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Thesis Abstract 

 

Periodontitis (PD) is one of the most common bone loss pathologies in adults and 

currently affects more than 60% of the population in its destructive form. 

Ineffective or surgically invasive treatment options can result in patient non-

compliance, gingival recession, alveolar bone destruction and eventual loss of 

teeth. Aside from the psychosocial effects of poor dental health, PD has been 

associated with a variety of systemic conditions, such as rheumatoid arthritis and 

cardiovascular disease, exacerbating their onset and severity. Histone deacetylase 

(HDAC) enzymes are molecules that control cellular activity through 

modifications to gene expression and protein function at an epigenetic level. 

Alterations to HDAC expression or function can cause diminished physiological 

cell regulation, thought to be an essential factor in the pathogenesis of disease. The 

use of selective HDAC inhibitors (HDACi) targeting candidate HDACs may be 

an effective, non-invasive therapeutic tool to treat both inflammation and bone loss 

in PD. The aim of this research was to investigate the effects of novel HDACi 

designed to target individual HDAC isoforms as a PD treatment. In vitro 

investigations identified therapeutic potential for targeting HDAC 1 and HDAC 2 

during the inflammatory response and catabolic actions of human monocytes and 

osteoclasts. Whereas HDAC 5 inhibition holds regenerative potential, as 

osteoblastogenesis and matrix mineralisation was induced by its suppression. With 

the additional identification and characterisation of candidate HDAC isoforms in 

an in vivo mouse model of PD, the results of this thesis will provide a strong 

foundation for future investigations and clinical translation of HDACi. 
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Chapter 1: The Effects of Tumour Necrosis Factor- (TNF) on 

Alveolar Bone Destruction in Periodontitis and the Therapeutic 

Potential of Selective Histone Deacetylase Inhibitors  

 

K. Algate, D.R. Haynes, P.M. Bartold, T.N. Crotti, M.D. Cantley 

 

Chapter 1 is an introductory chapter, setting the premise of this thesis. It 

incorporates a published review paper: The effects of tumour necrosis factor- on 

bone cells involved in periodontal alveolar bone loss; osteoclasts, osteoblasts, and 

osteocytes. K Algate, D.R. Haynes, P.M. Bartold, T.N. Crotti, M.D. Cantley. 

Journal of Periodontal Research 2016;51:549-566 

1.1 Abstract 

 

Periodontitis is the most common bone loss pathology in adults and if left 

untreated, can cause premature tooth loss. Cytokines, such as tumour necrosis 

factor- (TNF), involved in the chronic inflammatory response within the 

periodontal gingiva, significantly influences the physiological bone remodelling 

processes. In this chapter, the process of bone metabolism will be discussed whilst 

reviewing the current understanding of the effects of TNF on cells in 

periodontitis (PD). Furthermore, an overview of the current literature supporting 

the use of epigenetic modulation by histone deacetylase (HDAC) inhibition as a 

treatment for inflammatory bone loss is discussed. Evidence published to date 

suggests a potent catabolic role for TNF through the stimulation of osteoclastic 

bone resorption as well as the suppression of osteoblastic bone formation and 

osteocytic regulation and survival. However, the extent and timing of TNF 

exposure in vitro and in vivo greatly influences its effects on skeletal cells, with 

contradictory anabolic activity observed with TNF in a number of studies. 

Pharmacological inhibition of HDAC in inflammatory bone disease produces 

variable outcomes, and appears to be dependent on dose, timing and isoform 

specificity. Nonetheless, it is evident that managing the chronic inflammatory 

response, in addition to the altered bone remodelling process, is required to 

improve PD treatments. 
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1.3 Introduction 

 

Irreversible alveolar bone destruction is a common outcome of the chronic 

inflammatory disease known as periodontitis (PD). Alveolar bone is essential for 

maintaining structural support for the teeth, and its untreated destruction can lead 

to the loosening and eventual loss of teeth (1). Benign and non-destructive forms 

of periodontal disease, such as gingivitis, are highly prevalent globally, affecting 

more than 80% of children and adults in the United States, Canada, Australia and 

other regions of the world (2-4). In the absence of effective dental management or 

oral hygiene, this can develop into the more permanent and destructive forms of 

PD. Chronic PD affects up to 9% of adults aged 18-24 worldwide and more than 

60% of those aged over 65 years. Early onset aggressive PD, a less common albeit 

severe form of PD that causes rapid degeneration of tooth support, affects up to 

5% of the juvenile population (2, 4).   

 

Considered the most common bone loss pathology in humans, the initiation and 

progression of alveolar bone destruction in PD is associated with the inflammatory 

reaction in the surrounding gingival tissue (5). The immune response is initiated 

by high numbers of anaerobic bacteria such as Porphyromonas Gingivalis, 

Fusobacterium Nucleatum, Tannerella Forsythensis, and Actinobacillus 

Actinomycetemcomitans contained within the subgingival biofilm (5-8). 

