamide 
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IBSP - Integrin-binding sialoprotein 

IDH2 - Isocitrate dehydrogenase [NADP], mitochondrial 

IFITM5 - Interferon-induced transmembrane protein 5 

IGF ς Insulin-like growth factor 

IGFBP - Insulin-like growth factor binding protein 

IGHM - Immunoglobulin heavy chain protein 

IL-16 ς Pro-interleukin-16 

IPA - Ingenuity Pathway Analysis 

ITGAM ς Integrin alpha-M 

ITGB1 ς Integrin beta-1 

ITIH - Inter-alpha-trypsin inhibitor heavy chain 

iTRAQ ς Isobaric tag for absolute quantification 

KLK4 ς Kalikrein-4 

LAM ς Laminin 

LC ς Liquid chromatography 

LCM ς Laser capture microdissection 

LCςMS/MS - Liquid chromatographyςtandem mass spectrometry 

LCN2 ς Lipocalin 2 

LFQ ς Label-free quantification 

LOX ς Lysyl oxidase 

LTF ς Lactoferrin 

LUM ς Lumican 

m/z ς Mass-to-charge 

MALDI ς Matrix-assisted laser desorption/ionisation 

MAN1A1 - Mannosidase alpha class 1A member 1 

MAPK ς Mitogen-activated protein kinase 

MDK ς Midkine 

MF ς Molecular functions 

MGP ς Matrix gla proteins 
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MMP ς Matrix metalloproteinase 

mRNA ς Messenger ribonucleic acid 

MS ς Mass spectrometry 

MSCsς Mesenchymal stem cells 

MYO - Myosin 

NBT/BCIP - Nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate 

NCF2 ς Neutrophil cytosolic factor 2 

NEFH ς Neurofilament heavy chain 

NEFL ς Neurofilament light chain 

NF-ɼō - Nuclear factor kappa-light-chain-enhancer of activated B cells 

NUP ς Nucleoporin 

OD ς Optical density 

ODAM - Odontogenic ameloblast-associated protein 

OPG ς Osteoprotegrin 

OPN ς Osteopontin 

PANTHER - Protein Analysis Through Evolutionary Relationships 

PBS ς Phosphate buffered saline 

PBS-T ς Phosphate buffered saline with tween 

PCA ς Principal component analysis 

PDL ς Periodontal ligament 

PDLSCs ς Periodontal ligament stem cells 

PEDF ς Pigment epithelium-derived factor 

PFKL - Liver-type phosphofructokinase 

PGLYRP - Peptidoglycan recognition protein 

PLG ς Plasminogen 

PLOD - Procollagen-lysine,2-oxoglutarate 5-dioxygenase 

POSTN ς Periostin 

PPI - Peptidyl-prolyl cis-trans isomerase 

PRELP ς Prolargin 
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PRIDE - Proteomics Identifications Database 

PRPH ς Peripherin 

PSM ς Peptide spectrum match 

PSMA5 - Proteasome subunit alpha type-5 

PTM ς Post-translational modification 

PTN ς Pleiotrophin 

PUS7 - Pseudouridylate synthase 

PVDF - Polyvinylidene Fluoride 

PYGL ς Liver glycogen phosphorylase 

QLF-D ς Quantitative light-induced fluorescent imaging 

RANKL - Receptor Activator of Nuclear Factor-ˁō Ligand 

RAR - Retinoic acid receptor 

RBBP4 ς Retinoblastoma binding protein 4 

RGS2 - Regulator of G protein signalling 2 

RLE ς Relative log expression 

RPL31 ς Ribosomal protein L31 

RPN1 - Dolichyl-diphosphooligosaccharide protein glycosyltransferase subunit 1 

RRAGD - Ras-related GTP-bidning protein D 

S100A9 ς Calgranulin 

SDS ς Sodium dodecyl sulphate 

SDS-PAGE ς Sodium dodecyl sulfateςpolyacrylamide gel electrophoresis 

SERPIN ς Serine protease inhibitor 

SERPINH1 ς Heat shock protein 47 

SFRP2 ς Secreted frizzled-related protein 

SILAC ς Stable isotope labelling by amino acids 

SLC49A3 - Solute carrier family 49 member 3 

SLR ς Single-lens reflex 

SOD3 ς Superoxide dismutase 

SOST ς Sclerostin 
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SPARC ς Secreted protein acidic and cysteine rich 

SPP2 - Secreted phosphoprotein 2 

SRPX2 - Sushi repeat-containing protein X-linked 2 

SRY ς Sex-determining region Y 

STMN2 ς Stathmin-2 

STRING - Search Tool for the Retrieval of Interacting Genes/proteins 

TBS-T ς Tris buffered saline with tween 

TGF-  ̡- Transforming growth factor-beta 

THBS ς Thrombospondin 

TIMP ς Tissue inhibitor of metalloproteinase 

TMT ς Tandem mass tag 

TNX ς Tenascin-X 

TUB ς Tubulin 

TUFT1 - Tuftelin 

UNC5B - Unc-5 netrin receptor B 

VCAN ς Versican 

VEGF - Vascular endothelial growth factor 

VIM ς Vimentin 

WHO ς World Health Organisation 
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8 Thesis Overview 

 
8.1 Project Rationale 

 
The field of dental proteomics has evolved rapidly in recent years, providing new insights 

into the biology of oral health and disease. Proteomic studies have been applied across a 

variety of dental tissues, including enamel, dentin, cementum, periodontal ligament and 

pulp to investigate how protein profiles vary under different biological conditions. These 

efforts have led to the generation of numerous hypotheses surrounding tissue development, 

ageing, and pathological change. 

However, several critical gaps remain in our understanding. Despite the growing availability 

of data in human and rodent models, there is still limited knowledge on how the proteome 

of dental tissues changes across lifespan. Age-related conditions such as pulpitis and 

periodontal disease are commonly regarded as consequences of mechanical wear and tear. 

Yet, the specific molecular and biological mechanisms that predispose ageing dental tissues 

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 application of proteomics to non-human dental tissues has been virtually 

unexplored. At the outset of this research, there were no publicly available proteomic 

datasets of equine dental tissues, despite the clinical significance of dental disease in horses 

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

horses display continual tooth eruption and unique wear patterns throughout life, they offer 
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a valuable and biologically relevant model to investigate the interplay between ageing, 

function, and disease in the dentition. 

This thesis aims to address these gaps by leveraging mass spectrometry-based proteomics 

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 

and welfare but also contribute to the broader understanding of dental biology in humans. 

8.2 Aims and Objectives 

 
The overarching aim of this thesis is to characterise the proteomic landscape of dental 

tissues across different stages of life and in health versus disease, to better understand the 

molecular changes associated with ageing and dental pathology. 

To meet this aim, the following specific objectives were defined 

 
Method Development Using Bovine Teeth 

 

¶ To optimise a proteomic workflow capable of analysing proteins from individual 

tissues within single teeth, using bovine samples as a model system. 

Application to Equine Odontoclastic Tooth Resorption and Hypercementosis (EOTRH) 

 

¶ To investigate proteomic alterations associated with EOTRH, a recently characterised 

dental disease affecting aged horses. 

Characterising Age-Related Changes in Equine Teeth 

 

¶ To examine the impact of physiological ageing on equine dental tissues and assess 

how ageing interacts with pathological processes. 

Applying Proteomic Methods to Human Dental Tissues 
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¶ To apply the optimised pipeline to human samples to explore age-associated 

proteomic changes in human dental tissues. 

8.3 Outline of Thesis 

 
The thesis contains a general introduction, which provides background on dental tissues, 

including information on their biological roles and structure. Important proteins involved in 

development and regulation are covered for each tissue. The proteomics workflow is 

generalised within the introduction, explaining Mass-Spectrometry based proteomics. 
 

Finally, the current literature available in dental proteomics is summarised to understand the 

gaps this thesis aims to address. 

The following chapters are individual studies that aim to address the objectives mentioned 

above, highlighting the main findings from this work. 

¶ άtǊƻǘŜƻƳƛŎ method development of dental tissues from one tooth using Bovine 

ƛƴŎƛǎƻǊǎέ 

¶ άLƴŦƭŀƳƳŀǘƛƻƴ and response to bacterial infection as potential drivers of equine 

ƻŘƻƴǘƻŎƭŀǎǘƛŎ ǘƻƻǘƘ ǊŜǎƻǊǇǘƛƻƴ ŀƴŘ ƘȅǇŜǊŎŜƳŜƴǘƻǎƛǎΥ ! ǇǊƻǘŜƻƳƛŎǎ ƛƴǎƛƎƘǘέ ς 

Published in the Equine Veterinary Journal (Jensen, Clarke et al. 2025) 

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

¶ άtǊƻǘŜƻƳƛŎ signatures of equine dental tooth tissues in ageing and ŘƛǎŜŀǎŜέ 
 

¶ ά!ǇǇƭƛŎŀǘƛƻƴ of proteomic methods to determine age-related changes in human 

ǘŜŜǘƘέ 

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

 
9.1 Incidence and burden of dental disease 

 
Dental and oral diseases are some of the most prevalent diseases worldwide and associated 

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 2025). Many of the dental diseases that contribute 

to the data in this report, namely dental caries and periodontal disease, are largely 

ǇǊŜǾŜƴǘŀōƭŜΦ IƻǿŜǾŜǊΣ ǿƛǘƘƻǳǘ ƛƴǘŜǊǾŜƴǘƛƻƴΣ ǘƘŜȅ Ŏŀƴ ƎǊŜŀǘƭȅ ŀŦŦŜŎǘ ǇŜƻǇƭŜΩǎ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜΣ 

due to the pain associated with eating and other normal functions. Private and public dental 

disease treatment costs combined are estimated to be £275 billion yearly (Harris 2024), 

with indirect costs amounting to £111 billion (Listl, Galloway et al. 2015). Socioeconomic 

status is one of multiple factors associated with dental and oral health (Lalloo, Myburgh and 

Hobdell 1999, Singh, Peres and Watt 2019, Lyshol, Grøtvedt et al. 2022). Other well 

established factors including smoking (Krall, Garvey and Garcia 1999), diet (König 2000), 

genetics (Vieira 2012) and gender (Mamai-Homata, Koletsi-Kounari and Margaritis 2016). 

Another significant factor associated with dental health is ageing. Studies have shown 

general increase in dental disease with age (Watt, Daly et al. 2019), including specific 

diseases, such as dental caries (López, Smith et al. 2017), periodontal disease (Eke, Dye et 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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Figure 9.1 - Prevalence of periodontal disease across age groups. Colours of bars indicate the severity of periodontitis from 
none to severe. Samples taken from five separate age-groups of the American population between 2009-2010. Data taken 
from (Eke, Dye et al. 2012). Figure made using the ggplot2 R package (version 3.5.2). 

Although trends are often seen between the relationship of ageing and other clinical factors, 

the biological mechanism behind the variability in oral health is less understood (Chan, 

Tsang et al. 2024). Specifically with ageing, the increase in oral disease is often associated 

with wear and tear, and a lack of reparative mechanisms. Whilst this may be the case, a 

better understanding into why older teeth are susceptible to disease will be useful to 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 higher-income settings and treatment disparities in lower-

income regions, oral health presents a globally pervasive and under-addressed public health 

challenge. This highlights the need for increased research attention, particularly at the 

intersection of ageing, socioeconomic inequality and healthcare accessibility worldwide 

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

 
Development of teeth is a sequential and highly regulated process, commonly divided into 

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 

lamina under mesenchymal influence, marking the sites of future teeth. This is followed by 

the cap stage at around 12 weeks of gestation, during which the enamel organ expands to 

shape the tooth crown and root. The bell stage is characterised by extensive cellular 

differentiation, within which ameloblasts, odontoblasts, and cementoblasts produce the 

mineralised tissues of the tooth. Cells of the dental follicle that do not become 

cementoblasts, differentiate into fibroblasts, forming the principal fibres of the periodontal 

ligament (PDL) (Hovorakova, Lesot et al. 2018). Around six months after birth, the process of 

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 of primary teeth by permanent 

teeth, beginning around six years of age and continuing into adolescence, with most of the 

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

permanent teeth (Wright 2000). 
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Figure 9.2 - Summary of odontogenesis in humans. The schematic illustrates the sequential stages of tooth development, 
including the bud, cap, bell, late bell, and eruption stages (Rathee and Jain 2023). Image produced with BioRender. 

 

9.3 General Dental Anatomy 

 
The anatomy of teeth is defined by highly specialised structures that are uniquely adapted 

for their functional properties. Permanent teeth are categorised into four main types; 

incisors, canines, premolars, and molars where each tooth-type is distinguished by 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 structure and 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 teeth, as seen in humans 

and many other mammals, have a low crown-to-root ratio and do not continue to grow or 

erupt over time. In contrast, hypsodont teeth, found in species with high-wear diets such as 

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 

differences between brachydont and hypsodont teeth are summarised in Table 9.1. 
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Table 9.1 - Summary of the key differences between Brachydont and Hypsodont. 
 

Feature Brachydont Hypsodont 

Crown height Low crown High crown 

Root Well-developed, clearly 

defined 

Short or continuous root 

growth 

Enamel exposure Limited, surrounded by 
 
other tissues 

Extensive, extends below 
 
the gumline 

Wear adaptation Minimal, suited for softer 

diets 

Adapted to account for 

heavy ware 

Examples Humans, cats, dogs, 

mice, rats 

Horses, cows, sheep 

Eruption pattern Tooth erupts early and 

remains throughout life 

Continuous eruption 

throughout life 

Function Bite and chew soft foods Grind fibrous vegetation 

 
 

 

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: enamel, dentin, cementum, 

pulp and periodontal ligament (Figure 9.3), which contribute to their durability and function. 

Each specific tissue has distinct properties and therefore contains a specialised protein 

composition (Khurshid, Zohaib et al. 2016). The following section will cover the general 

structure and function of various dental tissues. 
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Figure 9.3 - Schematic of a human molar. A diagram illustrating the major anatomical structures of a human tooth. Image 
was created using BioRender. 

9.4 Enamel: Structure and Function 

 
Enamel is the outermost layer of teeth and the hardest tissue in the human body (Beniash, 

Stifler et al. 2019). Primarily consisting of hydroxyapatite nanocrystals (Beniash, Stifler et al. 

2019), it is formed by specialised cells called ameloblasts, but once fully developed, 

becomes acellular and incapable of regeneration (Moradian-Oldak 2012). However, early-

stage mineral loss can be partially repaired through remineralisation processes mediated by 

saliva and supplementary fluoride. Approximately 96% of enamel is composed of inorganic 

material (Bartlett and Simmer 1999, Fincham, Moradian-Oldak 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 (2ς4%) and a small but functionally important organic 

protein matrix. Water occupies the spaces between crystals, contributing to ion transport 

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

9.4.1 Enamel Protein Matrix 

 
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), 

ameloblastin (AMBN) (Fukumoto, Kiba et al. 2004), tuftelin (TUFT1) (Deutsch, Dafni et al. 

1997), and amelogenin (AMELX) (Wright, Li et al. 2011). ENAM makes up about 1ς5% of the 

matrix and is essential for ameloblast adhesion and the formation and growth of enamel 

crystals (Masuya, Shimizu et al. 2005, Hu, Hu et al. 2008). AMBN, a tooth-specific 
 

glycoprotein, is predominantly expressed during the secretory stage of enamel formation, 

where it localises to the cell surface and facilitates ameloblast attachment (Bartlett 2013). 

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 be involved in the initiation of enamel mineralisation 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, which may explain the sensitivity of this process to mutations in the associated 

proteins. 

The most abundant protein in the enamel matrix is amelogenin, accounting for 90ς95% of 

the total protein content (Bansal, Shetty et al. 2012). Amelogenin plays a crucial role in 
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enamel structure regulation through crystal elongation. Multiple studies using genetically 

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, amelogenin also has forensic applications. It is commonly used for sex 

determination due to its presence on both the X (AMELX) and Y (AMELY) chromosomes. The 

ability to use amelogenin as a deoxyribonucleic acid-based (DNA) sex test was first 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 whereas the presence of only 

AMELX suggests a DNA sample from a female (Sullivan, Mannucci et al. 1993). Several more 

recent studies have addressed issues with amelogenin as a DNA test, leading to additional Y-

chromosome markers, such as the sex-determining region Y (SRY) gene being considered 

ό5Ǌƻōƴƛő 2006, Jobling, Lo et al. 2007, Kao, Tsai et al. 2007). 

 

9.5 Dentin: Structure and Function 

 
Dentin is another calcified tissue present in teeth and forms the 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 transmission of external stimuli, such as temperature and pain. Dentin is less mineralised 

than enamel, at 70%, and contains a greater amount of organic material of 20%, with the 

rest being water (Goldberg, Kulkarni et al. 2011). The structural properties of dentin can be 

described as a trade-off 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 Dentin Protein Matrix 

 
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, and reparative mechanisms (Goldberg, Kulkarni et al. 2011). Collagen type I (COL I) 

protein makes up approximately 85% of this matrix, providing a scaffold for mineral 

deposition (Tjäderhane 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). 

DSPP is a key regulator of dentinogenesis and is cleaved post-translationally into DSP and 

DPP, each with distinct functions (Yamakoshi 2008). DPP is a highly phosphorylated protein 

with a strong affinity for calcium ions, acting as a potent initiator and modulator of 

hydroxyapatite crystal nucleation and growth during dentin formation (Suzuki, Sreenath et 

al. 2009). DSP is another major extracellular matrix (ECM) protein in dentin and is involved in 

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 

mutations in key structural proteins, mutations affecting dentin-specific proteins can lead to 

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 related to interactions 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 maturation of predentin 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 of DSPP-null mice, 

highlighting the complementary importance of these proteins in regulating dentinogenesis 
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and mineral deposition (Sreenath, Thyagarajan et al. 2003). Further research into the 

relationship between DSPP and DMP-1 found that DSPP expression is tightly regulated by 

DMP-1, suggesting DSPP is downstream of DMP-1 and explains the phenotypical similarities 

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

9.5.2 The Dentin-Enamel Junction 

 
The dentin-enamel junction (DEJ), the border between the two predominant mineralised 

 
oral tissues, is 25-100 ˃ m in human teeth (Marshall, Balooch et al. 2003). The DEJ provides a 

structure to transfer applied loads during mastication and manage damage and cracks in 

enamel. Protein matrix studies involving the dentin-enamel junction have identified a unique 

protein profile using laser capture microdissection (LCM), an advanced tool to isolate smaller 

regions of interest (Jágr, 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 biomechanical role in damage 

management (Jágr, Ergang et al. 2019). These proteins included isoforms of collagens 

(collagen type II alpha 1 chain and collagen type XXII alpha 1 chain), cytoskeletal and 

structural proteins (suprabasin and desmoglein 1), regulatory proteins (calmodulin-like 

protein 3 and ATRX chromatin remodeller), protease inhibitors (cystatin A), enzymes and 

stress-response proteins (thioredoxin and caspase-14), and signalling-related proteins 

(ubiquitin C, coagulation factor II [thrombin], and peroxisome proliferator-activated 

receptor-interacting complex protein 285), as well as two isoforms of AMELX, which as 

mentioned previously are important in enamel formation. 
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9.6 Cementum Structure and Function 

 
Cementum is a specialised mineralised tissue covering the roots of human, and most 

mammalian, teeth. It is produced by cementoblasts, which synthesise the organic matrix and 

ǎǘƛƳǳƭŀǘŜ ƳƛƴŜǊŀƭƛǎŀǘƛƻƴ ό5Ω9ǊǊƛŎƻΣ hǳȅŀƴƎ Ŝǘ ŀƭΦ мфффύΦ hƴŎŜ ŜƳōŜŘŘŜŘ ǿƛǘƘƛƴ ǘƘŜ 

mineralised matrix, these cells are termed cementocytes. Cementocytes were recently 
 

implicated in regulatory roles in tissue maintenance and repair (Li, Sakisaka et 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 cellular turnover and limited 

regenerative capacity, but it may also offer some degree of protection from immune-

mediated damage (Emslie 1978) (Li, Hu et al. 2019). Compositionally, cementum is similar to 

dentin, yet with slightly less mineral content (45-50%), with the organic matrix accounting 

for more of the tissue (~33%) (Nanci 2013). The major function of cementum is to anchor 

teeth into place within the jaw. Classification of cementum is often divided based on the 

cellularity, with acellular cementum provided more mechanical functions and cellular 

cementum, which contains cementocytes, involved in reparative and adaptive processes 

(Yamamoto, Hasegawa et al. 2016). 

9.6.1 Cementum Protein Matrix 

 
The matrix content of cementum is similar to dentin with the majority being collagenous, 

allowing for the formation of collagen fibres along the surface of the root (Arzate, Zeichner-

David and Mercado-Celis 2015). Up to 90% of collagenous protein within the cementum 

matrix is COL I, which assemble into arrays with small gaps that allow for mineral deposition 

(Yamamoto, Hasegawa et al. 2016). Collagen type III (COL III) is the other main cementum 
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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). Non-collagenous 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 fibromodulin (FMOD) were detected 

in areas of low mineralisation, suggesting possible roles in cementum development (Cheng, 

Caterson et al. 1996). Versican (VCAN) is a large ECM protein detected in various tissues, and 

studies have shown its localisation on the cementocyte surfaces (Cheng, Caterson and 

Yamauchi 1999). Furthermore, biglycan (BGN) localises near cellular cementum where it 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 surfaces due to specific amino acid residues and phosphate group, creating a high 

affinity for calcium and therefore hydroxyapatite (Alvares 2014). This affinity allows for 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 

expressed in both mineralised and non-mineralised tissues (Groeneveld, Everts and Beertsen 

1995). ALP functions by increasing the availability of inorganic phosphate, which is important 

for hydroxyapatite crystal formation (Vimalraj 2020). Individuals with hypophosphatasia (low 

levels of ALP) are more likely to suffer with conditions such as bone fractures, tooth loss and 

chronic pain (Villa-Suárez, García-Fontana et al. 2021). In opposition to phosphoproteins and 

ALP, gla proteins, such as osteocalcin (BGLAP) and matrix gla protein (MGP) act as negative 
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regulators of mineralisation, which is important to prevent excessive calcification and 

maintain healthy tissue organisation (Yagami, Suh et al. 1999). Gla proteins inhibit 

mineralisation by reducing available calcium and directly binding to hydroxyapatite crystals 

(Yao, Shahbazian and Boström 2008). Genetic studies have shown that mutations in MGP are 

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

ǊŜƎǳƭŀǘƛƴƎ ƳƛƴŜǊŀƭƛǎŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ ƛƴ ǘŜŜǘƘ όaǳƴǊƻŜΣ hƭƎǳƴǘǳǊƪ Ŝǘ ŀƭΦ мфффύ ό5ƻƐŀƴΣ 5ŜƳƛǊ 

et al. 2016). 

As previously mentioned, cementocytes are the differentiated cells embedded within the 

cementum, entrapped within the mineralised matrix of which they secrete. Interestingly, 

cementum was previously considered a static tissue, due to its avascularity, however there is 

growing evidence that this is not the case (Brochado Martins, Rodrigues et al. 2021, Saito, 

Onuma and Yamakoshi 2023, Jensen, Clarke et al. 2025). Cementocytes have been shown to 

secrete sclerostin (SOST), Receptor Activator of Nuclear Factor-ˁ. [ƛƎŀƴŘ όw!bY[ύ ŀƴŘ 

osteoprotegrin (OPG), suggesting bone-like signalling pathways, such as mineral homeostasis 

and remodelling (Zhao, Foster and Bonewald 2016). This evidence importantly suggests 

cementum is an active tissue with capabilities to respond physiologically and pathologically 

to its environment in the context of age and disease. 

9.7 Periodontal Ligament: Structure and Function 

 
The PDL is a connective dental tissue, which supports cementum in tooth anchoring, located 

between the cementum and bone (Dean 2018). Unlike cementum, the periodontal ligament 

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 

controlled by collagen based Sharpey fibres (Liang, Hu et al. 2020). These fibres absorb 
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mechanical stress during mastication, evenly distributing force to prevent tooth damage. The 

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 I and Type III), 

glycoproteins and other key matrix remodelling proteins such as matrix metalloproteinases 

(MMPs) (Nohutcu, McCauley et al. 1997). COL I provides tensile strength in the PDL and the 

thick fibres extend throughout the ligament (Liu, Wu et al. 2024). COL III fibres are thinner 

and further contribute to the mechanical properties of PDL. PDL is a highly active tissue with 

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, these authors reported that collagen turnover rates are six and 15 times 

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). 

There are a wide range of cellular components in PDL, such as fibroblasts, cementoblasts, 

osteoblasts, mesenchymal stem cells, immune cells and endothelial cells (Naruishi 2022). 

Fibroblasts make up the majority of which, functioning to synthesise and remodel the 

collagen matrix in response to exogenous inflammatory environment (Naruishi 2022). 

Stimuli in the surrounding oral environment can direct mesenchymal stem cells down many 

different pathways, leading to production of cementoblasts and osteoblasts in cases of 

inflammatory stress (Liu, Zhao et al. 2020). The regenerative potential of the PDL via 

mesenchymal stem cells (MSCs) has made them a promising target for tissue engineering 

therapies (Queiroz, Albuquerque-Souza et al. 2021, Birjandi, Lynham et al. 2025). 
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9.8 Dental Pulp: Structure and Function 

 
The final major dental tissue is the dental pulp, a soft and specialised connective tissue 

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 regulation of pulpal 

blood flow through neurovascular signalling (Yu and Abbott 2007). Additionally, odontoblasts 

within the pulp are responsible for the continuous deposition of secondary, and the less 

organised tertiary, dentin throughout life, which helps protect the pulp in response to 

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

Nociceptive fibres within the pulp detect mechanical, thermal, and chemical stimuli, 

transmitting pain signals via A-delta and C fibres to the central nervous system (Cadden, 

Lisney and Matthews 1983). In addition to pain perception, sensory nerves release 

neuropeptides such as substance P and calcitonin gene-related peptide (CGRP), which 

contribute to neurogenic inflammation (Caviedes-Bucheli, Lopez-Moncayo et al. 2021). 

These molecules promote vasodilation and recruit immune cells during injury or infection. 

 

9.8.1 Dental Pulp Protein Matrix 

 
The gelatinous matrix of dental pulp shares several components with the periodontal 

 
ligament matrix. It consists predominantly of Type I and Type III collagen, proteoglycans, 

glycoproteins, and signalling molecules such as transforming growth factor-beta (TGF-ʲύΣ 

vascular endothelial growth factor (VEGF), and OPN (Matsushita, Motani et al. 2000, 

Nowwarote, Petit et al. 2022). While there are compositional similarities, key differences in 

function reflect each ǘƛǎǎǳŜΩǎ biological role. The pulp matrix is more biologically active, 
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supporting signalling and regeneration, whereas the PDL matrix is more mechanically 
 

oriented (Tjäderhane and Paju 2019). Collagen turnover and fibre organisation are typically 

lower in pulp compared to the PDL, though this has been seen to increase under 

inflammatory conditions (Barkhordar, Ghani et al. 2002). 

 
The ability of dental pulp to respond to injury and inflammation caused by 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 (Sloan and Smith 2007). Like 

PDL stem cells (PDLSCs), DPSCs exhibit strong regenerative potential and can differentiate 

into odontogenic, osteogenic, chondrogenic, and neurogenic lineages. This makes dental 

pulp a valuable tissue in translational research and the development of biomaterial-based 

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

The main differences and similarities of different dental tissues discussed are summarised in 

Table 9.2. 



50  

Table 9.2 - Summary of the main features of different dental tissues. 
 

Tissue Composition/Struc 
 
ture 

Function/Role Regenerative capacity Organic material 

Enamel Highly mineralised 
 

(~96% hydroxyapatite), 

acellular. 

Hard, protective 

outer layer; resists 

wear and chemical 

erosion 

Enamel is capable of re-

mineralisation, however no 

direct repair mechanisms 

Enamelin, Ameloblastin, 

Tuftelin, Amelogenin 

Dentin Collagen-rich organic 

matrix (~20% organic, 

70% mineral), tubules 

containing 

odontoblastic processes 

Provides bulk of 

tooth structure; 

shock absorption; 

supports enamel 

Limited, secondary and tertiary 

dentin can be formed in 

response to stress. 

Dentin 
 

sialophosphoprotien, 

Dentin sialoprotein, 

Dentin phosphoprotein, 

Dentin matrix protein 1. 

Cementum Mineralised connective 

tissue (~45ς50% 

mineral, 50ς55% 

organic) 

Anchors periodontal 

ligament fibres; 

covers root; protects 

dentin 

Slow continuous deposition 

(acellular and cellular types) 

Osteopontin, Lumican, 

Alkaline phosphatase, 

osteocalcin, matrix gla 

protein, cementum 

protein 1. 

Dental pulp Connective tissue with 

blood vessels, nerves, 

fibroblasts, 

odontoblasts 

Maintains tooth 

vitality, immune 

defence, secondary 

dentin formation 

Relatively high regenerative 

capacity 

Vimentin, fibronectin, 

nestin, nucleoporins, 

transforming growth 

factor-beta. 

Periodontal 

ligament 

Fibrous connective 

tissue, vascularised, 

contains fibroblasts, 

stem cells 

Attaches tooth to 

alveolar bone, 

absorbs mechanical 

forces 

Stem cells present have 

regenerative capcity 

Tenascin, Periostin, 

glycoproteins, collagen 

I, collagen III 
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9.9 Biological Processes of Ageing 

 
Ageing is an inevitable life process, defined as the progressive, time-related deterioration 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. 2021), and reduced tissue 

regenerative capacity (Iezzi, Pagella et al. 2019). Research into ageing is crucial for 

understanding the underlying mechanisms of age-related disease and has implications not 

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 Ageing in Dental Tissues 

 
Because many hard dental tissues lack regenerative capacity, their natural durability is 

crucial to sustaining function throughout lifespan. For instance, although enamel possesses 

the capacity for remineralisation, mature enamel is acellular and therefore incapable of 

intrinsic self-repair, in cases where too much damage has occurred (Malcangi, Patano et al. 

2023). Although efforts have been made to replicate enamel with artificial materials, these 

substitutes fall short in mimicking enamels complex biological properties and aesthetics 

(Shao, Jin et al. 2019, Luo, Lu et al. 2025). Dentin and cementum possess some regenerative 

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 in regenerative ability with age, in part due to a loss of 'stemness' in these cell 

populations 



52  

(Iezzi, Pagella et al. 2019, Zhang, Wang et al. 2024). Overall disease-related dental changes 

are summarised in Figure 9.4. 

 

 

 

 

 

 

 

 

 

Figure 9.4 - Comparative schematic of human dental ageing. A diagram of the human tooth ageing process. The left 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 managing negative symptoms, rather than addressing the underlying causes (Lucas 

and van Casteren 2014). However, as with other age-associated conditions like 

osteoarthritis, which was once dismissed as an unavoidable degenerative disease, we now 

understand that ageing involves complex, multifactorial regulated biological processes, of 

which pharmacological intervention may be possible (Walston 2012, Loeser 2017). This 

evolving understanding is gradually reshaping the way we view dental ageing, opening the 

door for more targeted, prophylactic, and regenerative approaches in oral health (van der 

Wouden, van der Heijden et al. 2022). An understanding of inflammation, cellular 

Diseased Healthy 
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senescence, and the oral microbiome could lead to ways of mitigating age-related damage 

to dental tissues. 

9.11 Structural Dental Changes Associated with Ageing 

 
The ageing process is highly specific to each dental tissue, yet all contribute to each other 

ŎƻƴǎŜǉǳŜƴǘƛŀƭƭȅ όDƻƭŜȌΣ /ŀƴƪŀǊ Ŝǘ ŀƭΦ нлнпύΦ 9ƴŀƳŜƭ ŘŜƎǊŀŘŜǎ ƻǾŜǊ ǘƛƳŜΣ ōŜŎƻƳƛƴƎ ƳƻǊŜ 

brittle with age as a result exposure to acidic environments and mechanical stress, leading to 

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 

throughout life to accommodate for the loss of enamel and dentin, leading to a reduction of 

the size of the pulp chamber in a process known as pulpal obliteration (McCabe and 

Dummer 2012). This process leads to sclerotic dentin due to mineralisation of dentin 
 

tubules, which can cause pain and aesthetic complaints (Micheletti Cremasco 1998). One of 

the most prominent age-related changes is tooth loss (exodontia), often linked to alterations 

in the cementum and PDL. 

Cementum thickens with age as a result of continuous deposition in response to 

environmental stimuli, which interestingly can also be used as a marker in forensic age- 
 

determination (Morgenthal, Zaslansky and Fleck 2021, Gualdi-Russo, Saguto et 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 age (Wulandari 2023). These 

localised changes contribute to weakening of the tooth-supporting structures. As a result, 

teeth become loose within the alveolar bone and may be lost (Lim, Liu et al. 2014). The 
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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 Ageing changes  Disease changes 

Enamel Gradual enamel thinning due to 

wear; increased brittleness; reduced 

permeability; accumulation of 

surface stains and microcracks. 

Demineralisation and cavitation due 

to dental caries; erosive loss from 

acidic challenges; 

hypomineralisation.  

Dentin Increased deposition of secondary 

and tertiary dentin; reduction in 

dentinal tubule diameter (sclerosis); 

decreased permeability and 

sensitivity. 

Dentin exposure due to caries, 

erosion or attrition; pathological 

tertiary dentin formation; 

hypersensitivity; bacterial invasion of 

tubules. 

Cementum Continuous appositional growth 

leading to cementum thickening, 

particularly at the apex; reduced 

regenerative capacity. 

Cementum resorption or 

hypercementosis; involvement in 

periodontal disease; exposure due to 

gingival recession. 

Dental pulp Reduced pulp chamber size due to 

secondary dentin formation; 

decreased cellularity and vascularity; 

reduced reparative capacity. 

Pulpitis (reversible or irreversible); 

pulp necrosis; infection secondary to 

caries or trauma; calcifications and 

pulp stones. 
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9.12 Similarities between Mammalian and Equine Dentition 

 
Dental anatomy varies significantly across species, reflecting adaptive changes in dentition 

for differing diets and lifestyles (Bhargavi, Ajay et al. 2013). Despite these disparities, 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 more control over 

interfering variables, since they are less influenced by differences in individual human 

behaviours, diets and dental hygiene practices (Muthanandam, Muthu et al. 2020). These 

studies therefore can increase our understanding of human age-related dental tissues, due 

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

animals. 

9.12.1 Equine Dental Anatomy 

 
Equine teeth are hypsodont, characterized by a high crown-to-root ratio (Staszyk, Suske and 

Pöschke 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 equine teeth, however the arrangement of them is much more complex (Staszyk, 

Suske and Pöschke 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 

grinding surface, suitable to the herbivore diet that requires continuous grinding (Kilic, Dixon 

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

exposed tooth grinding surface constantly undergoes alterations. (Sterkenburgh, Schulz- 
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Kornas et al. 2021). As these surfaces of the teeth can wear irregularly, they may require 

corrective dental intervention in the form of tooth rasping (Cook 2005). Up to 70% of 

horses have undiagnosed dental health problems, and most treatments involve. tooth 

extraction (BHS 2018, Taylor, Bayarsaikhan et al. 2018). This often necessitates dietary 

adjustments and can result in secondary complications in adjacent teeth, including caries 

development and reduced masticatory efficiency. 

Figure 9.5 - Schematic of an equine tooth. A diagram illustrating the structure and arrangement of dental tissues in horse 
teeth. Figure made using BioRender 

9.12.2 Equine Dental Diseases 

 
Many of the age-related diseases in equine teeth are due to structural problems associated 

ǿƛǘƘ ǘƻƻǘƘ ǿŜŀǊΣ ǎǳŎƘ ŀǎ ŘŜƴǘŀƭ ŘƛŀǎǘŜƳŀǘŀΣ ǎƘŜŀǊ ƳƻǳǘƘΣ ŀƴŘ ƻǾŜǊƎǊƻǿǘƘǎ όaŀǎŜȅ hΩbŜƛƭƭΣ 

Keen and Dumbell 2010, Tinsley, Fogle et al. 2023). However, they also present increased risk 

of pulpitis, periodontal disease and dental caries with age in a manner similar to humans (du 

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

teeth tissues in ageing or disease in equine samples. 
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9.12.3 Equine Odontoclastic Tooth Resorption and Hypercementosis 

 
A prevalent dental disease affecting older horses is equine odontoclastic tooth resorption 

and hypercementosis (EOTRH) (Staszyk, Bienert et al. 2008). This condition is primarily 

observed in the incisor teeth of horses aged 15 years and older, though canine teeth can also 

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 exact aetiology of EOTRH 

remains poorly understood, but new evidence published from our laboratory suggests a link 

to chronic inflammation (Jensen, Clarke et al. 2025) and bacterial involvement (Sykora, 

Pieber et al. 2014). Clinically, affected horses may present with gingival inflammation, pain, 

difficulty eating, behavioural changes, and weight loss. 

 

 
Figure 9.6 - Radiographic images of equine odontoclastic tooth resorption and hypercementosis (EOTRH). Images taken 
from the Northeast Equine Veterinary Dental Services and show equine incisors. Circles represent different EOTRH 
symptoms; green = early-stage EOTRH, red = resorptive lesions, yellow = late-stage 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, such as tŀƎŜǘΩǎ disease of bone (Rao and Karasick 1982) and DŀǊŘƴŜǊΩǎ syndrome 

(Pereira, Carvalho et al. 2016). A similar condition also occurs in cats called feline 

odontoclastic resorptive lesions (FORL), which predominantly affects cats over the age of 7 

years and shares pathological features with EOTRH, including resorption and inflammation 
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(Berger, Schawalder et al. 1996). Studying these species-specific age-related diseases offers 

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 

strategies to mitigate the effects of ageing on human dental health, potentially reducing our 

reliance on costly and often traumatic dental interventions. 

9.13 Utilising Proteomic Techniques in Dental Research 

 
Understanding the biochemical changes that occur in dental tissues with ageing is a 

 
complicated research question. While histological and anatomical descriptions are useful, 

they may miss key information to capture the full multifactorial complexity of the tooth 

ageing process, as has been reported in other age-related pathologies such as osteoarthritis, 

sarcopenia, and cardiovascular disease (Chen, Wang et al. 2023). In these conditions, the 

application of omics technologies, including genomics, transcriptomics, proteomics, and 

metabolomics have enabled researchers to uncover molecular signatures (Chung, Choi et al. 

2020), identify novel biomarkers (Tardif, Paré et al. 2022), and determine pathways driving 

tissue degeneration and dysfunction (Dowling, Gargan et al. 2024). To bridge the knowledge 

gap in dental ageing, it is similarly essential to generate large-scale molecular data that can 

drive hypothesis generation. These hypotheses can then be systematically tested to 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 biological samples than ever before, enabling a systems-level understanding of ageing 

processes across tissues (Dai and Shen 2022). 