Environmental and host factors, such as cigarette smoking (9), genetics (10) and 

certain medications (11-13) have also been shown to influence the onset of PD and 

periodontal bone quality. The microbial foreign body challenge induced by 

lipopolysaccharides present in gram-negative bacterial membranes of the 

abovementioned species is a potent stimulus for the release of inflammatory 

molecules by the host, promoting the migration and activation of inflammatory 

cells (monocytes, macrophages, T-lymphocytes) (14-16). This, in turn, increases 

the numbers of pro-inflammatory cytokines such as tumour necrosis factor-α 

(TNFα) and a variety of interleukins (IL) being released into the surrounding tissue 

(15, 16). These factors, particularly TNFα, are essential to the inflammatory 

response, vital for pathogen elimination and resolution. However, excessive levels 

and/or prolonged production of TNFα is implicated in the pathogenesis of 

numerous autoimmune and inflammatory diseases, including PD.  
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This host response is now known to be a critical component in the associated bone 

destruction that occurs in PD. Historically considered two separate and distinct 

systems within the body, the skeletal and immune systems are now recognized as 

sharing intricate regulatory pathways, molecules, cytokines and receptors, which 

not only orchestrate the individual system, but influence the outcome of the other 

(17, 18). Therefore, effective management of PD should include therapies that 

target both the inflammation and bone cells involved in alveolar bone loss. This 

editorial will discuss the effects of inflammation, specifically by TNFα, on 

osteoclasts, osteoblasts and osteocytes. In addition, Histone Deacetylases 

(HDACs), a novel therapeutic target to treat the destructive mechanisms observed 

in PD will be introduced. 

 

1.4 TNFα Signalling 

 

Extensive research on this potent pro-inflammatory cytokine has demonstrated its 

pivotal role during the immune response and the development of chronic disorders 

(as reviewed in (19-22)). The protein was first successfully purified and cloned in 

the early 1980s (23, 24), allowing the systematic mapping of its cellular pathways 

and signalling mechanisms in a variety of cell types. TNFα is a biologically active 

protein, distributed as a bound transmembrane unit to its parent cell types, mainly 

monocytes and T-cells, or in its soluble form after the cleaving actions of TNFα 

converting enzymes (25, 26). TNFα binds to one of two cell surface receptors 

(TNFr) that initiate downstream cellular responses. Activation of TNFr1 (55 kDa) 

can induce cellular proliferation, activation and survival (27, 28), or conversely, it 

can trigger apoptotic signalling and cell death (28, 29) (Figure 1.1). The 

conducting pathways that determine survival or cell death through TNFα ligation 

is dependent on two unique complexes bound to the C-terminal end of the 

intracellular TNFr1 region. Signalling through complex I involves components 

that induce cell survival through the expression of anti-apoptotic proteins and the 

activation of transcription factors, activator protein 1 (AP-1) and nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) (30-33). In contrast, the 

presence and activation of complex II initiates receptor internalisation, triggering 
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pathways responsible for cell death and apoptosis (27, 29). TNFr1 related cell 

survival is achieved through interactions with adaptor proteins, namely members 

of the TNF receptor associated factor (TRAF) family (TRAF 1, 2 and 3) and the 

signal mediator TNF receptor-associated death domain (TRADD) (34). TRADD 

directs signalling information from TNFr1 through TRAF 1 and 2, which leads to 

the rapid attachment of ubiquitin proteins to receptor-interacting serine-threonine 

kinase 1 (RIP1) (31, 35). This post-translational modification of RIP1 allows 

signalling to continue through mitogen-activated protein 3 kinases (MAP3K) and 

the activation of the inhibitor of kappa-B kinase (IKK) complex (30, 35). IKK 

complex activation initiates the phosphorylation of inhibitor of kappa-Bα (IκBα), 

allowing NF-κB to translocate into the nucleus, thus initiating the transcription of 

anti-apoptotic and proliferative genes (36, 37). 

 

TNFα binding can alternatively induce a conformational change to the cytoplasmic 

motif of TNFr1, allowing the attachment of additional adaptor proteins to TRADD 

that constitutes complex II and cell death signalling (38). RIP1 ubiquitination, 

which is essential for NF-κB activation and cell survival, is reversed by the 

cylindromatosis (CYLD) enzyme (39-41). This enables the attachment of RIP1 

kinase into complex II that consists of pro-caspase 8 and fas-associated death 

domain (FADD) bound to TRADD (39-41). In turn, signalling through this 

complex initiates the suppression of NF-κB transcription of anti-apoptotic signals, 

such as, baculoviral inhibitors of apoptosis proteins (C-IAPs), activating a caspase 

cascade of cell death through apoptosis. Investigations targeting this TNFα 

pathway in malignancies have identified CYLD as a key factor causing tumour 

cell death through inhibition of NF-κB transcription (39-41).  