Omics is the high-throughput annotation and identification of biological molecules, including 

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 

information on gene sequences and messenger ribonucleic acid (mRNA) transcription levels, 

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 

and are studied using a branch of omics called proteomics. Many areas of medical research 

have utilised proteomics to identify disease-specific biomarkers (Åkesson, Hojjati et al. 

2023), understanding molecular pathways (Xie, Wang et al. 2017) and developing targeted 

therapies (de Camargo Magalhães, Hubner et al. 2024). Modern omics research aims to not 

ƴŜƎƭŜŎǘ ŀƴȅ ǊŜƭŜǾŀƴǘ ōƛƻƳƻƭŜŎǳƭŜǎ ŀƴŘ ƛƴǎǘŜŀŘ ŀŘƻǇǘǎ ŀ άƳǳƭǘƛ-ƻƳƛŎέ ŀǇǇǊƻŀŎƘΣ ǘƻ ōǳƛƭŘ ŀ 

more integrated picture of biological change (Chen, Wang et al. 2023). Proteomics provides 

an important layer of insight into the study of tissue ageing above purely traditional genetic 

and transcriptional analyses, as it can identify post-translational 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 

changes as a result of ageing and disease, which may help both researchers and clinicians 

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

9.13.1 From Genes to Proteins 

 
The biological backbone underpinning the concept of omics is the central dogma. Proteins 

are genetically encoded in deoxyribonucleic acid (DNA), a double-stranded molecule 

comprised of four nucleotide bases (adenine, thymine, cytosine, and guanine) which arrange 

and pair specifically to form a stable double helix. This genetic information is transcribed into 

Ƴwb!Σ ǎŜǊǾƛƴƎ ŀǎ ŀ ǘŜƳǇƭŀǘŜ ŦƻǊ ŀƭƭ ǇǊƻǘŜƛƴΩǎ ǎȅƴǘƘŜǎƛǎ ŘǳǊƛƴƎ ǘǊŀƴǎƭŀǘƛƻƴ ό/ǊƛŎƪ мфтлύΦ ¢ƘŜ 

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, Osgood and Chatterjee 2022). While the genome is relatively static, 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 

omics is shown in Figure 9.7. 

 

Figure 9.7 - Overview of omics-based technologies. Schematic indicates the main types of omics used in research. 
Genomics, transcriptomics, proteomics and metabolomics, referring to the research targeting DNA, RNA, proteins and 
metabolites respectively. Figure produced using BioRender. 

9.13.2 General Proteomic Workflow: From Tissues to Peptides 

 
The standard pipeline for proteomics-based analysis begins with the isolation of the tissue, 

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 (GnHCl), or sodium 

dodecyl sulphate (SDS), to solubilise proteins from the sample matrix. Prior to this protein 

extraction, specific sample preparation steps, such as mechanical disruption, sonication, or 

freeze-thaw cycles are used to improve protein yield. Following extraction, the protein 

concentration is quantified using assays, such as the bicinchoninic acid (BCA) (Walker 1994) 
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or Bradford assay (Bradford 1976), to ensure a standardised amount of protein is used in 

downstream applications. 

To prepare proteins for enzymatic digestion, disulfide bonds are reduced using agents such 

ŀǎ ŘƛǘƘƛƻǘƘǊŜƛǘƻƭ ό5¢¢ύ ƻǊ ʲ-mercaptoethanol. Subsequently, cysteine residues are alkylated 

with iodoacetamide (IAA) to prevent reformation of disulfide bonds, ensuring proteins 

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 C-terminal side of lysine and arginine residues (except when followed by 

proline), resulting in a reproducible set of tryptic peptides (Olsen, Ong and Mann 2004). This 

stage of the proteomic pipeline is summarised in Figure 9.8. 
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Figure 9.8 - Schematic summarising the general proteomic workflow. Samples are collected and processed to increase 
protein extraction efficiency. Proteins are extracted using different buffers depending on the sample type. Cysteine 
disulphide bonds are reduced to denature proteins then alkylated to maintain a linear structure. Proteins are then digested 
with trypsin into peptides, which are ionised and analysed by mass spectrometry. Peptides are mapped back to proteins 
using large databases, and individual protein abundance is quantified. Figure made using BioRender. 

9.13.3 General Proteomics Workflow: From Peptides to Proteins 

 
The resulting peptide mixture is cleaned, typically by solid-phase extraction or StageTip-

based methods to remove salts, detergents, and other contaminants from processing that 

can interfere with liquid chromatography (LC) and mass spectrometric analysis. Peptides are 

then separated using LC, which improves resolution and reduces sample complexity prior to 

mass spectrometry (MS) (Jiang, Rex et al. 2024). As peptides elute from the LC column, they 

are ionised via electrospray ionisation (ESI) or matrix-assisted laser desorption/ionisation 

(MALDI), enabling their detection by the mass spectrometer. 

 
Mass spectrometers measure the mass-to-charge (m/z) ratio of intact peptides (MS1) and 

their fragmentation patterns (MS2), generating spectra that can be used to deduce peptide 
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sequences. Mass spectrometry data consists of thousands of these spectra, which are then 

matched to known proteins sequences using program-specific algorithms. Species-specific 

protein databases are searched and perform in silico protein digestions on all proteins to 

simulate peptide fragmentation patterns. These patterns are scored against each spectrum 

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, Pappin et al. 1999). 

9.13.4 Analysis of Proteomics Datasets 

 
Following identification of proteins from peptides and fragmentation spectra, the next step 

is to quantify either the relative or the absolute abundance of proteins across different 

samples and experimental conditions (Plubell, Käll et al. 2022). Quantification of proteins 

can be sub-divided into label-free or label-based. Label-free quantification is more 

commonly used, and abundances are quantified based on the intensity of peptide signals 

(Cox, Hein et al. 2014). Label-based quantification is slightly more complex and involves 

chemically or metabolically tagging proteins with stable isotopes, such as tandem mass tag 

(TMT) (Zecha, Satpathy et al. 2019), isobaric tag for absolute relative quantification (iTRAQ) 

(Wiese, Reidegeld et al. 2007) and stable isotope labelling by amino acids in cell culture 

(SILAC) (Anand, Samuel et al. 2017). These tags induce mass differences, which are 

detectable by the mass spectrometer 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 stages in this statistical workflow are filtering, normalisation, imputation, clustering 
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and differential abundance analysis (Eckel-Passow, Oberg et al. 2009, Kammers, Cole et al. 

2015). Missing values are common in proteomics datasets. They may arise due to many 

different reasons, such as biological effects, low-abundance proteins and general technical 

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). Filtering based on missing value percentage ensures stringent data analysis without 

the loss of potentially valuable biological information.  

Data is then normalised to ensure a normal distribution to allow for more reliable statistical 

testing. After normalisation, missing values can be imputed; however, this process must be 

approached with caution to avoid introducing artificial biological effects. Studies with 

appropriate sample size will often not need to do this (Taylor, Ponzini et al. 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 these statistical tests are then 

adjusted to correct for multiple testing using methods such as, Bonferroni (Haynes 2013) 

and Benjamini-Hochberg (BH) (Benjamini and Hochberg 1995) 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 further explored using 

pathway analysis tools, which use larger databases to match proteins to relevant functions, 

pathways and biological locations (Wu, Hasan and Chen 2014). Examples of pathway analysis 

tools include Search Tool for the Retrieval of Interacting Genes/proteins (STRING) 

(Szklarczyk, Kirsch et al. 2023), Ingenuity Pathway Analysis (IPA) (Krämer, Green et al. 2014), 

Protein Analysis Through Evolutionary Relationships (PANTHER) (Thomas, Kejariwal et al. 
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2003) and clusterProfiler (Wu, Hu et al. 2021). The general statistical proteomics pipeline is 

summarised in Figure 9.9. 

 
 
 

 

 
Figure 9.9 - Schematic summarising the general statistical pipeline for analysis of proteomics data. Quantified proteomics 
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. 
Normalised data is also used for differential abundance analysis to determine proteins changes across biological conditions. 
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. 

9.13.5 Challenges with Proteomics in Dental Tissues 

 
Understandably the desire to utilise omics-based technologies in dental research is greater 

than ever, as the promising nature of proteomics-based research can provide new insight 

into dental disease. Researching dental tissues with proteomics present researchers with 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 

mineralised, acellular and contain relatively low amounts of protein compared to other 
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biological tissues (Jágr, Eckhardt et al. 2014, Kabbashi, Roomaney and Chetty 2024). 
 

Although mass spectrometry is extremely sensitive, the effectiveness of the pipeline 

upstream of using the mass spectrometer can be aided by larger amount of starting protein 

material. 

The mineral content of enamel is more than any other tissue in the human body, and the 

total protein content is very low (Lacruz, Habelitz et al. 2017, Green, Schulte et al. 2019). 

This problem is further amplified by the fact that proteins present in enamel play important 

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. Many methods have been 

developed to overcome these issues and increase the efficiency of protein extraction from 

these tissues, including utilising harsher extraction buffers and specific decalcification steps 

(Mueller, Gambarotti et al. 2019). 

Dental tissues exist in close proximity and distinguishing between them can be a challenging 

process. Even with the ability to differentiate between dentin and enamel, or cementum and 

dentin, to remove one tissue from another without contamination can be a challenging step 

of sample processing. To overcome this issue, LCM, an advanced form of tissue processing, 

originally purposed to differentiate cell populations, has been used (Salmon, Giorgetti et al. 

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

low comparatively to other organs. 

Problems for dental tissue proteomics are not limited to hard tissues. The periodontal 
 

ligament and dental pulp can also be a challenging tissue to process. Dental pulp is difficult 

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 

and therefore prone to rapid degradation (Goodwin, Lang et al. 2010) following removal and 

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

Another fundamental issue with extracting proteins from dental issues is the dominance of 

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 (Jágr, Eckhardt et al. 2012, Salmon, Giorgetti et al. 2016, Sharma, Srinivasan et al. 

2019), and due to their size and structural rigidity, they are difficult to solubilise and digest 

(McCabe, Schmitt et al. 2021). Such high abundance of ECM specific proteins in proteomics 

can often mask the presence of lower abundant, but still biologically important proteins. 

This issue is also seen commonly when analysing samples such as muscle, serum and 

plasma, however protocols have been developed to account for this, which use column-

based approaches to reduce the abundance of dominant proteins (Boschetti and Righetti 

2008, Seo, Kang et al. 2024). 

To overcome the issues mentioned above in terms of tissue processing, protein extraction, 

and protein digestion, researchers have developed dental tissue specific workflows for 

analysis. These protocols rely heavily on strong decalcification methods (Formic acid, Nitric 

acid and Ethylenediaminetetraacetic acid (EDTA)) and harsher lysis buffers (GnHCl and urea). 

Although such additions have benefits in protein extraction, they can lead to downstream 

complications. Detergents used in this process must be removed prior to mass spectrometry 

to avoid ion suppression and signal interference, which can lead to the loss of already low 

amounts of protein (Tubaon, Haddad and Quirino 2017). The buffers may lead to non-tryptic 

protein degradation and non-biological PTMs making accurate peptide identification more 



68  

challenging. Regardless of these limitations there are a wide range of publications currently 

available, which cover a plethora of dental tissues under different conditions. Such papers 

and findings will be discussed in the following sections. 

9.14 Proteomics of Dental Tissues 

 
The generation of proteomic datasets in dental research has progressed steadily across the 

last two decades. Improvements in mass spectrometry sensitivity and sample preparation 

methods has increased the overall coverage of different dental tissues (Eckhardt, Jágr et al. 

2014, Lertruangpanya, Roytrakul et al. 2024). Despite this, there are still gaps to be 

researched, especially regarding direct comparisons of diseases and ageing. Initial efforts 

aimed to map tissue-specific proteomes (Eckhardt, Jágr et al. 2014, Widbiller, Schweikl et 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 and time-dependant studies to 

understand dental development in more detail (Giovani, Martins et al. 2021, Bellei, Monari 

et al. 2024). 

9.14.1 Enamel Proteomics 

 
Proteomic analysis of enamel presents unique challenges due to its highly mineralised tissue 

and acellular nature (Lacruz, Habelitz et al. 2017). These challenges limit both the diversity 

and abundance of extractable proteins (Green, Schulte et al. 2019). The tendency of 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 ensuring only enamel is collected for 

protein extraction, without dentin contamination. To overcome this, researchers have used 
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high-speed burs (Rexhaj, Sabel et al. 2024) to grind away enamel from the outside, or 

alternatively more finessed approaches utilising a low-speed diamond saw to produce 

sections of teeth (Green, Schulte et al. 2019). One study demineralised enamel samples in 

12% trichloroacetic acid prior to protein extraction (Green, Schulte et al. 2019), whereas 

another group opted against demineralisation (Rexhaj, Sabel et al. 2024). A different study 

employed a sequential extraction approach, using buffers of increasing strength and 

therefore dividing proteins into four solubility-based fractions; Neutral extract, alkaline 

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

Early proteomic studies of enamel were mainly focused on global proteomic profiles and 
 

were able to identify well-known and established markers of enamel, such as AMELX, ENAM, 

kallikrein-4 (KLK4) and enamelysin (MMP-20) (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 enamel or were detected 

because of sample contamination during processing. More recent proteomic studies 

researched both clinical observations (Mukhtar, Goyal et al. 2022) as well as technical 

variation in sample processing (Rexhaj, Sabel et al. 2024), which highlights the importance of 

how samples are prepared. A study published in 2022, determined a specific protein profile 

associated with molar-incisor hypomineralised enamel, which results in less mineral-dense 

enamel, leading to structural insufficiency and more susceptible to caries and erosion 

(Mukhtar, Goyal et al. 2022). Differentially abundant proteins were detected across both 

groups (control and hypo-mineralised), highlighting pathways associated with the disease 

process. Despite this, there remains a lack of studies describing enamel across different age-

related pathologies. 
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9.14.2 Dentin Proteomics 

 
While enamel is a highly mineralised, acellular tissue with limited protein abundance, dentin 

is a much more biologically active tissue and protein-rich environment (Goldberg, Kulkarni et 

al. 2011). Proteomic studies of dentin are aided by the abundance of 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 (Jágr, Eckhardt et al. 2012, Widbiller, Schweikl et al. 2019). 

EDTA binds calcium ions tightly and therefore removes calcium from the hydroxyapatite, 

which increases the solubilisation of proteins (Gorbunoff and Timasheff 1984). Differently to 

acid demineralisation, EDTA is a much gentler process and avoids harsh pH shifts and non-

tryptic protein cleavage, yielding more intact proteins for extraction and therefore 

potentially increasing protein coverage (Wilson and Szpak 2023). The main downside is the 

time taken to demineralise with EDTA is much longer than acid alternatives, and that EDTA 

becomes saturated and must be replaced sequentially (Pang, Su et al. 2021). The first 

proteomic analysis into dentin demineralised samples for 16 days in 0.5M EDTA (Park, Cho et 

al. 2009) and more recent studies extended this to 4-weeks with fresh EDTA applied every 

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

Early dentin proteomic studies identified 223 (Park, Cho et al. 2009), 147 (Chun, Lee et al. 

2010) and 289 (Jágr, Eckhardt et al. 2012) proteins respectively, however with the 

advancements in sample processing and mass spectrometry, the range of known proteins 

identified in dentin has since greatly increased. A paper published in 2018 used proteomics 

to compare different pre-fractionation methods and detected 813 human dentin proteins 

(Widbiller, Eidt et al. 2018). Given its abundance and clinical importance in conditions such 



71  

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 

dentin from young (18-25 years old) and old humans (75-85 years old) and found proteins 

exclusive to both young and old samples. Insulin-like growth factor binding protein 3 

(IGFBP3) and lysyl oxidase (LOX) were both exclusive to young samples, whereas hemopexin 

(HPX), serine protease inhibitor C1 (SERPINC1), calgranulin (S100A9) and TGF-B were specific 

to older samples, although these results were not validated with orthogonal methodologies. 

This study was also one of the first to test the eligibility of analysing samples from one 

individual tooth without pooling samples together (Reis, Lee et 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). 

 

9.14.3 Cementum Proteomics 

 
As previously mentioned, cementum shares many similarities with dentin compositionally 

and structurally (Yamamoto, Hasegawa et al. 2016). Although it is a very similar tissue, there 

are challenges involved in its processing, such as PDL attachment and also the fact that 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 under a 

stereomicroscope (Salmon, Tomazela et al. 2013). This method was later refined, and 

extracted mandibles were fixed in formalin, decalcified, and embedded in 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 are harsh processes and can result in some protein 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 

extraction process, which may have limited the protein profile (Giovani, Martins et al. 2021). 

Of the three cementum proteomic papers available in literature, approximately 500 proteins 

were detected. These proteins are involved in multiple pathways, such as binding, catalytic 

activity, structural molecules and cell adhesion (Salmon, Tomazela et al. 2013, Salmon, 

Giorgetti et al. 2016, Giovani, Martins et al. 2021). Firstly, cementum was compared to 

ŀƭǾŜƻƭŀǊ ōƻƴŜΣ ŘǳŜ ǘƻ ƛǘǎ άōƻƴŜ-ƭƛƪŜέ ǇǊƻǇŜǊǘƛŜǎΣ ǿƘŜǊŜ ƛǘ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ŎŜƳŜƴǘǳƳ ƘŀŘ уо 

unique proteins not found in bone (Salmon, Tomazela et al. 2013). Unique proteins 

identified in cementum include superoxide dismutase 3 (SOD3), periostin (POSTN), and BGN. 

and have been proposed as potential biomarkers to distinguish cementum from bone. 

Another study investigated the proteomic changes associated with newly formed dental 
 

cementum, where the researchers experimentally induced cementum growth by unloading 

the mandibular molars (Salmon, Giorgetti et al. 2016). They compared protein profiles after 

six and 21 days, and identified markers of newly formed cementum including extracellular 

matrix (ECM) structural proteins: COL11A1, tenascin-X (TNX), FMOD; matricellular proteins: 

thrombospondin-1 (THBS1), secreted protein acidic and cysteine rich (SPARC), OPN; 

proteoglycans: asporin (ASPN); and protease inhibitors: pigment epithelium-derived factor 

(PEDF) (Salmon, Giorgetti et al. 2016). Finally, researchers have also observed variability in 

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

differentially abundant proteins identified (Giovani, Martins et al. 2021). 
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9.14.4 Periodontal Ligament Proteomics 

 
Proteomic analyses of the PDL revealed valuable insights into its matrix composition and 

biological functions, particularly in response to physiological and pathological conditions 

such as mechanical loading (Thant, Kaku et al. 2022), periodontal disease (Cavalla, 

Biguetti et al. 2017, Lopes, Marcantonio et al. 2025), and obesity (Marcantonio, Lopes et 

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

Like cementum, LCM has been employed to isolate the PDL for more precise and specific 

protein extraction. However, unlike mineralised dental tissues, the PDL is protein-rich and 

soft, allowing for a more standardised extraction protocol without the need for 

decalcification or extensive sample clean-up (Marcantonio, Lopes et al. 2022). Two specific 

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 

expanded this to over 1300 proteins demonstrating advances in proteomic technologies 

sensitivity (Lopes, Marcantonio et al. 2025). 

Mechanical loading of the PDL has been experimentally modelled in mice by applying 

orthodontic force using nickel-titanium closed-coil springs positioned between the left 

maxillary first molars and incisors for 14 days, with the contralateral molars serving as 

controls (Thant, Kaku et al. 2022). Under this mechanical stress, key collagen-modifying 

enzymes including prolyl hydroxylases, lysyl hydroxylases, and transglutaminases were 

upregulated, suggesting the importance of collagen regulation in adapting the PDL ECM to 

changes in mechanical force (Rojasawasthien, Srithanyarat et al. 2025). Analysis of 

periodontal disease on PDL has been undertaken through the analysis of human samples, as 

well as induction in rats by placing a cotton thread bilaterally around the upper first molars 
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and securing it with a knot for 20 days (Lopes, Marcantonio et al. 2025). Heat shock protein 

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, Wang et al. 2020), while 

SERPINB1 functions as a serine protease inhibitor, likely limiting tissue damage by controlling 

protease activity during inflammation (Torriglia, Martin and Jaadane 2017). Proteins 

associated with key inflammatory signalling pathways, such as nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-ɼōύ ŀƴŘ ƳƛǘƻƎŜƴ-activated protein kinase (MAPK), 

were shown to be increased when periodontal disease was chemically induced (Lopes, 

Marcantonio et al. 2025). Additionally, the upregulation of ECM-degrading enzymes, 

including several MMPs, confirmed the enhanced tissue breakdown characteristic of 

periodontal disease (Kinane, Stathopoulou and Papapanou 2017). 

The link between obesity and periodontal disease is well-established and the proteomics 

changes that occur has been studied with animal models (Reytor-González, Parise-Vasco et 

al. 2024). The presence of obesity demonstrated a distinct protein profile compared to 

control samples in normal conditions (Nogueira, Lopes et al. 2023) and under mechanical 

stress (Marcantonio, Lopes et al. 2022), highlighting how obesity impacts normal PDL, as 

well as impacting the response to mechanical load. Key findings included the upregulation of 

inflammatory mediators and ECM remodelling proteins, which likely contribute to a pro- 

inflammatory microenvironment within the PDL (Villagómez-Olea, Uribe-Querol et al. 2024). 

 

9.14.5 Dental Pulp Proteomics 

 
Similarly to PDL, dental pulp is a soft tissue, making it much less complex to process than 

enamel, cementum and dentin (Yu and Abbott 2007). The protein matrix of dental pulp is 
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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 pulp was 

removed from the coronal chamber of third molars and 96 proteins were detected using 2-D 

gel electrophoresis methods (Pääkkönen, Ohlmeier et al. 2005). A later study attempted to 

compare the global protein profile of pulp, dentin and plasma, and detected 342 proteins in 

total, with 137 of these proteins being exclusive to dental pulp (Eckhardt, Jágr et al. 2014). 

This study provided biomarkers of dental pulp as well as proteins present in pulp and dentin 

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

al. 2014). 

Further dental pulp proteomic studies have focused on the level of susceptibility of teeth to 

dental caries (Jágr, Eckhardt et al. 2016). In this study, 13 proteins were differentially 

abundant in dental pulp, which linked to pathways such as, cytoskeletal organisation, 

metabolism and inflammation. This was further explored when inflamed and necrotic pulp 

were compared to healthy pulp, with distinct protein profiles observed in 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). Contrasting to other previous 

methodologies, nanoLC-MS/MS was utilised instead of 2D gel electrophoresis, which is far 

more sensitive. As a result, the group detected 3534 proteins, highlighting the 

advancements in MS technology (Dai and Shen 2022). Of these proteins, 174 were 

significantly differentially 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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9.14.6 Additional Applications of Proteomics in Dental Research 

 
Dental proteomics spans further than just the tissues detailed thus far. A study in 2020 

explored the proteomic differences associated with different classifications of human teeth 

(Sharma, Rastogi et al. 2020). Incisors, pre-molars, molars and canine teeth were collected 

and proteins extracted in similar methods as previously mentioned from the entire tooth. 

Unique proteins were detected in different tooth types, suggesting a link between biological 

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 found within dental tissues by 

conducting proteomics on different types of dental cells (Han, Hong et al. 2019, Lei, Wang et 

al. 2021, Zhang, Liu et al. 2025). Proteomic comparisons between PDLSCs and DPSCs 

provides an understanding of their differences and how they may both be useful in terms of 

tissue-engineering research (Lei, Wang et al. 2021). Another benefit of utilising stem cells for 

proteomics research is the application of the effects of certain stimuli, such as inflammatory 

cytokines, proteins and bacteria may have on these cells and how that may be linked to 

dental diseases (Bansal and Jain 2015). 

One limitation of proteomic studies on dental tissues is that, in almost all cases, teeth 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 

proteomics as a more accessible, non-invasive alternative for monitoring oral health. 

 
Dental proteomics has also been utilised beyond medical research and has applications in 

forensics, palaeontology (Schweitzer, Schroeter et al. 2019), and archaeology (Dekker, 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, researchers have been able to reconstruct evolutionary relationships and gain 

insights into the biology of ancient species and human ancestors (Jersie-Christensen, Lanigan 

et al. 2018, Welker, Ramos-Madrigal et al. 2020). Recent studies have successfully retrieved 

proteomic data from fossilised teeth, providing new information in cases where ancient DNA 

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

9.15 Areas for Future Research 

 
This introduction provides an overview of the structure and function of dental tissues and 

explores current literature in the field of dental proteomics. However, several areas remain 

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 age-related disease. While recent advances in mass spectrometry and 

bioinformatics have improved the characterisation of dental tissue proteomes, more 

standardised methods and larger comparative datasets are needed to improve 

reproducibility and clinical relevance. Finally, translating findings from basic research into 

practical applications, such as biomarkers for early diagnosis or novel therapeutic targets, 

remain a promising but underexplored avenue. Continued interdisciplinary research 

integrating proteomics, tissue biology, and clinical studies holds great potential to advance 

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

 
10.1  Proteomic method development of dental tissues from one tooth 

using Bovine incisors 

10.1.1 Bovine Sample Collection 

 
For this section, five biological replicates of bovine incisors were used for mass spectrometry 

analysis. Mandibles were used as by-products of routine slaughter and samples were 

collected immediately and stored on ice to preserve biochemical integrity. Incisors were 

collected from lower mandibles of cows between three to five years old. The material used in this 

study was obtained post-mortem from animals already processed for the food industry at a licensed 

abattoir. No animals were sacrificed specifically for research purposes, and ethical approval was not 

required. Samples were then transported back to the University of Liverpool and stored at -80°C 

until further processing. 

 

10.1.2 Isolation of Bovine Dental Tissues 

 
Following extraction, each tooth was extensively cleaned with distilled water and a 

toothbrush to remove external debris and potential contaminants. Adherent periodontal 

ligament was removed using a sterile scalpel and snap frozen in liquid nitrogen. Teeth were 

then sectioned at the crown-root junction using an IsoMetϰ low-speed saw (Buehler, Illinois, 

USA) with constant water cooling. Pulp tissue was carefully removed from the exposed root 

chamber using endodontic files (BDSI, Barugh Green, England) and snap frozen with liquid 

nitrogen. 
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Dental crowns were mounted onto a WELL precision diamond wire (WELL, Le Locle, 
 

Switzerland) using Kerr impression compound sticks (Henry Schein, New York, USA). Thin 

sections of enamel were cut from the tooth, with any dentin removed using the EcoMet 30 

manual grinder-polisher (Buehler, Illinois, USA), and snap frozen prior to analysis. Dentin 

was subsequently collected from the crowns in the same manner, ensuring all remaining 

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

10.1.3  Confirmation of dental tissues using Quantitative light-induced 

fluorescent imaging 

Throughout sample processing, bovine incisors were imaged to facilitate visualisation of 

dental tissues more clearly than with the naked eye. Images were acquired using the QLF-Dϰ 

Biluminator system (Quantitative Light-induced Fluorescence-D; Inspektor Pro Research 

Systems, Bussum, Netherlands) mounted onto a single-lens reflex (SLR) camera (Canon, 

Tokyo, Japan) with an EF-S 60 mm f/2.8 macro lens (Canon, Tokyo, Japan). The Biluminator 

consists of a tube containing 8 blue LEDs (405 nm) and 4 white LEDs (6500 K), with filters for 

capturing both white-light and QLF images. All imaging was performed in a darkroom under 

standardised settings for blue and white light to ensure consistency. Resulting images were 

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

10.1.4 Pre-Processing of Dental Tissues for Protein Extraction 

 
Soft tissues (PDL and dental pulp) were minced into small fragments using a sterile scalpel. 

50 mg of each tissue was weighed and snap frozen prior to protein extraction. Mineralised 

tissues (enamel and dentin) were cryogenically pulverised into a fine powder using a Mikro- 

Dismembrator (Sartorius Group, Goettingen, Germany). Cryo-chambers containing 5 mm ball 

bearings (Sartorius, Goettingham, Germany) were pre-cooled in liquid nitrogen for 2 min 
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before the addition of tissue sections, which were then cooled for a further 3 min. 

Pulverisation was performed at 2000 rpm until complete powderisation was achieved. From 

this, 50 mg of each tissue type was weighed out and snap frozen for subsequent protein 

extraction. 

10.1.5 Protein Extraction of Bovine Incisors 

 
For soft tissues 50 mg of each sample was incubated directly in 500 µL of 4 M GnHCl solution 

for protein extraction (ThermoFisher Scientific, Massachusetts, USA) containing cOmpleteTM 

EDTA-free protease inhibitor cocktail (Merck, Darmstadt, Germany) at 4 °C and sonicated for 

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, samples were centrifuged (10,000 x g, 5 min) and the GnHClςsoluble protein 

fraction was collected from the supernatant for downstream analysis. For 

mineralised tissues cryogenically pulverised powders were first demineralized in 0.5 M, pH 

8.0 EDTA (Merck, Darmstadt, Germany) for three days at 4 °C under constant agitation. 
 

Samples were then centrifuged (10,000 x g, 5 min), and the EDTA-soluble protein fraction 

was collected. The remaining pellet was resuspended in 4 M GnHCl (ThermoFisher Scientific, 

Massachusetts, USA) and incubated under identical conditions for an additional 24 hours. 

After centrifugation, the GnHClςsoluble protein fraction was collected. The EDTA-soluble 

and GnHClςsoluble fractions were then pooled to generate the final mineralised tissue 

protein extracts. EDTA treatment was employed for mineralised tissues to remove calcium 

and facilitate protein solubilization, whereas soft tissues required only guanidine 

hydrochloride due to their non-mineralised nature. 
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10.1.6 Filter-aided Sample Preparation 

 
Protein extracts from both soft and mineralised tissues were processed using a filter-aided 

sample preparation (FASP) approach to remove detergents and other contaminants prior to 

enzymatic digestion ό²ƛǏƴƛŜǿǎƪƛ 2018). Briefly, 50 µg of each protein extract was applied to 

a 10 kDa molecular weight cut-off centrifugal filter unit (Cytiva, Massachussets, USA). 

Samples were first denatured and reduced in 8 M urea (Sigma-aldrich, 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 

denaturant was then removed by repeated washing with 8 M urea in 50 mM ammonium 

bicarbonate (Ambic) (Sigma-Aldrich, 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 (enzyme-to-protein ratio of 1:100) at 37 °C for 4 

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 concentrated via vacuum 

centrifugation prior to mass spectrometry analysis. The complete sample processing pipeline 

for bovine incisors is summarised in Figure 10.1. 
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Figure 10.1 - Schematic representing proteomic pipeline for bovine incisors. Samples were collected from mandibles and 
proteins extracted in a sequential process involving EDTA and GnHCl. Proteins were digested using filter-aided sample 
preparation and ran on a 2-hour gradient. Image created with BioRender. 

10.1.7 Liquid Chromatography-tandem Mass Spectrometry Analysis 

 
Peptide samples were resuspended in 0.1% formic acid and quantified prior to high-

resolution liquid chromatographyςtandem mass spectrometry (LC-MS/MS). Approximately 1 

µg of peptides from each sample was injected onto a reversed-phase nano-liquid 

chromatography system (Vanquish Neo UHPLC, Thermo) coupled online to a high-resolution 

mass spectrometer (Exploris 480, Thermo). Peptides were separated at a flow rate of 250 

nL/min using a 131 min binary gradient of increasing acetonitrile and ionized via 

electrospray. The mass spectrometer was operated in data-dependent acquisition mode, 

with survey scans recorded at high resolution and the most abundant precursor ions 

selected for fragmentation. Fragmentation spectra were acquired using higher-energy 

collisional dissociation (HCD), and dynamic exclusion was applied to minimise repeated 
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sequencing of abundant peptides. Raw data files were collected for subsequent protein 

identification and quantification. 

10.1.8 Protein Identification and Quantification 

 
Raw mass spectrometry data were processed using MaxQuant (maxquant.org, Max-Planck 

Institute Munich - version 2.0.1.0) for protein identification and label-free quantification. The 

software was configured to search against a reviewed canonical fasta database of Bos tauros 

from UniProt, including common contaminants. Carbamidomethylation of cysteine residues 

was set as a fixed modification, while methionine oxidation and N-terminal 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 discovery rates (FDR) for 

peptide-spectrum matches and protein identifications were controlled at 1% using a target-

decoy approach. Protein quantification was performed using the MaxLFQ algorithm, with 

peptides uniquely assigned to each protein considered for calculation of protein intensity 

values. Resulting protein groups were exported for downstream statistical analysis and 

bioinformatic processing. 

10.1.9 Statistical Analysis 

 
Protein groups identified by MaxQuant were filtered to only retain those detected in at least 

three of five biological replicates per tissue, ensuring robust and reproducible detection. 

Unique protein lists from each tissue were subsequently analysed using STRING (Szklarczyk, 

Gable et al. 2019) for protein-protein interaction and functional enrichment analysis. Venn 

diagrams were generated using the ggvenn R package (version 0.1.10) to visualise the 

overlap and tissue-specific proteins. For multivariate analysis, proteins were filtered 
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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. Missing values were replaced with zeros to allow 

inclusion of all proteins in downstream analyses. Principal component analysis (PCA) was 

performed to assess sample clustering and overall variance using the prcomp function from 

the stats R package (version 4.2.2). Differential abundance analysis was conducted using the 

R package NormalyzerDE (version 1.16.0) (Chawade, Alexandersson and Levander 2014, 

Willforss, Chawade and Levander 2019). P-values were adjusted for multiple testing using 

the Benjamini-Hochberg (Benjamini and Hochberg 1995) method, with a significance 

ǘƘǊŜǎƘƻƭŘ ƻŦ Ǉ Ґ лΦлрΦ tǊƻǘŜƛƴǎ ǿƛǘƘ ŀƴ ŀōǎƻƭǳǘŜ ƭƻƎі ŦƻƭŘ ŎƘŀƴƎŜ όC/ύ җ м ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ 

differentially abundant. Differential abundance results for enamel versus dentin and pulp 

versus periodontal ligament were subsequently input into the clusterProfiler R package 

(version 4.6.2) (Wu, Hu et al. 2021) for functional enrichment and pathway analysis. All other 

data visualisation was carried out using the ggplot2 R package (version 3.5.2). 
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10.2  Inflammation and Response to Bacterial Infection as Potential 

Drivers of Equine Odontoclastic Tooth Resorption and 

Hypercementosis 

 
10.2.1 Ethical Approval for the use of Equine Incisors 

 
This study involved samples obtained from an abattoir as well as routine dental extractions 

from living horses. For samples collected from living horses, the project was advertised in 

equine dental practices, and informed consent was obtained from the owners for the use of 

extracted teeth in this study. Ethical approval for the use of clinical samples was granted by 

the University of Liverpool, Veterinary Research Ethics Committee (Ethics no. VREC1171). 

10.2.2 Sample Collection for Equine Incisors 

 
Diseased incisors were collected following extraction by a veterinary surgeon using standard 

equine dental extraction instruments at the North Wales Equine Dental Practice. EOTRH was 

confirmed based on the presence of resorptive lesions on 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 surgeon (n = 5). These 

control incisors were collected from cadaver heads (mean age = 8.2 years, SD ±3.4) at F 

Drury and Sons abattoir and were a byproduct of the agricultural industry. A second set of 

samples was also collected from the abattoir and processed similarly to validate the findings 

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

!ƭƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ǎǘƻǊŜŘ ŀǘ ҍулϲ/ ƛƳƳŜŘƛŀǘŜƭȅ ŦƻƭƭƻǿƛƴƎ ŜȄǘǊŀŎǘƛƻƴΦ 
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10.2.3 Processing of Cementum from Equine Incisors 

 
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 

measured from the most occlusal to the most apical point and divided into three segments. 

Each segment was mounted and cut onto a WELL precision diamond wire (WELL, Le Locle, 

Switzerland) as described in Section 10.1.2. Thin sections (~3ς5 mm) of tissue were 
 

prepared, and any dentin or enamel contaminants were removed using a EcoMet 30 manual 

grinder-polisher (Buehler, Illinois, USA) as described in Section 10.1.2. Approximately 250 mg 

of cementum was collected for downstream processing. 
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10.2.4 Quantitative Light-induced Digital Imaging 

 
Throughout sample processing, images were captured as described in Section 10.1.3 to 

ensure that only cementum was collected for downstream analyses. After each round of 

imaging any adherent and non-specific tissue was removed until only cementum was left. 

Figure 10.2 shows an example QLF-D image taken from an equine incisor with specific 

tissues labelled. 

 

 
Figure 10.2 - Quantitative light-induced fluorescent (QLF) image of an equine incisor. Equine incisors were cross-sectioned 
and QLF images were taken to assist in tissue isolation. 

10.2.5 Protein Extraction from Equine Incisor Cementum 

 
Protein extraction from hard cementum tissues was performed using a sequential protocol 

with EDTA (Fisher Scientific, New Hampshire, USA) and GnHCl (ThermoFisher, 

Massachusetts, USA) similarly to Section 10.1.5, with some changes. Cementum sections 

were crushed into a fine powder using a mikro-dismembrator (Sartorius Group, Goettingen, 

Germany) under liquid nitrogen cooling as previously described in section 10.1.4. Then, 

cementum powder was first incubated in phosphate-buffered saline (PBS) (ThermoFisher, 

Massachusetts, USA) for 5 min with constant agitation, followed by centrifugation at 
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10,000 × g, and the supernatant was discarded. The pellet was then re-suspended in 0.5 M 

EDTA (pH 8.0) containing cOmpleteϰ EDTA-free 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 30-second cycles using a Bioruptor Sonication Device 

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

collected. Finally, the remaining pellet was incubated with a GnHCl extraction buffer 
 

containing 4 M GnHCl (ThermoFisher, Massachusetts, USA), 65 mM DTT (ThermoFisher, 

Massachusetts, USA) and 50 mM sodium acetate (Invitrogen, Massachusetts, USA) at 4°C 
 

with agitation for 3 days. All protein extracts were pooled for each individual sample for downstream 

analysis. 

10.2.6 Protein digestion 

 
Protein extracts were centrifuged at 15,000 × g for 10 min to remove any residual 

 
cementum powder. The resulting supernatant was transferred to 5000 Da molecular weight 

cut-off Vivaspinϰ ultrafiltration spin columns (Sartorius, Goettingham, Germany), and the 

ŜȄǘǊŀŎǘƛƻƴ ōǳŦŦŜǊ ǿŀǎ ŜȄŎƘŀƴƎŜŘ ŦƛǾŜ ǘƛƳŜǎ ǿƛǘƘ t.{ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Protein concentration was determined using the Pierceϰ 660 nm Protein Assay 

Kit (ThermoFisher, Massachusetts, USA). Briefly, 10 ˃ l of protein mixture was incubated with 

150 ˃ L of Pierce protein assay working reagent and incubated for 5 min in a 96-well plate. 