 

TNFα can alternatively bind to its second receptor TNFr2, which is structurally 

distinct from TNFr1, being larger (75 kDa) and consisting of a unique cytoplasmic 

motif absent of the death domain (27, 28). Despite the lower membrane expression 

of TNFr2 (42), it appears to maintain an important role in regulating and 

communicating with TNFr1. Studies focusing on the signal transduction pathways 

of TNFr2 have uncovered several similarities with the TNFr1 proliferation and 

survival system, in that associated adaptor proteins are required (TRAFs) to 

transmit signalling through to c-jun N-terminal kinases (JNK) and the IKK 
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complex (43, 44). These pathways lead to AP-1 and NF-κB activation as well as 

the transcription of anti-apoptotic signalling and cell survival. However, abnormal 

TNFr2 activity has been identified in autoimmune disorders and autoreactive T 

cells (44), where signalling pathways are shifted from proliferation and survival to 

cell death. It is hypothesized that interruption to this crosstalk between receptors 

results in signalling preferentially using the TRADD/FADD pathway of cell death. 
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Figure 1.1 Influence of inflammatory cytokines, TNF and IL-1 on OC signalling 

(45). Cell proliferation and survival can be activated via TNF binding to TNFr1 

on the cell surface and signalling through TRADD and RIP1 cytoplasmic motifs 

leading to TRAF 2/NF-B activation. Conversely, the presence of FADD on the 

TNFr1 motif induces activation of caspases and cell death. IL-1R activates TRAF 

6/NFATc1 signalling, which can be induced in the absence of RANKL interaction 

with its receptor RANK. AP-1, activator protein 1; CIAPs, inhibitors of apoptosis 

protein; FADD, fas-associated death domain; IB, inhibitor of kappa-B; IK, 

inhibitor of kappa-B kinase; IL-1, interleukin 1; JNK, c-jun N-terminal kinase; 

NF-B, nuclear factor kappa-light chain enhancer of activated B cells; MAP3K, 

mitogen-activated protein 3 kinase; NFATc1, nuclear factor of activated T-cell 

cytoplasmic 1; OC, osteoclast; RANKL, receptor activator of nuclear factor B 

ligand; RIP, receptor interacting serine threonine kinase 1; TNF, tumour necrosis 

factor-; TNFr1, tumour necrosis factor receptor 1; TRADD, tumour necrosis 

factor receptor associated death domain; TRAF 6, tumour necrosis factor receptor 

associated factor 6. 
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1.5 TNFα in Periodontitis 

 

In the human body, TNFα is responsible for mediating inflammatory responses 

and maintaining immune system activity, in addition to causing apoptosis of 

specific tumour cell populations (46, 47). Conversely, when there is sustained 

production of TNFα, a variety of unwanted pathological responses can occur. 

Studies evaluating PD in humans and experimental animal models have 

demonstrated significantly higher levels of TNFα in periodontal gingival tissue 

and crevicular fluid (48-51). These higher levels of TNFα are associated with 

increased osteoclast formation and activity, leading to reduced alveolar bone 

volume and tooth support (52, 53). The evaluation of TNFα receptors in 

periodontitis has demonstrated abundant receptor expression (both TNFr1 and 

TNFr2) by a variety of infiltrating cell types. These include pre-osteoclastic 

monocytes/macrophages, fibroblast like cells and endothelial cells (48). With 

increased production of both TNFα and its corresponding receptors in the inflamed 

gingiva, this potent pro-inflammatory cytokine promotes the tissue and bone 

destruction seen in PD (Figure 1.2).  However, its direct effect on skeletal cells is 

still an area requiring further investigation.  

 

Several studies have demonstrated the beneficial effect of reducing inflammatory 

cell infiltrate and cytokine expression on alveolar bone in periodontal animal 

models (54, 55). Specifically, reductions in TNFα were associated with decreased 

osteoclast formation and bone resorption in a ligature-induced PD rat model using 

the anti-inflammatory and anti-oxidative compound, Epigallocatechin-3-gallate 

(55). However, the use of common therapeutics that reduce inflammation in 

humans, such as non-steroidal anti-inflammatories (NSAIDs), have produced 

variable results on periodontal parameters as reviewed by Salvi and Lang (56). In 

addition to the broad molecular suppression of NSAIDs, they can produce 

undesirable gastrointestinal and renal effects (57, 58). Conversely, although no 

studies to our knowledge assess anti-TNFα therapy as a specific treatment for PD 

in humans, there are several comparative studies that assess the effects of TNFα 

antagonists in rheumatoid arthritis (RA; a pathology shown to be highly associated 

with and comparable to the PD pathogenesis (1, 59)) on periodontal disease 

markers (60-62). These reports indicate that the suppression of TNFα is positively 
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correlated with decreased PD parameters, such as probing index and depth, 

gingival index and bleeding, and attachment loss. In addition, several animal 

models analysing the effects of anti-TNFα therapy in PD have demonstrated 

favourable results. Targeted suppression of TNFα production with pentaxifylline 

and thalidomide in rats with PD resulted in reduced cellular infiltrate into gingival 

tissues and inhibited alveolar bone loss by almost 70% (63). Etanercept, an FDA 

approved anti-TNFα agent for RA, is also reported to suppress the development of 

PD and inhibited tissue destruction in an animal model (64). In the last decade, 

however, the use of anti-TNFα therapy has raised serious concerns with incidences 

of adverse effects. As TNFα is involved in pathogen elimination its therapeutic 

inhibition may increase the risk of opportunistic infections (65, 66). Several 

studies have revealed increased infections, such as histoplasmosis (67), 

tuberculosis (68), listeriosis (65) and coccidiomycosis (67) are associated with 

anti-TNFα therapy. Furthermore, as PD is associated with oral and gingival 

infections, the use of anti-TNFα treatments should be assessed with caution. 
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Figure 1.2 The effect of inflammatory cytokines on alveolar bone in PD (1). 

Cytokines such as tumour necrosis factor- enhance osteoclast formation and bone 

resorption within the periodontium by directly stimulating precursor monocytes to 

differentiate and form active osteoclasts, or indirectly by inducing receptor 

activator of nuclear factor kappa-B ligand (RANKL) expression on local cell types 

such as gingival fibroblasts and lymphocytes, further inducing osteoclast 

formation and activity causing alveolar bone resorption and loss of tooth support. 
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1.6 Osteoclasts, Bone Resorption and the Effects of TNFα 

1.6.1 Osteoclastogenesis 

 
Osteoclasts are large multinucleated cells that are involved in physiological and 

pathological bone resorption as recently reviewed by Cappariello et al (69). The 

precursor cells arise from hematopoietic cells formed within the marrow of bone. 

Responding to osteoclastogenic factors, including a number of key cytokines and 

chemokines, precursors migrate from the marrow into the blood stream to the site 

of intended bone resorption where they differentiate into large multinucleated 

osteoclasts (17). It is well established that macrophage colony stimulating factor 

(M-CSF) and receptor activator of NF-κB ligand (RANKL) are two key factors 

for osteoclastic differentiation (70, 71). M-CSF stimulation of precursor 

monocytes enhances cell survival, promotes commitment to the osteoclastic 

lineage and induces the expression of RANK (70, 72). Binding of RANKL to its 

receptor, RANK, initiates a series of intracellular pathways promoting the 

expression and transcription of a number of key osteoclast specific genes, such as 

calcitonin receptor (CTR), tartrate resistant acid phosphatase (TRAP), cathepsin 

K (CatK), Osteoclast-associated immunoglobulin-like receptor (OSCAR) and 

Beta 3 integrin (73, 74) (See Figure 1.1).  

 

RANK is a member of the TNF receptor sub-family, and thus holds a variety of 

similarities to the TNF receptors discussed earlier (TNFr1 and TNFr2). RANK is 

membrane bound protein, comprised of an important cytoplasmic motif that 

requires the interactions with adaptor proteins from the TRAF family (namely 

TRAF 6) to transmit its signal downstream (75, 76). Several studies have 

highlighted the importance of these three factors with knockdowns of M-CSF (or 

its receptor M-CSFr), RANKL or RANK, or TRAF 6, all of which result in 

reduced production or complete lack of bone resorbing osteoclasts (71, 77-79). 

This results in increased bone volume and an osteopetrotic phenotype.  
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Downstream of TRAF interactions with RANK, several distinct pathways are 

activated which involve a variety of protein kinases, such as IKK, p38, and JNK 

(80). The conduction of these signalling cascades through the RANK pathway 

induce several well described transcriptive factors including nuclear factor of 

activated T cells cytoplasmic 1 (NFATc1), NF-κB and AP-1 (76, 80). 

Experimental genetic mutations of the NF-κB subunits p50 and p52 in vivo 

revealed similar osteopetrotic phenotypes to manipulations of the upstream RANK 

system (81, 82). This holds true for knockouts of c-Fos (83, 84), a main component 

of the AP-1 transcription complex. Conversely, studies investigating NFATc1 

knockouts have demonstrated embryonic lethality due to its vital role in 

development (85, 86). However, conditional knockouts of NFATc1 in young and 

adult mice result in significant increases in bone volume compared to wild type 

controls due to deficient osteoclast presence and function (87-89). 

 

1.6.2 The Effects of TNFα on Osteoclastogenesis and Bone Resorption 

 

The role of RANK/RANKL signalling in osteoclasts is well known both in vivo 

and in vitro; however the influence TNFα has on this system remains an area of 

debate. As discussed above, increased production and exposure to TNFα is 

associated with bone loss conditions such as PD. A number of studies have 

attempted to unravel the mechanisms involved in TNFα mediated bone resorption. 