Absorbance was measured at 660 nm using a SPECTROstar Nano plate reader (BMG 

Labtech, Ortenburg, Germany). Protein concentrations were compared against pre-made 

bovine serum albumin (BSA) standards (0-2000 ˃ g/mL) and protein concentrations were 

calculated using the in-house AndersR package (version 0.0.0.9000). For digestion, 100 ˃ g of 
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protein was incubated with 10 ˃ L of Stratacleanϰ resin (Agilent Genomics, California, USA) 

and washed three times with 25 mM ambic (ThermoFisher Scientific, Massachusetts, USA). 

Rapigestϰ (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 

(Sigma-Aldrich, Massachusetts, USA). Digestion was performed with Trypsin/Lys-C (Promega, 

Wisconsin, USA) at a 50:1 protein-to-enzyme ratio for 12 h at 37°C with agitation. Following 

digestion, samples were centrifuged at 5000 x g for 10 min, and the tryptic supernatant was 

collected. Rapigestϰ was then inactivated with 0.5% (v/v) trifluoroacetic acid 

(ThermoFisher, Massachusetts) at 37°C for 45 min. The digest was centrifuged at 15,000 × g 

for 15 min, and the resulting supernatant was used for liquid chromatographyςtandem mass 

spectrometry analysis. 

10.2.7 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

 
Prior to mass spectrometry, protein extracts and peptide digests were analysed by sodium 

dodecyl sulfateςpolyacrylamide gel electrophoresis (SDS-PAGE) to assess extraction and 

quantification accuracy as well as digestion efficacy. For pre-digestion samples, 

approximately 10 ˃ g of protein extract was mixed with 4 X SDS loading buffer (0.5 M Tris-HCl 

pH 6.8, 8 % SDS, 70 % Glycerol, 0.04 % bromophenol blue) and boiled at 95 oC for 5 min. 

Samples were loaded onto a 4-12 % Bis Tris gel (ThermoFisher, Massachusetts, USA) with 

250 mL 1 X NuPage MES-SDS running buffer (ThermoFisher, Massachusetts, USA) per gel. 

Samples were run at 150 V until completion. Gels were stained using a colloidal blue staining 

kit (ThermoFisher, Massachusetts, USA) according to the manufactuǊŜǊΩǎ instruction. 
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For post-digest gels, 7 uL of the final digest was mixed with 7 uL of 2 X SDS loading buffer and 

processed in the same way as above. 

10.2.8 Liquid Chromatography-tandem Mass Spectrometry Analysis 

 
Samples were desalted using C18 ZipTips (MilliporeSigma, Massachusetts, USA) according to 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ǘƘŜƴ ŎŜƴǘǊƛŦǳƎŜŘ (10,000 x g, RT, 1 min) and transferred to 

total recovery vials (Waters, Massachusetts, USA) for LCςMS/MS analysis. Approximately 

300 ng of each sample was loaded onto the trapping column (PepMap100, C18, 300 µm × 

3.5 mm; ThermoFisher Scientific, Massachusetts, USA) using partial loop injection for 7 min 

at a flow rate of 12 µL/min with 0.1% (v/v) formic acid. Peptides were separated on the 

analytical column (Easy-Spray C18, 75 µm × 500 mm; ThermoFisher, Massachusetts, USA) 

using a gradient from 96.2% solvent A (0.1% formic acid in water; Merck, Darmstadt, 

Germany) and 3.8% solvent B (79.95% acetonitrile, 19.95% water, 0.1% formic acid; Merck, 

Darmstadt, Germany) to 50% A / 50% B over 90 min at a flow rate of 0.3 nL/min, followed 

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

with a full-scan MS resolution of 60,000 (m/z 200) in the Orbitrap (ThermoFisher, 

Massachusetts, USA) (AGC target: 3 × 10^6 ions; maximum fill time: 100 ms). The 16 most 

intense peaks from each full scan were selected for HCD MS/MS at 30,000 resolutions (AGC 

target: 1 × 10^5 ions; maximum fill time: 45 ms), with an isolation window of 2 m/z and 

normalised collision energy of 30%. Singly charged ions and ions with charge states җ +6 

were excluded. To prevent repeated selection of the same peptides, a dynamic exclusion 

window of 60 s was applied. All samples were analysed in a randomised order. Full analysis 

pipeline for EOTRH samples is represented in Figure 10.3. 
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Figure 10.3 - Schematic representing proteomic pipeline of equine cementum for mass-spectrometry based 
proteomics. Equine cementum was isolated from incisors and proteins extracted with EDTA (ethylenediaminetetraacetic 
acid) and GnHCl (guanidine hydrochloride). Extracts were digested and analysed on a 2-hour gradient. 

10.2.9 Label-free Quantification 

 
Peptide and protein identification was performed using an in-house Mascot server. Searches 

were conducted against the UniHorse database with the following parameters: peptide mass 

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 carried out using 

Progenesis QI software v4 (Waters, Massachusetts, USA), considering only unique peptides. 

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

 
All data processing and analysis were performed in R (version 4.2.2). Data normalisation was 

evaluated and carried out using NormalyzerDE (Chawade, Alexandersson and Levander 

2014) , which compares methods based on multiple metrics, including density plots, QςQ 

plots, and relative log expression (RLE) plots. Proteomics data were normalised using median 

normalisation, in which each protein abundance was divided by the median intensity per 

sample, multiplied by the average median of total intensities, and finally log2-transformed. 

¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ǿŀǎ ǎŜƭŜŎǘŜŘ ŘǳŜ ǘƻ ǘƘŜ ŘŀǘŀΩǎ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ ƛǘǎ ǊƻōǳǎǘƴŜǎǎ ƛƴ ƻǘƘŜǊ 

proteomics studies. Principal component analysis (PCA) was used to assess relationships 

between biological replicates. Variables were converted into principal components, and the 

contribution of each protein to the components was determined. Differentially abundant 

proteins were identified using NormalyzerDE, which employs a limma-based linear 

modelling approach for accurate differential expression estimation using the normalyzerDE 

function (Ritchie, Phipson et al. 2015). Statistical significance was adjusted with the BH 

correction (Benjamini and Hochberg 1995) , and proteins were considered differentially 

expressed if the FDR corrected p-value was less than 0.05 and FC was lower than 0.5 or 

larger than two. Functional enrichment analysis was performed using IPA (QIAGEN Inc., 

Hilden, Germany) (Krämer, Green et al. 2014). CƛǎƘŜǊΩǎ exact test identified significantly 
 

overrepresented pathways, and Z-scores predicted pathway or biological function activation 

states (positive = activated, negative = inhibited). A Z-score significantly different from zero 

indicated that the observed activation or inhibition was unlikely to occur by chance. 

Validation was performed using Lt!Ωǎ άŎƻƳǇŀǊƛǎƻƴ ŀƴŀƭȅǎƛǎέ tool to compare pathway 

information between the main dataset and an independent cohort. All figures were 

generated using IPA or R packages, including ggVenn (version 0.1.10) and ggplot2 (version 
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3.5.2). For PCA, missing values were imputed using Bayesian PCA via the PCAtools R package 

(version 2.10.0), which outperformed other methods (k-nearest neighbour, local least 

squares, random forest, mean) based on root mean square error. For differential abundance 

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

excluded. 

10.2.11 Isolation of periodontal ligament cells 

 
Equine incisors were extracted from live animals as part of pre-planned and routine dental 

procedures, with informed owner consent. Extracted teeth were immediately placed in 

Falcon tubes (50 mL) containing cultivation media made up of 5ǳƭōŜŎŎƻΩǎ Modified Eagle 

MediumςHigh Glucose (DMEM-HG) (ThermoFisher, Massachusetts, USA) supplemented 

with 10% foetal bovine serum (ThermoFisher, Massachusetts, USA), 1% 

penicillin/streptomycin (Sigma-Aldrich, Massachusetts, USA), and 1% amphotericin B 

(ThermoFisher, Massachusetts, USA). Teeth were processed within 12 hours after 

collection. Under sterile conditions, cultivation media was removed, and teeth were placed 

in a 150-mm culture dish. PDL tissue was scraped from the mid-third of the root surface 

using a sterile scalpel, avoiding remaining gingival or root tissue. The collected PDL tissue 

was finely minced and transferred to a 15 ml tube containing 15 ml of digestion media, 

which contained supplemented DMEM-HG and 2 mg/mL collagenase type II (ThermoFisher, 

Massacusetts, USA). Samples were digested at 37°C on a rotating rack for 1 hour, followed 

by centrifugation at 300 × g for 5 min. The supernatant was removed, the cell pellet 

resuspended and filtered through a 70 µm cell strainer. The flow-through was centrifuged 

again at 300 × g for 5 min, resuspended in 1 ml of cultivation media, and seeded into T25 

culture flasks (ThermoFisher, Massachusetts, USA). 
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10.2.12 Maintenance of Cell Cultures 

 
Cells were maintained at 37 °C in a humidified normoxic atmosphere with 5 % /hіΦ Media 

was replaced every two days. At 80 % confluence, cells were washed with PBS and 

incubated with 0.25 % trypsin/EDTA (Sigma-Aldrich, Massachusetts, USA) until cell-

detachment. Detached cells were neutralised with cultivation media, centrifuged at 200 × g 

for 5ς10 min, and resuspended for re-seeding. Selective detachment was performed to 

enrich for fibroblasts or cementoblasts. Briefly, trypsinisation (3 min at 37 °C) was repeated, 

and cells were monitored microscopically to detach one cell type preferentially. Detached 

cells were harvested, and reseeded; while remaining adherent cells were maintained in 

culture for further enrichment. 

10.2.13 Cell-imaging 

 
Cell morphology was monitored using an Axiovert S100 light microscope (Zeiss, Oberkochen, 

Germany). Fibroblast-like cells displayed spindle-shaped morphology and formed parallel 

strand-like arrangements at confluence. Cementoblast-like cells exhibited a cobblestone 

appearance, forming densely packed colonies with defined edges. PDLSCs were noted to be 

fibroblast-like, making distinction based on morphology alone challenging. Images were 

captured using an Axiovert S100 microscope (Zeissm Oberkochen, Germany) at 10 × 

magnification, with image acquisition performed via the S-EYE (Shenzhen Hayear Electronics, 

Shenzen, China) software on an attached device. 
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10.3  Proteomic signatures of equine dental tooth tissues in ageing and 

disease 

10.3.1 Ethical Approval for the use of Equine Teeth 

 
This study involved samples obtained from an abattoir as well as routine dental extractions 

from living horses. For samples collected from living horses, the project was advertised in 

equine dental practices, and informed consent was obtained from the owners for the use of 

extracted teeth in this study as described in Section 10.2.1. Ethical approval for the use of 

clinical samples was granted by the University of Liverpool, Veterinary Research Ethics 

Committee (Ethics no. VREC1171). 

10.3.2 MicroCT and Image Analysis 

 
Equine molars were imaged using a high-resolution micro-computed tomography (microCT) 

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

min duration using a copper and aluminium filter combination (Cu 0.06 mm + Al 0.5 mm), 

with a tube voltage of 90 kV and a current of 88 ˃ !Φ ¢ƘŜ ŦƛŜƭŘ of view (FOV) ranged from 72ς

86 mm, resulting in an isotropic voxel size of approximately 144ςмтн ˃ƳΦ wŜŎƻƴǎǘǊǳŎǘŜŘ 

Digital Imaging and Communications in Medicine (DICOM) files were imported into 

Dragonfly 3D (Object Research Systems, Quebec, Canada) for mesh generation and 

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

were performed using MeshLab (version 2020.07) (Cignoni, Callieri et al. 2008), based on the 

3D surface meshes exported from Dragonfly 3D. 
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10.3.3 Sample Collection of Equine Molars 

 
Equine molars were collected as described in 10.2.2. Briefly, cadaver heads from mixed 

breeds, sourced from an abattoir were collected and aged using horse passports and by 

analysing dental structure. For diseased teeth, molars were collected following a routine 

surgical extraction by a veterinary surgeon with informed consent and ethical approval 

(University of Liverpool; VREC1171). Teeth were stored immediately at ς 80 °C after removal 

prior to processing. 

10.3.4 Isolation of Dental Tissues 

 
Dental tissues were isolated in a similar process as described in Section 10.1.2 with some 

extra processing steps to account for soft tissues. Adherent PDL was removed using a sterile 

scalpel. Pulp was extracted using sterile dental probes and endodontic files. Both soft tissues 

were immediately stored at -80 °C. Teeth were sectioned into three segments: crown, 

reserve crown and root. The segments were separated by cutting horizontally using a 
 

Precision Diamond Wire Saw (WELL, Le Locle, Switzerland) under constant water cooling. 

The crown was further cut into 1ς3 mm thick sections. To distinguish the individual tissues, 

the cross sections were visualised under QLF imaging as described in Section 10.2.4. Any 

remaining pulp tissues were removed, and hard tissues (dentin and cementum) were cut 

based of previously acquired images. All hard tissues were stored at -80°C for downstream 

processing. 

10.3.5 Protein Extraction from Equine Dental Tissues 

 
Hard tissues were processed as described in section 10.2.5 and dental pulp was processed as 

described in section 10.1.5. 
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10.3.6 Protein Digestion 

 
Protein was quantified and digested as described in section 10.2.6. A summary of the sample 

processing protocol from equine molars is shown in Figure 10.4. 

 

Figure 10.4 - Summary of proteomic pipeline used for equine molars. Dental tissues were carefully dissected, with 
adherent periodontal ligament removed using a sterile scalpel and pulp extracted with dental probes and endodontic files. 
Teeth were sectioned into crown, reserve crown, and root using a precision diamond wire saw under constant water cooling. 
Crown cross-sections (1ς3 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 hydrochloride (GnHCl), whereas soft tissues (pulp and periodontal ligament) were directly solubilised in GnHCl. 
The schematic illustrates the workflow from tissue isolation to protein extraction and downstream proteomic analysis. 
Image produced using BioRender. 

10.3.7 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

 
SDS-PAGE analysis for pre and post digestion gels were completed as detailed in section 

10.2.7. 
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10.3.8 Liquid Chromatography-tandem Mass Spectrometry Analysis 

 
Mass spectrometry was performed as described in section 10.2.8. Mature, old, and diseased 

samples were run on the same day; however different tissues were analysed on separate 

days. All four raw datasets have been uploaded to the Proteomics Identifications Database 

(PRIDE) under the following identifiers: Enamel (PXD065888), Dentin (PXD065894), 

Cementum (PXD066267) and Pulp (PXD065888). 

 

10.3.9 Label-free Quantification 

 
Raw data files were quantified using the same method as described in section 10.2.9 with 

the same search parameters and database used. 

10.3.10 Statistical Analysis 

 
Statistical analysis was performed as described in section 10.2.10 with some minor changes. To 

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 biological groups compared with section 10.2.10.  

Proteins were filtered to exclude those with excessive missing values; specifically, only proteins 

quantified in at least three biological replicates per group were retained for differential abundance 

analysis. Data was median normalised and pairwise differential abundance analysis was performed 

within each tissue type using NormalyzerDE (Chawade, Alexandersson and Levander 2014) , 

comparing the following groups: mature vs. old, mature vs. diseased, and old vs. diseased. Statistical 

significance was assessed using empirical Bayes moderated t-tests. Proteins were considered 

differentially expressed if they met both a fold change threshold ƻŦ ƭƻƎнόC/ύ җ м ƻǊ Җ -1 and a p-value 

Җ лΦлрΦ !ƭƭ Ǿƛǎǳŀƭƛǎŀǘƛƻƴǎ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ƎƎǇƭƻǘн ǇŀŎƪŀƎŜ όǾŜǊǎƛƻƴ оΦпΦоύ ƛƴ wΦ ¢ƘŜ 

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 enriched biological processes, molecular 

functions, and cellular components associated with protein expression changes. Ingenuity Pathway 

Analysis (QIAGEN Inc., Hilden, Germany) (Krämer, Green et al. 2014) was employed to provide 

complementary insights, including upstream regulator prediction, canonical pathway mapping, and 

network-level interpretation of the data. Differential abundance data was input into IPA, and the 

data ǿŀǎ ŎǊƻǎǎ ǊŜŦŜǊŜƴŎŜǎ ŀƎŀƛƴǎǘ ǘƘŜ ΨǳǎŜǊ ŘŀǘŀǎŜǘΩΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜŘ ŀƭƭ ǇǊƻǘŜƛƴǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŜ 

experiment. 

10.3.11 Shiny Application Development for Data Visualisation 

 
A custom Shiny application was developed in R (version 4.2.2) using the shiny R package 

(version 1.7.4.1). Within the app, protein expression data and differential abundance 

analysis outputs from the four dental tissues were integrated. Pairwise comparisons were 

organised to separately evaluate ageing (old vs. mature) and disease (old diseased vs. old 

healthy). The application includes modules for generating interactive volcano plots, 

visualising overlap of differentially expressed proteins across tissues and exporting datasets. 

The app was deployed online at (https://andersjensen14.shinyapps.io/ageing_teeth_shiny/), 

and the source code is publicly available at https://github.com/AJensen14/Teeth_Shiny_App. 

https://andersjensen14.shinyapps.io/ageing_teeth_shiny/)
https://github.com/AJensen14/Teeth_Shiny_App
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10.4  Application of Proteomic Methods to Determine Age-related 

Changes in Human Teeth 

10.4.1 Ethical Approval for the Use of Human Samples 

 
Human tooth samples were collected in accordance with ethical guidelines and approved by 

the Liverpool University Biobank and Ethical Review Committee (Project number 23-01). 

Written informed consent was obtained from all participants. Information regarding age, sex, 

and smoking status was recorded for each donor. Only extracted molars without obvious 

macroscopic signs of disease, as assessed by gross visual inspection, were included in this 

study. 

10.4.2 Sample Collection 

 
Teeth were obtained during routine dental extractions. Each sample was assigned a random 

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, 

University of Liverpool, where they were stored at ҍ80 °C until requested for processing. 

Samples were catalogued and made available to the researchers with the support of the 

Liverpool University Biobank for the provision of material. 

10.4.3 Human Sample Processing 

 
Human molars were processed following a similar protocol to that described in Section 

10.1.2 with minor modifications. Briefly, teeth were cleaned using water and a toothbrush, 

then rinsed with 70% ethanol. Any adherent soft tissue was removed with a sterile scalpel, 

and the crown was separated from the root at the cemento-enamel junction using a 

diamond 
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wire. The pulp chamber was cleaned with endodontic files and 70% ethanol, after which the tooth was 

bisected. Enamel was ground away as detailed in Section 0, and dentin was subsequently imaged 

using QLF-D, as described in Section 10.1.3 to confirm accurate tissue isolation. Following this, dentin 

pieces were snap-frozen in liquid nitrogen and crushed into a powder as in Section 10.1.4. 

10.4.4 Protein Extraction and Digestion using S-Trap 

 
Protein extraction from dental samples was performed using two methods: EDTA/SDS 

extraction for the main study, alongside formic acid extraction in order to improve protein 

recovery and mass spectrometry consistency. 