From this, TNFα has been demonstrated to promote the recruitment of osteoclasts 

and osteoclastic progenitors to the site of inflammation through several 

mechanisms (90-92). For example, Zhang et al (90) described TNFα regulation of 

stromal-derived factor-1 (SDF-1) synthesis. SDF-1 is produced by bone marrow 

derived cells and attracts osteoclast and inflammatory cell precursors. In 

physiological states, marrow SDF-1 concentrations are high, preserving precursors 

and the overall pool of potential osteoclasts. TNFα overexpression in transgenic 

mice, or TNFα injection into wild type rodents reduced SDF-1 concentrations in 

bone marrow, inducing mobilization and release of cells into circulation towards 

regions of higher SDF-1 concentration (90). Investigations using a rat model of 

PD that was also supported analysing human gingival crevicular fluid revealed 

increased concentrations of SDF-1 at the site of periodontal inflammation (93). 
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The suppressive effects of TNFα on SDF-1 production within the marrow may 

account for the increased osteoclastic cells elicited into the periodontal lesion.   

 

With increased numbers of osteoclast precursors in the peripheral circulation and 

at the site periodontal inflammation, TNFα appears to prime and enhance 

differentiation into bone resorbing osteoclasts via RANK signalling. Like M-CSF, 

TNFα promotes the expression of RANK on the hematopoietic precursor 

monocyte/macrophages, increasing the availability of receptor activation via 

RANKL (94). In addition, this cytokine promotes RANKL expression in the 

inflamed region by gingival fibroblast and epithelial cells, T-cells, and osteoblasts 

(95, 96). Overall, this cytokine has the capacity to produce an environment rich in 

osteoclastic growth and activity factors, in addition to promoting the migration of 

their precursors to the site of bone destruction.  

 

TNFα has also been shown to directly target osteoclastic differentiation through 

mechanisms independent of RANK signalling (Table 1.1). Initial studies using 

whole marrow or co-cultures with stromal cells and osteoclast precursors showed 

that TNFα stimulated increased numbers of multinucleated cells expressing 

TRAP, an enzymatic marker of cells devoted to the osteoclast lineage (97, 98). 

Although these experiments observed osteoclastogenesis in vitro with the addition 

of only TNFα and M-CSF as growth factors, it is possible that endogenous 

RANKL production by co-cultured stromal cells also stimulated osteoclast 

formation. However, the addition of osteoprotegerin (OPG; a natural soluble decoy 

receptor of RANKL) in supplemental studies did not suppress TRAP positive cell 

formation (97, 98). This observation suggests a direct effect of TNFα on the 

differentiation of osteoclasts. In line with this, other studies have demonstrated a 

concentration dependant increase in TRAP forming cells induced by TNFα in 

mouse bone marrow cultures being independent of RANKL stimulation in vitro 

(98). However, supplementary studies analysing the activity of TNFα mediated 

differentiation have produced conflicting results (summarised in Table 1.1).  

 

Although some studies report observing osteoclastic resorption in response to 

TNFα alone (98), other studies were unable to identify any positive osteoclastic 

effect (99), concluding that additional factors may be required to promote their 
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formation and activity in vitro. TNFα administration with RANKL during 

osteoclastogenesis synergistically promotes increased osteoclast size and number 

(99, 100). Even with RANKL concentrations too low to produce reportable 

quantities of osteoclasts (RANKL: 0.1-1ng/ml) TNFα treatment enabled 

significant increases in the numbers of osteoclasts formed. Additional pro-

inflammatory cytokines present during periodontal inflammation and bone loss 

such as IL-1 (101, 102), are also shown to enhance the stimulatory effects of TNFα 

on osteoclastogenesis in the absence of RANKL (97, 98, 103). Upon ligation of 

IL-1 with its receptor (Il-1R), TRAF 6 actively propagates its signalling 

downstream to NFATc1 and NF-κB (104-106) (See Figure 1.1). It is proposed that 

these cytokines bypass the need for RANK/RANKL interactions, allowing 

crosstalk between immune receptor pathways to induce transcription of osteoclast 

related genes. These findings demonstrate the idea of an inflammatory osteoclast 

capable of resorbing bone whilst avoiding inhibitory factors such as OPG, which 

are dependent on RANKL being the activating molecule (97, 101). Further 

evidence for a stimulatory role of TNFα in osteoclasts, has been demonstrated in 

TNFr1 knockouts or TNFα antagonist studies (Table 1.1), which result in reduced 

osteoclast formation (100, 107, 108). 