10.4.4.1 EDTA/SDS extraction 

 
100 mg of dentin powder was suspended in 0.5 M EDTA (pH 8.0) (ThermoFisher, 

 
Massachusetts, USA), and the supernatant was collected as described in Section 10.1.5. SDS 

extraction buffer (10% SDS, 5 mM DTT, 0.1 M Tris-HCl) (ThermoFisher, Massachusetts, USA) 

was added to the remaining pellet, and samples were boiled for one hour at 95°C. Samples 

were centrifuged at 10,000 × g for 5 min, and the supernatant collected. Both 

supernatants were combined, and the pooled extract was dried using a SpeedVac. 

 
The dried protein extract was resuspended in 200 µL S-Trap lysis buffer (Protifi, New York, 

USA), heated to 70°C, and centrifuged at 15,000 × g for 10 min. Proteolytic digestion was 

ǇŜǊŦƻǊƳŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ .ǊƛŜŦƭȅΣ ¢Ǌƛǎόн-carboxyethyl)phosphine 

(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 

temperature for 15 min. Phosphoric acid (2.5% (w/v) final concentration) was added, 

and proteins were trapped using binding buffer in S-Trap columns, centrifuged at 4,000 × g 

for 30 seconds, and washed three times with binding/wash buffer. Trypsin was added at a 
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1:10 (enzyme:protein) ratio and incubated overnight at 37°C. Peptides were eluted in three 

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

resuspended in formic acid for mass spectrometry. All reagents used in the S-Trap protocol 

are listed in Table 10.1. 

Table 10.1 - List of buffers used in S-Trap digestion. Taken from www.protifi.com. 
 

Solution Composition pH 

Reducing agent 120 mM TCEP in water (Tris(2- 

carboxyethyl)phosphine hydrochloride) 

Unadjusted 

Alkylating agent 500 mM MMTS in isopropanol (methyl 

methanethiosulfonate) 

Unadjusted 

Acidification agent 27.5% phosphoric acid <1 

1 M TEAB stock TEAB; pH adjusted with phosphoric acid 

(Tetraethylammonium bromide) 

7.55 

Binding /  wash buffer 100 mM TEAB in 90% methanol 7.55 

Trypsin stock solution 1 mg/mL trypsin in 50 mM TEAB 8.5 

Digestion buffer 50 mM TEAB containing trypsin (1ug per 

10ug sample) 

8.5 

Elution buffer 1 50 mM TEAB in water 8.5 

Elution buffer 2 0.2% formic acid in water Unadjusted 

Elution buffer 3 50% acetonitrile in water" Unadjusted 

http://www.protifi.com/
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10.4.4.2 Formic acid extraction 

 
A total of 10 mg of powdered dentin was dissolved in 10% formic acid. Samples were dried in a 

SpeedVac, resuspended in S-Trap lysis buffer, and protein concentration measured by OD280 

on a Nanodrop. A total of 50 µg protein was then processed using the same S-Trap protocol 

described above. 

10.4.5 Liquid Chromatography-tandem Mass Spectrometry Analysis 

 
MS setup was carried out identically across all samples. Peptide samples were analysed on a 

EASY-nLC 1200 system (ThermoFisher, Massachusetts, USA), coupled online to a Tribrid 

Eclipse mass spectrometer (ThermoFisher, Massachusetts, USA). Separation was performed 

on a 20 cm analytical column with an inner diameter of 75 um, which was packed in-house 

with ReproSil-Pur C18-AQ resin (3 ˃m particle size) (Dr. Maisch, Ammerbuch-Entringen, 

Germany). Peptides were eluted at a flow rate of 250 nL/min using a 50 min linear gradient 

from 5 % to 35 % solvent (90 % acetonitrile, 0.1 % formic acid). 

10.4.6 Label-free Quantification 

 
Raw mass spectrometry data were analysed using MaxQuant (version 2.6.7.0) with the 

integrated Andromeda search engine. Individual spectra were searched against the 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. Enzyme specificity was set to trypsin, allowing up to two missed cleavages. 

Search parameters included a first search peptide tolerance of 20 ppm and a main search 

peptide tolerance of 4.5 ppm. The fragment ion mass tolerance was set to 20 ppm. A 1% FDR 

was applied at both the peptide-spectrum match (PSM) and protein levels using a target- 
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decoy strategy. The minimum peptide length was set to seven amino acids, and only proteins 

identified by at least one unique peptide were considered. 

10.4.7 Statistical Analysis 

 
Statistical analysis was carried out as detailed in Section 10.1.9. Briefly, for age-related 

Comparisons, proteins were filtered out unless present in at least three young and old 

samples. Clustering, differential analysis and pathway analysis was all conducted as 

explained in Section 10.1.9. 

10.4.8 Western Blotting 

 
Protein extract solution (10 ˃ g) from human dentin powder was incubated with 5 ˃ [ 

StrataClean resin (Agilent, California, USA), and the buffer was exchanged with 1× PBS. After 

the final wash, the beads were resuspended in 2 X SDS sample buffer containing 100 mM 

DTT. SDS-PAGE was performed as described in Section 10.2.7, then proteins were transferred 

onto Trans-.ƭƻǘ ¢ǳǊōƻ aƛƴƛ лΦн ˃Ƴ tƻƭȅǾƛƴȅƭƛŘŜƴŜ CƭǳƻǊƛŘŜ όt±5Cύ ƳŜƳōǊŀƴŜǎ ό.ƛƻ-Rad, 

California, USA) using a Trans-Blot Turbo system under mixed molecular weight settings (2.5 

A, 25 V, 7 min). Membranes were blocked in 5% (w/v) milk powder (Sigma-Aldrich, 

Massachusetts, USA) for 3 hours at room temperature prior to antibody incubation. 

Primary antibodies against S100A9 (PA1-46489, Thermofisher, Massachusetts, USA) and LOX 

(PA1-16953, Thermofisher, Massachusetts, USA) were diluted 1:2000 in 5% milk TBS-T and 

incubated overnight at 4 °C. Membranes were then washed three times in 0.1% PBSςTween-

20 (PBS-T) and incubated with anti-rabbit alkaline phosphatase-conjugated secondary 

antibody (1:5000; Promega, Wisconsin, USA) for one hour at room temperature. After five 

additional washes in 0.1% PBS-T, membranes were developed using nitro blue tetrazolium/5-

bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) substrate (Thermo Fisher, Massachusetts, 
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USA) until signal development was complete. Blots were subsequently imaged using a 

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 optimised a mass spectrometryςbased proteomic workflow for profiling multiple 

dental tissues from a single bovine tooth, enabling direct tissue comparison from a shared 

biological background. Enamel, dentin, dental pulp, and periodontal ligament were dissected 

and processed using a sequential sample preparation protocol, followed by label-free 

quantification. Approximately 3900 proteins were identified across all tissues, with distinct 

clustering of hard and soft tissues observed in principal component analysis. Classic marker 

proteins were used to assess tissue-specific expression, with expected enrichment patterns 

confirming biological validity. Differential abundance and enrichment analyses revealed 

tissue-specific molecular specialisations, such as extracellular matrix remodelling in 

periodontal ligament and metabolic and neurovascular activity in the dental pulp. 
 

Comparisons between enamel and dentin revealed closely related proteomic profiles, 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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11.2 Introduction 

 
Although often considered as one ubiquitous calcified unit, teeth are highly specialised 

composite organs composed of multiple structurally and functionally distinct tissues. Each 

tissue contributes uniquely to the mechanical integrity, sensory capacity, and overall health 

of the tooth, through their distinct properties and functionality. 

Enamel, the outermost layer of the tooth, is the most mineralised tissue in the body and 
 

serves as a protective barrier against physical and chemical damage (Lacruz, Habelitz et al. 
 

2017). Beneath the enamel lies dentin, a less mineralized yet still resilient matrix that makes 

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

Kulkarni et al. 2011). The innermost compartment, the pulp, contains connective tissue, 

nerves, and blood vessels, playing a crucial role in cellular nutrition, perfusion, innervation, 

and immune defence (Yu and Abbott 2007). Surrounding the root, the PDL anchors the tooth 

within the alveolar bone and absorbs masticatory forces (Nanci 2013). The anatomy and 

localisation of these tissues directly reflects their structural role within the tooth as a whole. 

For example, the PDL is flexible in order to absorb masticatory force and prevent damage, 

whereas enamel is exterior facing, hard and rigid, therefore providing a protective interface. 

However, less is understood about the dynamic organic constituents, such as protein, within 

these tissues, changes in which 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 

tissue has the potential to improve both basic and applied clinical research. The proteome of 

each distinct tissue reflects its biological functions, and therefore can provide insights into 

tissue-specific developmental processes (Widbiller, Eidt et al. 2018, Gabe, Bui et al. 2024), 
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maintenance of tissue integrity (Luo, Luo et al. 2023), and responses to injury or disease 

(Lopes, Marcantonio et al. 2025). 

Several proteins have already been identified as having important biological functions within 

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 

maturation during enamel development (Masuya, Shimizu et al. 2005, Gabe, Bui et al. 2024). 

Within the pulp, growth factors, such as vascular endothelial growth factor and transforming 

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 1994, Nakashima 2005). The 

PDL is rich in structural proteins including collagen type III (Butler, Birkedal-Hansen 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, 

comprehensive and comparable datasets spanning multiple tissues are limited. Generating 

such profiles can help to validate or establish non-overlapping protein markers in a 

consistent experimental framework and may also reveal novel tissue-associated proteins 

with potential diagnostic or therapeutic relevance. 

Although advances in mass spectrometry sensitivity have increased the coverage of dental 

tissue proteomics (Salmon, Giorgetti et al. 2016, Carrilho, Scaffa et al. 2023, Lertruangpanya, 

Roytrakul et al. 2024), the analysis of dental structures presents several technical challenges. 

The high mineral content of enamel and dentin significantly complicates protein extraction, 

often resulting in low yields and incomplete recovery of matrix-bound proteins (Hubbard 
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and Kon 2002). Even when demineralisation procedures are applied, there is a risk of 
 

degradation or modification of labile proteins (Simó and Cifuentes 2003, Toroian, Lim and 

Price 2007, Carrilho, Scaffa et al. 2023). The anatomical proximity of distinct dental tissues 

leads to challenges in tissue separation even with advanced tools, such as laser capture 

microdissection (Salmon, Giorgetti et al. 2017). A specific example of this is the interface of 

enamel and dentin (Jágr, 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 skew proteomic 

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, although this increases total material, it can obscure important 

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 

focusing on optimising methodologies to extract and analyse all four compartments from a 

single tooth individually, this work establishes a foundation for future studies that can 

directly compare tissue-specific proteomes within a single specimen. This approach not 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 tissues within the same 

tooth. Such comparisons may be particularly informative in understanding processes that 

span tissue boundaries, for example, how inflammatory or degenerative changes in the pulp 

could be reflected in adjacent dentin or periodontal ligament compartments. 
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We hypothesised that mass-spectrometry-based proteomics could be used to identify 
 

biomarkers highly specific to each dental tissue. To test this, we used bovine incisors as they 

are readily obtainable, share composition and histological organisation with human teeth, 

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

and analysis. 



112  

11.3 Results 

 
11.3.1 Overview of proteomics data across tissues and samples. 

 
To assess the quality and completeness of our proteomic dataset prior to quantitative and 

differential abundance analysis, we first examined missing data across samples derived from 

bovine dental tissues. Across all samples, we detected a total of 3919 proteins. The number 

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 samples. Bar plot showing presence and 
absence of quantified proteins across all tissues and samples. Blue bars indicate detected (non-missing) protein intensities, 
while red cells represent missing values. Figure made using the ggplot2 R package (Version 3.5.2). 

 
Proteins identified in at least 60% (n = 3) of replicates for each dental tissue were identified 

and the overlap of protein profile was compared (Figure 11.2). 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 proteins, including bactericidal permeability-

increasing protein (BPI) 
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and odontogenic ameloblast-associated protein (ODAM). Dentin had 256 unique proteins, 

the most across the tissues, and included proteins such as MMP14, bone morphogenic 

protein 4 (BMP4) and Fam20C. Among the 137 ligament-only proteins, proteins involved in 

ECM remodelling (Matrillin-2, MMP-9 and Collagen type IV), cell adhesion (Tropomyosin 3 

and Kindlin 3) and inflammation (Interferon regulatory factor 3 and Apoptosis-associated 

speck-like protein) were all identified. In dental pulp the majority of the 158 proteins were 

related to vascularisation (unc-5 netrin receptor B and caspase 3) and metabolism 

(Dihydrolipoamide Acetyltransferase and Glutaryl-CoA Dehydrogenase). 

 

 

 
Figure 11.2 - Venn diagram showing the overlap and unique distribution of identified proteins across bovine dental 
tissues. The diagram illustrates the number of proteins detected by mass spectrometry in dentin (blue), enamel (grey), 
periodontal ligament (purple) and pulp (red). Circles represent the proteomes of each tissue, with overlapping regions 
indicating proteins shared between two or all three tissues. Proteins present in each group were detected in at least 60% 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 

associations using the STRING database (version 12.0). The three most significant biological 

processes and molecular functions are shown in the dot plots, together with the most 

significant cellular component. In enamel (Figure 11.3A), the majority of proteins were 
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associated with the extracellular space. Among these, the most enriched biological 

processes were responses to bacteria, including Gram-negative bacteria. Notably, three 

interconnected proteins; laminin subunit beta-3 (LAMB3), laminin subunit gamma-2 

(LAMC2), and laminin subunit alpha-3 (LAMA3) were all enamel specific and form the 

laminin-332 complex. In dentin (Figure 11.3B), the predominant cellular component was the 

endomembrane system, although extracellular, cytoplasmic, and cell-surface 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), family with sequence similarity 20 member C 

(FAM20C), and progressive ankylosis protein homolog (ANKH) (FDR = 0.0218). All proteins 

unique to dental pulp (Figure 11.3C) were intracellular. The main molecular function in this 

set was structural constituent of the nuclear pore, determined by the presence of multiple 

nucleoporin (NUP) proteins (NUP85, NUP98, NUP160, NUP107, and NUP93), as well as SEH1 

like NUP (SEH1L). Periodontal ligament proteins (Figure 11.3D) were located both inside and 

outside the cell, and the only significant molecular function was binding (GO:0005488). 
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Figure 11.3 - STRING functional enrichment analysis of proteins uniquely expressed in each dental tissue. Functional 
enrichment was assessed using the STRING database (version 12.0). For each tissue A) Enamel, B) Dentin, C) Dental pulp 
and D) periodontal ligament. The top three most significant Gene Ontology (GO) biological processes (BP) and molecular 
functions (MF), as well as the most significant cellular component (CC), are displayed. Dot size represents the number of 
proteins associated with each GO term, and colour intensity indicates statistical significance (ςƭƻƎѕє C5wύΦ CƛƎǳǊŜǎ ǿŜǊŜ 
produced using STRING functional enrichment visualisation tool. 
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11.3.2 Clustering Analysis Reveals Tissue-specific Bovine Proteomic Profiles 

 
To explore global proteomic variation among bovine dental tissues, unsupervised 

multivariate analyses were performed. PCA was applied to assess the major sources of 

variance and to visualise sample relationships for high dimension data. In addition, 

hierarchical clustering was conducted to identify patterns of similarity and divergence across 

tissue proteomes. These analyses aimed to determine whether distinct tissue types could be 

distinguished based on their proteomic profiles, to determine the effectiveness of the 

sample processing pipeline and finally highlight the potential of the identified unique 

proteins as tissue-specific biomarkers. 

For PCA, proteins were filtered based on if they were detected in at least 20% of samples 

across all tissues. The first two principal components (PC1 and PC2) together explained 64% 

of the total variance and the percentage variability explained of the next five principal 

components are shown in Figure 11.4A. Most tissues exhibited tight clustering across 

biological replicates with enamel showing the highest variability. PDL and pulp 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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B 

Figure 11.4 - Principal Component Analysis of Bovine Tissue Proteomes. Label-free proteomics data was log2 normalised 
and filtered for proteins in at least 20% of samples across tissues. Principal component analysis results show the sample-
sample variability. A) Scree plot showing the percentage of total variance explained by each principal component. B) PCA 
plot showing every sample for each tissue with PC1 (39.5%) on the x-axis and PC2 (20.9%) on the y-axis. Figures were 
produced using the ggplot2 R package (version 3.5.2). 

A 
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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 soft tissues, a third 

principal component (PC3) was examined. PC3 accounts for 6.9% of the total variability and 

enables clearer separation of PDL and dental pulp when samples are visualized in three-

dimensional PCA space (Figure 11.5). 

 

 
 

 
Figure 11.5 - Three-Dimensional Principal Component Analysis (PCA) of Bovine Tissue Proteomes. Label-free proteomics 
data was log2 normalised and filtered for proteins in at least 20% of samples across tissues. Principal component analysis 
results show the sample-sample variability. The 3D PCA plot displays bovine tissue samples along the first three principal 
components (PC1, PC2, and PC3), which together explain approximately 67.8% of the total variance in protein abundance 
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. To better characterise these tissue-specific proteomic patterns, the dataset was 

subsequently divided into hard (dentin and enamel) and soft (periodontal ligament and 

dental pulp) tissue groups for separate PCA analyses. Figure 11.6A shows the PCA result for 

hard tissues with slight separation along PC1. The major separating factors between dentin 
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and enamel are shown in Figure 11.6B and include lipocalin-2 (LCN2) (PC1 > 0) and tubulin 

beta 4B (PC1 < 0). 

 

 
A 

 
 
 
 
 
 
 
 
 
 
 
 

 
B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 11.6 - Principal component analysis (PCA) highlighting proteomic differences between enamel and dentin. Label-
free quantification proteomic data was normalised, and principal component analysis was used to reduce dimensionality of 
the data. A) PCA score plot showing separation between enamel and dentin samples based on global protein expression 
patterns. Each point represents an individual sample, coloured by tissue type. B) Loadings plot displaying the top 10 proteins 
contributing most strongly to each principal component (PC). Proteins are ranked by their loadings on positive PC1, negative 
PC1, positive PC2, and negative PC2, highlighting key drivers of sample separation. Figures were produced using the ggplot2 
R package (version 3.5.2). 
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To further distinguish proteomic profiles of soft dental tissues, PCA was used without the 

inclusion of hard tissues (Figure 11.7). The major separation of this comparison was along 

PC1, which accounted for 45.6% of variability (Figure 11.7A). This contrasts with 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 

compared with dental pulp. Clusterin (CLU), liver-type phosphofructokinase (PFKL), and liver 

glycogen phosphorylase (PYGL) were associated with pulp, while collagen type V alpha 1 

chain (COL5A1), procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 (PLOD1), and heat shock 

protein 47 (SERPINH1) were more strongly linked to PDL (Figure 11.7B). 
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Figure 11.7 - Principal component analysis (PCA) highlighting proteomic differences between periodontal ligament and 
dental pulp. Label-free quantification proteomic data was normalised, and principal component analysis was used to reduce 
dimensionality of the data. A) PCA score plot showing separation between enamel and dentin samples based on global 
protein expression patterns. Each point represents an individual sample, coloured by tissue type. B) Loadings plot displaying 
the top 10 proteins contributing most strongly to each principal component (PC). Proteins are ranked by their loadings on 
positive PC1, negative PC1, positive PC2, and negative PC2, highlighting key drivers of sample separation. Figures were 
produced using the ggplot2 R package (version 3.5.2). 
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11.3.3 Differential Abundance Analysis Between Dental Tissues 

 
To identify proteins differentially abundant across distinct dental tissues, pairwise 

comparisons were performed between dentin and enamel, and separately between 

periodontal ligament and pulp. For each comparison, proteins showing significant changes in 

abundance were determined using statistical thresholds based on adjusted p-values (adj-p) 

and FC criteria (adj-p < 0.05 & |log2FC| > 1). To ensure robust comparisons, proteins were 

first filtered to include only those detected in at least 60% of replicates in both tissue groups. 