 

It is evident from these studies that TNFα acts on osteoclasts during the 

proliferation and differentiation phases, stimulating their ability to respond to 

RANKL. This is likely to occur via TRAF 1, 2, and 3, and the activation of    NF-

κB and AP-1 resulting in the formation, differentiation and survival of osteoclastic 

cells. In contrast, the RANKL/IL-1/TRAF 6 pathway is necessary for the 

activation and hence resorption stages of osteoclasts (97, 99). These findings 

support a need for treatments that target both the inflammation along with bone 

resorption. 
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Table 1.1 (Continued): The Effects of TNFα on Osteoclasts (45) 
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Table 1.1 (Continued): The Effects of TNFα on Osteoclasts (45) 
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Table 1.1 (Continued): The Effects of TNFα on Osteoclasts (45) 
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1.7 Osteoblasts, Bone Formation and the Effects of TNFα 

1.7.1 Osteoblastogenesis 

 

Osteoblasts play a critical role in the bone remodelling process by forming and 

depositing new bone material. In pathological conditions such as periodontitis, 

there is an imbalance in the resorption and formation processes resulting in an 

overall loss of bone. This imbalance is not only due to excessive osteoclastic bone 

resorption but also the suppression of osteoblast differentiation and activity (115).  

 

The role of osteoblasts changes throughout their life cycle and depends on a 

number of factors, such as skeletal development, hormones, and inflammatory 

mediators that influence cell differentiation and function (116). Osteoblast 

precursors originate from pluripotent stem cells (SC) derived from the neural crest 

(NC) during embryonic development (117). Their differentiation into various cell 

types including skeletal, adipose and connective tissue cells is essential for the 

development of vertebrates (117, 118). Furthermore, NC-SC transient progression 

into the mesenchymal SC (MSC) lineage within bone marrow is needed for the 

development of oral structures such as the dental pulp (DP) and periodontal 

ligament (PDL) (119). These structures are reported to store additional MSCs for 

continued osteogenic cell differentiation, to repair damaged bone and tissue within 

the periodontium (120). TNFα has a diverse range of effects on the differentiation 

of these cells (discussed in detail below). Therefore, it is important to understand 

the effects associated with differentiation to the bone cell lineage, as these stem 

cells are widely investigated as regenerative cell based oral therapies (121, 122). 

 

Osteoblastic commitment requires activation of the Wnt (wingless-type MMTV 

integration site) signalling pathway within the progenitor SC, in addition to a 

variety of other intracellular and secreted mediators (123, 124). Activation of the 

Wnt pathway results from the ligation of a Wnt protein (Wnt2a, Wnt5a, or 

Wnt10b) to its receptor, Frizzled, on the cell surface (Figure 1.3). In turn, a series 

of intracellular pathways leads to the stabilisation of β-catenin and the promotion 

of differentiation (125). Osteoblast formation and activity is achieved through 

increased intracellular calcium levels via the activation of G-proteins, JNKs, and 
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the activation of transcription factors, Runt-related transcription factor 2 (Runx2), 

NFAT, and NF-κB (124, 125). 

 

 

 

 

 

 

Figure 1.3 Proposed influence of TNFα on the overall bone microenvironment 

(45). TNFα binding to TNFr1 on the osteoblast membrane interferes with WNT 

signalling via the induction of NF-B related suppression of RUNx2 transcription, 

leading to cell death. TNFα influences osteocytic regulation of bone cells through 

the promotion of factors, which stimulate osteoclasts (ICAM, RANKL) and 

suppress osteoblasts (sclerostin). ICAM, intracellular adhesion molecule; NF-B, 

nuclear factor kappa-light chain enhancer of activated B cells; RANKL, receptor 

activator of nuclear factor B ligand; TNFα, tumour necrosis factor alpha; TNFr1, 

tumour necrosis factor receptor 1. 

 

 

 

 



 
 

 24 

1.7.2 The Effects of TNFα on Osteoblastogenesis and Bone Formation 

 

Numerous studies investigating the effects of TNFα on osteoblastogenesis have 

revealed suppression of bone formation (Table 1.2). This has been observed with 

both direct and indirect actions of TNFα disrupting osteoblast formation at various 

stages of their differentiation. At the early stages of stem cell division, paracrine 

factors are required to promote the cells ability to grow and differentiate into pre-

osteoblasts (126, 127). Essential factors supporting this transition are insulin 

growth factor-I (IGF-I) and bone morphogenic proteins (BMPs; mainly -2, -4, and 

-6) (109, 128, 129). TNFα has been demonstrated to suppress osteoblast 

differentiation from isolated foetal calvaria precursors via reducing the expression 

of IGF-1 (130, 131). However, subsequent investigations that involved treating 

cells with additional IGF-1 were not successful in reversing the suppressive effects 

of TNFα (131), suggesting a more specific target downstream of IGF-1 activity.  