 
Between dentin and enamel there were 987 proteins retained for DAA. Statistical testing 

identified 414 proteins as differentially expressed between dentin and enamel (adj-p < 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 

S100 calcium-binding proteins (S100A8, S100A9 and S100A12), lipocalin-2 (LCN2), Azurocidin 

(AZU1) and peptidoglycan recognition protein 1 (PGLYRP1). Proteins 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 (ACTR1A, ACTR3, ARPC1A, ARPC3 and ARPC4) 

and tubulin (TUBA1C, TUBA1D, TUBB2B and TUBB4B) related proteins. 
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Figure 11.8 - Differential abundance analysis of dentin vs enamel proteomic profiles. Proteomics data was normalised, 
and differential protein abundance was determined using the limma R package (version 3.54.2). Volcano plot displaying 
log2fold change (dentin relative to enamel) on the x-axis and ςlog10(p-value) on the y-axis. Each point represents a 
quantified protein. Significantly differentially expressed proteins (p-value < 0.05 and absolute log2(fold change > 1)) are 
highlighted in colour: proteins upregulated in dentin are shown in red, and those upregulated in enamel are shown in blue. 
Non-significant proteins are shown in grey. The dotted horizontal line indicates the significance threshold for adjusted p-
value, and vertical lines mark the fold-change cutoffs. Proteins in bold were significant after p-value adjustment using 

Benjamini-Hochberg correction. Figure was produced using the ggplot2 R package (version 3.5.2). 

 
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, such as Neurofilament heavy chain (NEFH), Neurofilament light chain (NEFL) and 

peripherin (PRPH) were all more abundant in dental pulp. Other metabolic proteins were 

also detected in higher amounts in dental pulp, including fructose-biphosphate aldolase C, 

retinal dehydrogenase 1 and 6-phosphogluconate dehydrogenase. The ECM protein DSPP 

was more abundant in dental pulp relative to PDL. There were many collagen subunits 
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identified at higher abundances in periodontal ligament, such as COL1A1, COL1A2, COL3A1 

and COL5A1. Proteoglycans BGN and LUM were also increased in PDL. MMP2 and TGF-B 

were also more prominent in PDL (p-adj < 0.05, FC > 2). 

 

 

 
Figure 11.9 - Differential abundance analysis of dental pulp vs periodontal ligament proteomic profiles. Proteomics data 
was normalised, and differential protein abundance was determined using the limma R package (version 3.54.2). Volcano 
plot displaying log2fold change (pulp relative to periodontal ligament) on the x-axis and ςlog10(p-value) on the y-axis. Each 
point represents a quantified protein. Significantly differentially expressed proteins (p-value < 0.05 and absolute log2(fold 
change > 1)) are highlighted in colour: proteins upregulated in pulp are shown in red, and those upregulated in periodontal 
ligament are shown in blue. Non-significant proteins are shown in grey. The dotted horizontal line indicates the significance 
threshold for adjusted p-value, and vertical lines mark the fold-change cutoffs. Proteins in bold were significant after p-value 
adjustment using Benjamini-Hochberg correction. Figure was produced using the ggplot2 R package (version 3.5.2). 
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11.3.4 Functional Enrichment Analysis of Differentially Abundant Proteins 

 
Functional enrichment analysis was performed using the clusterProfiler R package (version 

4.6.2) to identify over-represented biological processes and pathways among proteins 

significantly increased or decreased in each tissue comparison. Lists of differentially 

expressed proteins were analysed separately for each comparison (dentin vs. enamel, and 

PDL vs. pulp). This approach allowed clear identification of the main biological processes and 

pathways linked to the differentially expressed proteins and provided an overview of their 

functional roles. 

Gene Ontology (GO) enrichment analysis of proteins upregulated in enamel demonstrated 

significant over-representation of extracellular matrix-related functions, including 

extracellular matrix structural constituents, enzyme inhibitor activity, and peptidase 

regulator activity. As well as this, several enriched GO terms in enamel were related to 

interactions with ECM elements, including heparin, collagen, integrin, and fibronectin 

binding. In contrast, proteins more abundant in dentin were primarily associated with 

cytoskeletal and metabolic functions, such as cadherin binding, ATP hydrolysis activity, and 

actin binding. The distribution and magnitude of enrichment for enamel and dentin unique 

proteins are illustrated in Figure 11.10. 
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Figure 11.10 - Functional enrichment of proteins more abundant in enamel and dentin. Differential abundance analysis 
was processed to extract higher abundance proteins in both enamel and dentin, 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 enamel (left) and dentin (right). The x-axis indicates GeneRatio (proportion of input 
proteins annotated to each term), bubble size reflects the number of proteins contributing to the term, and bubble colour 
represents adjusted p-value (Benjamini-Hochberg). 

The same analysis was compared across soft tissues to determine distinct specialisation 

between dental pulp and PDL (Figure 11.11). Proteins more abundant in PDL were 

predominantly associated with extracellular matrix organisation and structural support, 

including collagen binding, integrin binding, and tensile strength-conferring activities. In 

contrast, the pulp showed higher representation of metabolic and redox-related functions, 

with significant enrichment of oxidoreductase activities, nicotinamide adenine dinucleotide 

and nicotinamide adenine dinucleotide phosphate binding, and enzymes involved in 

carbohydrate and fatty acid metabolism. 
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Figure 11.11 - Functional enrichment of proteins more abundant in periodontal ligament and dental pulp. Differential 
abundance analysis was processed to extract higher abundance proteins in both periodontal ligament and dental 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 x-axis indicates GeneRatio (proportion of input proteins annotated to each term), bubble size reflects the 
number of proteins contributing to the term, and bubble colour represents adjusted p-value (Benjamini-Hochberg). 

 
11.3.5  Comparison of Proteomics Data with Traditional Markers of Dental 

Tissues 

To validate the accuracy and biological relevance of our proteomic tissue-profiling, we 

examined the protein abundance patterns of previously reported protein markers for each 

specific dental tissue. These markers serve as preliminary reference points for tissue identity 

and functional specialisation within the tooth. By assessing their relative abundance across 

samples, we confirmed that proteins classically identified in dentin, enamel, periodontal 

ligament or pulp were predominantly detected in their corresponding tissues, confirming the 

effectiveness of our sample preparation workflow. This demonstrated the effectiveness of 

our sample isolation against traditional dental tissue-specific biomarkers. 
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For enamel, we selected the following protein markers; AMBN, AMELX, ENAM, and KLK4. 

These proteins play critical roles in enamel formation and maturation, and their expression is 

highly specific to the ameloblast-derived 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 

biological replicates. However, only KLK4 was significantly different between enamel and 

dentin (p < 0.001) (Figure 11.12). 

 

 

Figure 11.12 - Relative abundance of enamel-associated proteins across dental tissues. Proteomics data was normalised 
by log-transforming the data and data was filtered for selected enamel proteins; Ameloblastin (AMBN), Amelogenin 
(AMELX), Enamelin (ENAM) and Kalikrein-4 (KLK4 KLNB1). Statistical comparisons were performed using the ggpubr R 
package (version 0.6.0) with statistical significance denoted with asterisks (ns: 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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For dentin, we selected the following protein markers; DMP1, DSPP, MGP, and MMP20. 

These proteins are central to dentinogenesis, contributing to matrix organisation, 

mineralisation, and remodelling. None of the markers were significantly different when 

compared with enamel, however all four proteins showed significant changes in relation to 

periodontal ligament abundance. DMP1 (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 

differences across both tissues (p > 0.05) (Figure 11.13). 
 
 
 

 

Figure 11.13 - Relative abundance of dentin-associated proteins across dental tissues. Proteomics data was normalised by 
log-transforming the data and data was filtered for selected dentin proteins; dentin matrix protein 1 (DMP1), dentin 
sialophosphoprotein (DSPP), matrix gla proteins (MGP) and matrix metalloproteinase 20 (MMP20). Statistical comparisons 
were performed using the ggpubr R package (version 0.6.0) with statistical significance denoted with asterisks (ns: 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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For dental pulp, we selected four proteins reflecting its connective tissue and neurovascular 

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 of the vascularised and 

innervated environment of the pulp. All the selected proteins showed higher abundance and 

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 

periodontal ligament (p < 0.01). VIM and NEFL were also significantly increased compared 

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 pulp-associated proteins across dental tissues. Proteomics data was 
normalised by log-transforming the data and data was filtered for selected dental pulp proteins; fibronectin (FN1), 
neurofilament light chain (NEFL), peripherin (PRPH) and vimentin (VIM). Statistical comparisons were performed using the 
ggpubr R package (version 0.6.0) with statistical significance denoted with asterisks (ns: 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). 

For the periodontal ligament, we selected four proteins characteristic of its specialized 

extracellular matrix and fibrous architecture: ASPN, COL3A1, POSTN, and Peptidyl-prolyl cis-

trans isomerase C (PPIC). ASPN and POSTN are particularly well-established as PDL-enriched 

proteins involved in matrix organization and cell-matrix interactions. COL3A1 reflects the 

high collagen content of ligamentous tissue, while PPIC contributes to extracellular matrix 

remodelling and protein folding. ASPN was significantly increased in periodontal ligament 

against enamel (p < 0.001), dentin (p < 0.0001), pulp (p < 0.0001). COL3A1 was differentially 

abundant between dental soft tissues (p < 0.001) having a lower abundance in dental pulp. 

th{¢b ǿŀǎƴΩǘ detected in hard tissues, and was detected in significantly lower abundances 
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in dental pulp (p < 0.05). Finally, PPIC was detected more in periodontal ligament than in any 

other tissue (enamel: p < 0.05, dentin: p < 0.0001, pulp: p < 0.001) (Figure 11.15). 

 

 
Figure 11.15 - Relative abundance of periodontal ligament-associated proteins across dental tissues. Proteomics data was 
normalised by log-transforming the data and data was filtered for selected periodontal ligament proteins; asporin (ASPN), 
collagen type III alpha 1 chain (COL3A1), periostin (POSTN), and peptidyl-prolyl cis-trans isomerase C (PPIC) Statistical 
comparisons were done using the ggpubr R package (version 0.6.0) with statistical significance denoted with asterisks (ns: 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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11.4 Discussion 

 
The primary objective of this study was to validate a comprehensive proteomic workflow 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 high-resolution mass 

spectrometry could reliably distinguish the unique protein expression profiles characteristic 

of enamel, dentin, dental pulp, and periodontal ligament. Establishing reproducible and 

biologically coherent tissue-specific signatures is essential to confirm both the sensitivity and 

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

To achieve this, bovine teeth were selected as an experimental model. Bovine dental tissues 

share important structural and compositional similarities with their human counterparts, 

and their size and general anatomy makes them a commonly used model in dental research 

(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 

capacity of label-free quantitative proteomics to generate data that reflects known biological 

differences between dental tissues. Based on these results, the same proteomic workflow 

can now be applied to investigate how disease processes and age-related changes affect the 

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

In total, 3,919 proteins were quantified across all samples, representing one of the most 

comprehensive proteomic profiles of dental tissues to date (Figures 11.1 & 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 sensitive mass spectrometry 
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technologies (Dai and Shen 2022). For comparison, a previous study that analysed the 

proteome of whole teeth detected only 152 proteins and did not report removal of soft 

tissues prior to analysis (Sharma, Rastogi et al. 2020). By separating out tissues into distinct 

fractions we have shown an increased capability to detect under-represented lower 

abundance proteins. Publications focused on single-tissue proteomics have a protein 

coverage comparable to our results (Green, Schulte et al. 2019, Widbiller, Schweikl et al. 

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

As predicted, each dental tissue had a subset of proteins that was uniquely identified when 

filtering our dataset, such unique proteins can be used to potentially distinguish between 

dental tissues, however 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. 

ODAM is implicated in the developmental stages of enamel growth (Lee, Ji et al. 2015), more 

specifically differentiation of ameloblasts and enamel maturation (Lee, Park et 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 

(DEFB2, DEFB5, DEFB6, DEFB7, DEFB9, DEFB10, and DEFB12). Although these proteins are 

not typically classified as enamel-specific, their presence is likely due to the adsorption of 

innate immune factors onto the mineralised tooth surface, where they may help form a 

protective antimicrobial barrier (García-Godoy and Hicks 2008). This aligns with previous 

findings that enamel can act as a reservoir for salivary and crevicular proteins involved in 

host defence (Heller, Helmerhorst and Oppenheim 2017). These proteins are of interest 

because their abundance may change under pathological conditions such as caries or 

periodontal disease, making them potential biomarkers of oral health. Efforts were made to 
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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 

ōǊƻŀŘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŜƴŀƳŜƭΩǎ ǊƻƭŜ ƛƴ ǘƘŜ ƛƴƴŀǘŜ ƛƳƳǳƴŜ ǎȅǎǘŜƳΦ CƛƎǳǊŜ м1.4 showed 

that enamel had the highest sample-to-sample variability, which may be due to difficulties in 

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 particular interest, BMP4 

was exclusive to dentin, which is known to play a key role in dentin development (Ye, Jiang et 

al. 2022). Knock-out mouse models have shown a decrease in dentin thickness and an 

increase in pulp chamber area when BMP4 is absent (Jani, Liu et al. 2018), highlighting the 

potential of comparative proteomics across tissues within a single tooth. Interestingly, 

MMP14 was also only detected in dentin. Although MMP14 is well-characterised in pulp 

tissue for its role in matrix remodelling (Brodzikowska, Gondek et al. 2019), its absence in 

our pulp samples may be due to its tight regulation by tissue inhibitors of metalloproteinases 

(TIMPs) (Baker, Edwards and Murphy 2002) and its susceptibility to rapid proteolytic 

degradation (Nandadasa, Martin et al. 2022). In contrast, MMPs such as MMP14 may 

become entrapped and preserved within the mineralised dentin matrix, where their 

association with the inorganic hydroxyapatite can protect them from degradation, allowing 

their detection despite their functional relevance in other tissues (Pashley, Tay et al. 2004). 

Dental pulp specific proteins could be linked to the highly vascularised nature of dental pulp 

and more generally the metabolic activity, which occurs often in response to injury or 
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inflammation (Kramer 1960). Blood contamination may also explain these proteins; however, 

they would also be expected to be seen in periodontal ligament if this were the case. The 

detection of Unc-5 netrin receptor B (UNC5B), a netrin receptor involved in angiogenesis and 

vascular guidance (Lu, le Noble et al. 2004), supports the critical role of pulp vasculature in 

maintaining tissue homeostasis. Similarly, the presence of caspase-3, a key effector of 

apoptosis, is consistent with active cell turnover and potential regulation of vascular 

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

Acetyltransferase and Glutaryl-CoA Dehydrogenase further underscore the substantial 

metabolic demands of pulp tissue, which sustains both neural and immune functions 

(Campos-Garcia, Chacon-Camacho et al. 2019, Wang, Luo et al. 2025). In addition to 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 

(DPSCs) suggested that NUP proteins may be important for maintaining stemness in DPSCs 

and also indicated the levels of these proteins reduces with age (Wang, Wang et al. 2025). 

The PDL proteome reflects its distinctive function as a dynamic connective tissue. Among the 

137 ligament-only 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-9, a key protease involved in collagen degradation during physiological 

turnover (Delaissé, Engsig et al. 2000, Lima, Amaro et al. 2021), which has been shown to be 

much more dynamic in PDL than other surrounding tissues (Sodek 1977). The exclusive 

detection of Kindlin-3, Tropomyosin-3, and multiple myosin isoforms in the PDL highlights 

the unique importance of cytoskeletal organization and cell adhesion processes in enabling 

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

immune signalling were also evident, as highlighted by Interferon regulatory factor 3, a 
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transcription factor central to antiviral responses (Zhang and Pagano 1997), and Apoptosis-

associated speck-like 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 collectively. This effect may 

have been caused by differences in protein extraction methods, the differences in the 

amount of recoverable proteome of hard tissues compared to soft, or potentially biological 

differences. When the samples were analysed in separate cohorts, we were able to clearly 

distinguish between soft dental tissues, however the differences between dentin and 

enamel remained minimal. This limited distinction may reflect biological similarity between 

the two mineralised tissues or could result from challenges in sample preparation when 

processing highly mineralised tissues that exist in close proximity. Quantitative light-induced 

fluorescent imaging was used 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 abundance analysis between both comparisons to identify 

quantifiable differences between both tissues. There were 414 proteins identified as 

significantly changed in dentin and enamel, suggesting an overall unique protein profile. The 

list of differentially abundant proteins further supports the presence of immune-related 

processes associated with enamel. The increased abundance of S100A8, S100A9, S100A12, 

LCN2, and AZU1 in enamel supports the idea that proteins involved in antimicrobial defence 

remain embedded in or adherent to the mineralised surface. We also identified many ECM-

related proteins as being increased in enamel; however, this may not reflect a true increase 

in absolute abundance. Instead, it is likely a result of these proteins making up a larger 

proportion of the limited total enamel proteome. Given ŜƴŀƳŜƭΩǎ highly mineralised and 
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acellular nature, with limited protein diversity, structural ECM proteins are expected to 

dominate, potentially skewing differential abundance analyses based on relative 

proportions. Gene ontology analysis of dentin proteins suggested mostly cellular proteins 

were present, which is likely not related to these proteins being high in dentin, more so that 

they are unlikely to be abundant in enamel. 

Proteins increased in the periodontal ligament were predominantly involved in interactions 

with extracellular matrix components, such as collagen and proteoglycans. Surprisingly, both 

MMP-2 and TGF-  ̡were more abundant in PDL, despite their well-established roles in dental 

pulp function (Watanabe, Watanabe et al. 2009, Niwa, Yamakoshi et al. 2018). This likely 

reflects the higher matrix turnover and remodelling in the periodontal ligament, driven by 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 

proteins such as NEFH, NEFL, and PRPH in the pulp aligns with its known rich innervation, 

highlighting its sensory and neurovascular functions (Sainio, Ylikallio et al. 2018). 

Additionally, the higher abundance of metabolic enzymes in the pulp suggests a 

metabolically active tissue engaged in energy production and redox homeostasis, consistent 

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

stresses. 

To further explore tissue-specific protein expression, we selected a set of previously noted 

marker proteins for each dental tissue and visualised their abundance. These proteins were 

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 

and mineralization, making them suitable indicators of enamel-specific expression (Gil-Bona 

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 

ǘƛǎǎǳŜΩǎ cellular composition and neurovascular function (Murakami, Imabayashi et al. 2012, 

Sainio, Ylikallio et al. 2018, Balic, Perver et al. 2023). Lastly, markers such as ASPN, COL3A1, 

POSTN, and PPIC were selected for the periodontal ligament because of 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 

biological processes related to mineralisation are the same across tissues and proteins, 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-enamel junction. While these markers are well-established, their use in proteomic 

profiling also served as a useful internal control, helping assess the consistency of tissue-

specific expression in our dataset. 