 

Further analyses into the suppressive actions of TNFα on osteoblastogenesis have 

revealed additional targets where TNFα interferes with protein signalling and gene 

expression. Factors that regulate the synthesis of bone material are essential for 

functional osteoblasts to form (132). However, several experimental models have 

demonstrated that collagen type 1 α1 (Col1α1) and osteocalcin (OCN), both 

skeletal matrix proteins, are affected by TNFα (133, 134). The mechanisms behind 

decreased collagen production was identified by Mori et al (135) in a study using 

fibroblasts in which the Col1α1 gene promoter was shown to be suppressed in 

response to TNFα, abrogating transcription factor binding. In contrast, another 

study showed OCN production was suppressed via a developed resistance and 

decreased receptor expression to vitamin D in vitro (136, 137). Vitamin D receptor 

activation on osteoblastic cells appears to be required for the transcription and 

production of OCN (138).  

 

In addition to bone formation, TNFα has been reported to affect factors associated 

with the formation and survival of osteoblasts through negative regulation of 

critical transcription factors, such as Runx2 and Osterix (130, 131). These factors 

are required for developing and maintaining the skeletal system, through the 

transcription of a variety of osteoblast specific genes, including OCN, Col1α1, 
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OPG, alkaline phosphatase (ALP) and osteopontin (OPN) (See Figure 1.3). 

Transgenic knockout mouse studies with deletions of either Runx2 or Osterix 

demonstrate their critical role, as mice develop with a cartilage rich skeleton (139, 

140) due to a deficiency in osteoblast differentiation and an inability to form 

mineralized bone.    

 

Furthermore, studies on the effects of TNFα on osteoblastogenesis, specifically 

from isolated DP or the PDL have reported conflicting findings (141-145). These 

differences appear to be related to the concentrations of TNFα used in vitro. 

Concentrations of TNFα above 10ng/ml have been reported to decrease osteogenic 

differentiation, down regulate BMPs and ALP activity, and reduce mineralisation 

(141, 142, 144, 145). Conversely, lower concentrations of TNFα, ranging from 

0.01 to 10ng/ml, lead to more osteogenic characteristics (142-144). Xing et al 

(142) reported increased extracellular calcification and Runx2 protein expression 

in TNFα treated DP-SC. In addition, an earlier study showed NF-κB activation by 

low levels of TNFα enhanced osteogenic differentiation (141). However, these 

findings are not fully supported by a recent study using PDL-SC and bone marrow 

mesenchymal (BMM)-SC treated with low (10ng/ml) concentrations of TNFα 

resulted in decreased ALP activity, Runx2 expression and calcium deposition 

(146, 147). 

 

Although a large number of studies demonstrated suppression of bone formation 

by osteoblasts exposed to TNFα, there is further evidence to support the contrary. 

Interestingly, Briolay et al (148) demonstrated that TNFα stimulated calcium 

deposits associated with increases in Wnt5a and Wnt10b expression in human 

MSC cultures. Conversely, decreases in the master transcription factor Runx2 

were also observed in this study, indicating delayed or suppressed proliferation. 

Additional studies assessing TNFα effects on human MSC differentiation have 

observed a dose-dependent increase in osteogenic differentiation over a 3-day 

period (144). These positive results could be related to acute cytokine exposure, 

promoting the activity of TNAP (tissue-nonspecific alkaline phosphatase) and the 

synthesis of calcium, along with the rapid induction of NF-κB and expression of 

anti-apoptotic signals. However, TNFα is also reported to suppress collagen matrix 

production by early osteoblasts (149), in addition to preventing their 
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differentiation (150, 151). This may indicate that the observed increase in 

intracellular calcium and early proliferation in vitro may not be translatable to the 

pathological suppression of completed mineralized bone formation in vivo. 

 

Osteoblasts are also important regulatory cells, which have the capacity to 

orchestrate osteoclastic bone resorption. This is achieved by producing pro-

osteoclastic signalling molecules such as M-CSF, RANKL, and interleukins (152-

154). Interestingly, TNFα increases the expression of these genes, in addition to 

promoting the production of proteolytic enzymes such as matrix 

metalloproteinases (MMP) (154, 155). MMP have been implicated in the 

induction of osteoclast differentiation and attachment to bone surface (156). This 

increase in osteoclastic promoting factors is observed occurring simultaneously 

with the suppression of the pro-osteoblastic factors mentioned above, indicating 

an essential role for TNFα in periodontal and inflammatory bone loss. 