11.5 Conclusion 

 
This study represents the first step in establishing a comprehensive proteomic framework for 

analysing dental tissues. By applying a consistent and reproducible workflow, we successfully 

profiled four distinct bovine dental tissues and demonstrated clear biological separation, 

particularly between soft and hard tissues. Crucially we were able to isolate tissues from one 

single tooth and extract enough protein from each tissue for proteomics analysis. The 

identification of well-characterised marker proteins in their expected tissues further 

supports the validity of the approach and highlights its potential for uncovering tissue-
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specific protein signatures. While certain overlaps especially between enamel and dentin 

may reflect biological similarity or technical limitations, the overall findings provide 

confidence in the experimental design. These results lay the foundation for subsequent 

chapters, where this methodology will be applied to more complex or clinically relevant 

samples to investigate age or disease-related changes in the dental proteome. 
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12.1 Abstract 

 
Equine odontoclastic tooth resorption and hypercementosis (EOTRH) is a progressive dental 

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 are not yet fully understood. 

This study aimed to investigate proteomic changes in incisor cementum associated with 

EOTRH. Cementum samples from horses diagnosed with EOTRH (n = 4) and healthy controls 

(n = 5) were analysed using an unbiased, label-free mass spectrometry approach. A total of 

1,149 unique proteins were identified, with four proteins detected exclusively in diseased 

samples. EOTRH-affected cementum showed greater proteomic heterogeneity than healthy 

tissue. Differential abundance analysis identified 54 proteins with increased and 64 with 

decreased abundance in EOTRH-affected samples (adj-p < 0.05). Notably, inflammatory 

proteins including Cathepsin G, neutrophil elastase, bactericidal permeability-increasing 

protein, azurocidin, and lactotransferrin were significantly increased in EOTRH. Pathway 

analysis indicated enrichment of antimicrobial peptide activity (Z-score 2.65, p = 1.93×10ϖю) 

and neutrophil degranulation (Z-score 1.89, p = 1.7×10ϖщύΣ ǎǳƎƎŜǎǘƛƴƎ ŀƴ ŀŎǘƛǾŜ ƛƳƳǳƴŜ 

response in affected tissue. While the absence of a scoring system for disease staging limits 

interpretation, these findings highlight substantial biochemical alterations in the cementum 

proteome during EOTRH progression. Proteins with altered abundance may serve as 

biomarkers for early detection, and future development of a cell-based model could further 

clarify their roles in the pathogenesis of hypercementosis. 
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12.2 Introduction 

 
Equine odontoclastic tooth resorption and hypercementosis (EOTRH) is a relatively recently 

described dental disorder, most commonly observed in horses over 15 years of age (Staszyk, 

Bienert et al. 2008). Initially categorised in 2008, EOTRH was defined based on clinical cases 

that revealed severe resorptive lesions and the formation of cementomas at the apical 

aspect of equine incisors (Kreutzer, Wohlsein et al. 2007). The two hallmark features of the 

disease include tooth resorption mediated by odontoclasts, and hypercementosis which is 

characterised by excessive and irregular deposition of reparative cementum, often resulting 

in bulbous, deforming swellings along the affected teeth (Schätzle, Tanner and Bosshardt 

2005). Clinically, horses with advanced EOTRH present with oral pain, dysphagia, weight loss, 

and behavioural changes, severely compromising their welfare and quality of life (Rawlinson 

and Earley 2013). 

Epidemiological data on EOTRH remain limited. However, a recent study in aged (15+ years) 

Icelandic horses reported a clinical diagnosis in 72.2% of individuals examined for gingival 

and dental pathology (Hain, Þórisdóttir et al. 2023). Similarly, a radiographic survey of 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, Schröder et al. 2018). 

While clinical examination and radiography remain the primary diagnostic tools, early-stage 

lesions are often radiographically subtle, and recent studies have suggested that radiographs 

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

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

tooth extraction. 
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The aetiology of EOTRH is not yet fully understood. Factors such as age, sex, breed, diet, and 

environmental conditions have all been suggested as contributors (Pearson, Mansfield et 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 

cementogenic response (Staszyk, Bienert et al. 2008). In support of this, microbial profiling 

of gingival crevicular fluid has identified increased prevalence of gram-negative bacteria such 

as Treponema and Tannerella in affected horses, implicating the oral microbiome as a 

potential trigger or exacerbating factor (Sykora, Pieber et al. 2014). Currently, there are no 

curative or disease-modifying treatments available; extraction of affected teeth remains the 

only definitive intervention, despite the high likelihood of disease progression to 

neighbouring teeth (Rahmani, Häyrinen et al. 2019). Consequently, the άƎƻƭŘέ standard of 

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 

length of the equine tooth. However, equine teeth also contain dentin, enamel, pulp, and 

the surrounding PDL, which can also show signs of disease. Cementum plays an essential 

role in anchoring the tooth via the PDL and is compositionally similar to 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 

near the ǘƻƻǘƘΩǎ occlusal surface. During EOTRH, irregular, excessive cementum is deposited 

at both resorptive and non-resorptive areas, particularly along the cementumςPDL interface 

(Staszyk, Suske and Pöschke 2015). 
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Cementoblasts and cementocytes are two specialised cell types responsible for the 

production and maintenance of cementum. Cementoblasts are thought to originate from 

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 

remodelling through a network of canaliculi that allows cellular signalling and fluid exchange 

(Zhao, Foster and Bonewald 2016). 

The cellular processes driving hypercementosis remain poorly understood. However, 
 

external stimuli such as chronic inflammation, mechanical stress, or altered occlusal loading 

may disrupt normal regulatory mechanisms and promote excessive cementum formation. 

These stimuli could enhance cementoblast activity, prolong their lifespan, or alter the local 

microenvironment to favour matrix deposition. In conditions EOTRH, such factors may play 

a central role in driving pathological cementum accumulation. 

Proteomic technologies offer a powerful means of investigating disease pathogenesis by 

enabling comprehensive profiling of protein expression in both healthy and diseased tissues. 

In dental research, untargeted mass spectrometry-based proteomics has been employed to 

characterise the protein composition of various mineralised and soft dental tissues, including 

enamel (Hu, Yamakoshi et al. 2006, Hu, Hu et al. 2008, Green, Schulte et al. 2019), dentin 

(Jágr, Eckhardt et al. 2012, Widbiller, Schweikl et al. 2019), cementum (Salmon, Giorgetti et 

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

ligament (Thant, Kaku et al. 2022, Lopes, Marcantonio et al. 2025). These studies have 
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helped establish baseline proteomes and identify tissue-specific protein signatures. 
 

Proteomic approaches have also been applied to human dental diseases such as gingivitis 

(Gonçalves Lda, Soares et al. 2011), dental caries (Wang, Wang et al. 2018) and periodontitis 

(Hartenbach, Velasquez et al. 2020), contributing to a deeper understanding of hostς 

microbe interactions, immune activation, and tissue degradation. 

 
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 this, we hypothesised that horses with EOTRH would 

exhibit distinct changes in the cementum proteome compared to healthy controls, reflecting 

disease-associated biological processes. To test this, we employed an untargeted, label-free 

proteomic workflow using LCςMS/MS to capture global protein expression patterns in incisor 

cementum. 



148  

12.3 Results 

 
12.3.1 Optimising Cementum Proteomic Workflow to Increase Protein 

Coverage 

The isolation of proteins from equine cementum was carried out in a sequential process 

involving demineralisation using 0.5M EDTA, followed by further protein extraction with 4 M 

GnHCl. To evaluate the contribution of EDTA to overall protein recovery, EDTA and 

subsequent GnHCl fractions were analysed separately from three healthy cementum 

samples (n = 3). Across all samples, a total of 428 unique proteins were identified. Of these, 

373 proteins (~87%) were detected in both EDTA and GnHCl extracts, 12 proteins (~3%) were 

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

 

 
Figure 12.1 - Venn diagram showing the overlap of proteins identified in EDTA and GnHCl extracts from healthy 
cementum (n = 3). Proteins were included if detected in at least two out of three biological replicates per extraction method. 
A total of 428 proteins were identified across both extracts, with 379 (87%) shared between EDTA and GnHCl, 12 unique to 
EDTA, and 37 unique to GnHCl. Figure was produced using the ggvenn R package (version 0.1.10). 
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Proteins uniquely identified using only EDTA are listed in Table 12.1. Proteins detected when 

GnHCl was included in the extraction process following demineralisation, that were not 

detected previously are listed in Table 12.2. 

 
 

 
Table 12.1 - Proteins identified exclusively using only ethylenediaminetetraacetic acid (EDTA). 
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Table 12.2 - Proteins exclusively identified using guanidine hydrochloride (GnHCl). 
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In order to further characterise the differences between protein extraction techniques, the 

differential abundance of commonly detected proteins was assessed. Label-free 

quantification revealed significant differences in protein abundance between the two 

extraction methods, identifying proteins preferentially enriched in either the EDTA or GnHCl 

extracts (Figure 12.2). There were 57 proteins that were significantly different following p-

value adjustment with 15 proteins higher in the EDTA-fraction and the remaining 45 higher 

in the GnHCl fraction. 

 

 
Figure 12.2 - Comparison of protein yields between Ethylenediaminetetraacetic acid (EDTA) and EDTA/ guanidine 
hydrochloride (GnHCl) extractions. Differential abundance analysis was carried out using NormalyzerDE R package (version 
1.16.0) for cementum proteomics data. Volcano plots comparing protein abundance between EDTA (blue) and GnHCl (red). 
The x-axis represents the log2 fold change (FC) in protein abundance, and the y-axis shows the ςlog10(p-value) indicating 
statistical significance. Points represent individual proteins: coloured points indicate significantly increased or decreased 
proteins based on p-value < 0.05 and |log2 FC| > 1 thresholds. Grey points are proteins not significantly changed. Vertical 
dashed lines at ±1 mark the fold change cutoffs, and the horizontal dashed line indicates the significance threshold (p-value 
= 0.05). Labels with bolded text and higher opacity are significant after p-value adjustment. Figures were produced using 
ggplot2 R package (version 3.5.2). 
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12.3.2 Proteomic Analysis Revealed Distinct Proteins in Diseased Teeth 

 
Following protein extraction optimisation experiments, five control and five EOTRH 

cementum samples were analysed with mean ages of 8.2 years (SD = +/- 3.4) and 22.3 years 

(SD = +/- 2.3) respectively (Figure 12.3A). In total 1149 proteins were detected across both 

groups with 874 proteins containing full observations across all samples. One EOTRH sample 

(D3) was removed from the analysis due to a high percentage of missing values (MVs) 

(>40%) and due to a poor alignment score (<30%). Data was further filtered and only 

proteins with at least three observations per group were used in downstream analysis. 

Following filtering there were 966 proteins considered in further analysis. Figure 12.3B 

represents the frequency of missing data, which often occur in omics-based research (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 only found in healthy 

samples. We identified four proteins exclusively in diseased samples: PGLYRP1, pro- 

interleukin-16 (IL-16), neutrophil cytosolic factor 2 (NCF2) and 60S ribosomal protein L31 

(RPL31) (Figure 12.3C). 
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Figure 12.3 - Overview of proteomics results from equine cementum. A) Overview of the samples used in this study, 
including sample ID, experimental group assignment, age, and the number of proteins quantified per sample. B) Bar plot 
showing the percentage of proteins identified per group and the corresponding number of missing values (MV), categorised 
as MV = 0, = 1, or <1. C) Venn diagram illustrating the number of proteins uniquely identified in healthy samples, shared 
between healthy and EOTRH samples, or uniquely found in EOTRH-affected cementum. Figures were produced using the r 
packages DT (version 0.28) and ggplot2 (version 3.5.2). 

 
12.3.3 Higher Proteomic Variability Observed in EOTRH-affected Cementum 

 
Following imputation, an unsupervised clustering approach was used to assess variability 

within and between groups. PCA, a dimensionality reduction technique, was applied to 

identify patterns in the proteomic dataset. Variables were transformed into principal 

components, each capturing a 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 

increased heterogeneity in diseased samples. The first two principal components accounted 

for approximately 64% of the total variance, with partial separation between healthy and 

EOTRH groups along PC1 (50.23%). 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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Figure 12.4 - Principal component analysis (PCA) of equine proteomics data. Proteomics data was normalised by median 
normalisation and missing values imputed using Bayesian PCA methods. A) Unsupervised multivariate analysis using PCA. 
The first two principal components were plotted, accounting for ~64.42% of the variance. Cementum samples were plotted 
based on acquired data-dependent acquisition mass spectrometry data, after median normalisation. Each plotted point 
represents a single biological replicate. B) A loadings plot was produced to demonstrate the contribution of specific 
proteins in driving the variation identified PCA. Specifically, the proteins labelled contributed to the first and second 
principal components in A. Figures produced using the R package ggplot2 (version 3.5.2). 

 
12.3.4  Quantitative Proteomic Profiling Identifies Differentially Abundant 

Proteins in EOTRH 

A total of 54 proteins showed increased abundance and 64 showed decreased abundance in 

EOTRH-affected cementum (adj-Ǉ Җ лΦлрΤ ŀōǎƻƭǳǘŜ ƭƻƎі C/ җ мύΦ 5ƛŦŦŜǊŜƴǘƛŀƭƭȅ ŀōǳƴŘŀƴǘ 

proteins are presented in Figure 12.5. To support these findings, an independent cohort was 

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 label-free quantification were performed as 

previously described. 
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Figure 12.5 - Differentially abundant proteins associated with EOTRH. Differential abundance analysis was carried out 
using NormalyzerDE R package (version 1.16.0) for cementum proteomics data. Volcano plots comparing protein abundance 
between healthy and EOTRH impacted teeth. The x-axis represents the log2 fold change (FC) in protein abundance, and the 
y-axis shows the ςlog10(p-value) indicating statistical significance. Points represent individual proteins: coloured points 
indicate significantly increased (EOTRH) or decreased (Healthy) proteins based on FDR-adjusted p-value < 0.05 and |log2 
FC| > 1 thresholds. Grey points are proteins not significantly changed. Vertical dashed lines at ±1 mark the fold change 
cutoffs, and the horizontal dashed line indicates the significance threshold (p-value = 0.05). Labels with coloured text were 
also differentially abundant in a separate cohort (N = 3). Figures were produced using ggplot2 R package (version 3.5.2). 

Across both cohorts, six proteins consistently showed increased abundance in EOTRH 

samples (p < 0.05; ƭƻƎі FC > 1): neutrophil elastase (ELANE), BPI, AZU1, cathepsin G (CTSG), 

dolichyl-diphosphooligosaccharide protein glycosyltransferase subunit 1 (RPN1), and 

lactoferrin (LTF). Three proteins consistently showed decreased abundance (p < 0.05; ƭƻƎі FC 

< ς1): HSP70, HSPA1A, HSPB1, and chromosome 19 open reading frame 33 (C19orf33) (Table 

12.3). 
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Table 12.3 - Proteins with consistent differential abundance across two independent cohorts of cementum samples. 

 

 

 

12.3.5 Enrichment of Inflammatory Pathways in EOTRH-affected Cementum. 

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

pathway and upstream regulator analysis. The top 10 canonical pathways identified by IPA 

are presented in Table 12.4. 
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Table 12.4 - Top ten canonical pathways identified in equine odontoclastic tooth resorption and 

hypercementosis cementum using Ingenuity Pathway Analysis. 

Ingenuity Canonical 
Pathways 

Log p-
value 

Z-
score 

Ratio Molecules 

Antimicrobial peptides 8.72 2.65 1.00 BPI, BPIFA2, LCN2, LTF, PI3, S100A8, S100A9 

Airway Pathology in Chronic 
Obstructive Pulmonary 
Disease 

3.91 2.00 0.50 CTSG, ELANE, FGF23, LCN2, MMP2 

Neutrophil degranulation 3.75 1.89 0.15 

ANXA2, AZU1, BPI, CST3, CTSG, ELANE, 
HSPA1A/HSPA1B, HSPA8, LCN2, LTF, LYZ, MIF, 
RETN, S100A8, S100A9, S100P, SERPINB1, 
STOM 

Interleukin-4 and Interleukin-
13 signaling 

3.44 0.00 0.33 ANXA1, FN1, FSCN1, HSPA8, LCN2, MMP2 

Clathrin-mediated 
Endocytosis Signaling 

3.14 0.00 0.21 
ALB, CLTA, FGF23, HSPA8, ITGB4, LYZ, S100A8, 
SH3KBP1, WASL 

Immunogenic Cell Death 
Signaling Pathway 

2.79 -0.45 0.31 
ANXA1, CALR, HSP90B1, HSPA1A/HSPA1B, 
HSPA8 

Unfolded protein response 2.66 0.00 0.29 
CALR, DNAJB11, HSP90B1, HSPA1A/HSPA1B, 
HSPA8 

Nuclear Cytoskeleton 
Signaling Pathway 

2.63 -0.71 0.19 
DCTN2, DCTN3, FN1, ITGA6, ITGB4, LMNB1, 
SUN1, TUBA1B 

Degradation of the 
extracellular matrix 

2.61 2.45 0.24 A2M, CTSG, ELANE, FBN1, FN1, MMP2 

Regulation of Insulin-like 
Growth Factor (IGF) transport 
and uptake by IGFBPs 

2.32 1.67 0.16 
ALB, AMTN, CST3, CTSG, FBN1, FGF23, FN1, 
HSP90B1, MMP2 
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The most significant pathway was antimicrobial peptides, which showed activation in EOTRH 

cementum (Z-score = 2.65, p = 1.93 × 10ϖю). Other notable pathways included neutrophil 

degranulation (Z-score = 1.89, p = 1.7 × 10ϖщύΣ degradation of the extracellular matrix (Z- 
 

score = 2.45, p = 2.46 × 10ϖ³), and the inhibited pathway protein ubiquitination (Z-score = ς 

1.13, p = 1.93 × 10ϖ²) (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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Figure 12.6 - Functional enrichment analysis using Ingenuity Pathway Analysis. A) Top canonical pathways enriched 
among differentially abundant proteins in EOTRH-affected cementum. Pathways are ranked by statistical significance 
(p < 0.05). The Z-score indicates predicted activation (orange) or inhibition (blue), with the bar length corresponding to the ς 
log(p) value. B) IPA-generated graphical summary highlighting key biological processes, upstream regulators, and canonical 
pathways associated with EOTRH. Node colour reflects predicted activation state (orange = activated, blue = inhibited); lines 
indicate known biological relationships between nodes. 

A 

B 
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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 dataset. The most 

significant upstream regulator identified was lipopolysaccharide, which was predicted to be 

activated (Z-score 2.8, p = 1.3 × 10ϖъ) (Figure 12.7). 

 

 

Figure 12.7 - Predicted upstream regulators of protein abundance changes in EOTRH cementum identified by Ingenuity 
Pathway Analysis (IPA). The analysis highlights lipopolysaccharide as the top activated upstream regulator, based on a 
significant activation Z-score and p-value. The Z-score predicts activation (positive values) or inhibition (negative values), 
while the p-value reflects the statistical significance of the overlap between the dataset and known targets of the regulator. 

The most significant diseases and functions identified are shown in Figure 12.8A and Table 
 

12.5. Quantity of metal was identified as a significant function (Figure 12.8B). The top 

regulatory effect network was antimicrobial response with a highly significant consistency 

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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Figure 12.8 - Ingenuity Pathway Analysis of diseases and functions of EOTRH proteomics data. A) Heatmap of 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 
response regulatory effect network. Hierarchical structure shows upstream regulator in the top row, differentially abundant 
proteins in the next row with biological functions underneath. 
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Table 12.5 - Top disease and biological function categories predicted to be associated with changes in protein abundance 
in equine odontoclastic tooth resorption and hypercementosis cementum, as identified by Ingenuity Pathway Analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 in EOTRH 

(Figure 12.9). 












































































































































































































































































































