 

Overall these results demonstrate that TNFα negatively influences the activity of 

osteoblasts in vitro and in vivo. However, the timing and length of exposure appear 

to drastically impact the resulting outcome, thus these factors should be carefully 

considered, particularly in vitro, during the interpretation of results. Further 

analyses are needed to fully understand the mechanisms behind TNFα regulation 

of osteoblastogenesis at different stages of cell differentiation. This will aid in 

developing effective therapies, targeting specific pathways or factors depending 

on disease state and bone quality. 
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Table 1.2: The Effects of TNFα on Osteoblasts (45) 
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Table 1.2 (Continued): The Effects of TNFα on Osteoblasts (45) 
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Table 1.2 (Continued): The Effects of TNFα on Osteoblasts (45) 
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Table 1.2 (Continued): The Effects of TNFα on Osteoblasts (45) 



 
 

 31 

1.8 Osteocytes, Bone Cell Regulation and the Effects of TNFα 

 
Osteocytes are regarded as terminally differentiated osteoblasts that have reached 

the end of their differentiation pathway and are embedded within the bone 

microstructure. They reside in microscopic cavities (lacunae), encased in a 

stationary position within bone. Cytoplasmic projections that extend from their 

cell body travel through bony networks, or canaliculi, to resident bone cells (164, 

165). This enables a complex system of cell contact, communication and 

regulation. After developing their characteristic phenotype within the osteoid, they 

begin to produce factors that have varied effects on adjacent cell types, in 

particular osteoclasts and osteoblasts. These factors include RANKL, intracellular 

adhesion molecule 1 (ICAM1), transforming growth factor β1 (TGF-β1), and 

sclerostin (166) (See Figure 1.3). The expression and release of these factors can 

influence the rate of bone resorption or formation on the surface. Interestingly, the 

actions and outcomes of octeocytic activity, although not fully understood, appear 

to change in response to different stimuli, such as mechanical stress, micro-facture, 

or immune and inflammatory mediators such as TNFα (167, 168). Studies 

investigating the direct actions of TNFα on osteocytes in vitro are described in 

Table 1.3.  

 

Osteocytes can promote osteoclastogenesis and osteoclast activity through a 

variety of mechanisms. For example, the death or targeted ablation of osteocytes 

results in severe bone loss (169). This is reported to be a result of increased 

RANKL expression by the dying osteocytes, inducing osteoclast formation and 

bone resorption on the surface. Additional studies identified apoptotic bodies 

released from dying osteocytes being the primary source of the increased RANKL 

concentrations (167, 170). In fact, the expression of RANKL by apoptotic 

osteocytes is reported to surpass levels produced by resident osteoblasts, as 

targeted mutations of osteoblasts within mice had no effect on overall RANKL 

expression (171, 172). Interestingly, several studies have shown that osteocytic 

apoptosis and RANKL production is induced by TNFα in vitro (See Table 1.3). 

Furthermore, TNFα also induces apoptotic osteocytes to express factors that 

promote osteoclast precursor adhesion to endothelial cells, such as ICAM1 (173). 
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This was observed using osteoclastic precursor RAW264.7 cell line and media 

from TNFα induced apoptotic MLO-Y4 osteocytes. Taken together, these findings 

suggest the essential role for osteocyte regulation of osteoclasts is highly 

influenced by inflammation and TNFα exposure.   

  

Osteocytes have also been shown to influence the activity of osteoblasts through 

several mechanisms. For example, TGF-β1, which is synthesized by a variety of 

cell types including osteocytes, enhances proliferation of pre-osteoblasts, 

suppresses apoptotic signalling within osteoblasts and promotes their survival 

(160, 174). In addition, TGF-β1 has been reported to induce osteoblast migration 

to the bone surface for the synthesis of bone matrix proteins (174, 175). 

Interestingly, TGF-β1 has also been implicated in the suppression of osteoclastic 

bone resorption in vitro, indicating an important anabolic role for osteocytes 

during physiological bone growth and repair (176). 

 

Osteocytes also produce sclerostin, an essential glycoprotein that orchestrates the 

activity of osteoblasts (177). Physiologically, sclerostin levels appear to alter in 

response to mechanical loading, with heavy loading or concentrated strain leading 

to the suppression of sclerostin levels (178). Decreased sclerostin enables 

osteoblastic function during stages of osteoblastogenesis, where cell activity is 

required for skeletal growth (179). Conversely, a reduction in mechanical stress, 

such as being sedentary for long periods, results in an increased production of 

sclerostin and the subsequent apoptosis of osteoblasts, preventing the formation of 

bone (178). Although the function of sclerostin suppression of osteoblasts is not 

entirely understood, it is thought to interfere with the Wnt signalling and 

stabilisation of β-catenin (180, 181).  

 

In pathological conditions, sclerostin expression is altered in response to 

inflammatory molecules such as TNFα. Recently, a study using a rat model of 

ligature-induced PD revealed significant increases in sclerostin expression in 

osteocytes during the early and destructive phase of the disease (182, 183). 

Interestingly, the rise in sclerostin levels was associated with a similar increase in 

RANKL production. However, expression levels normalised during the recovery 

phase of the disease, suggesting that alveolar bone loss may be an outcome of 
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osteocytic suppression of osteoblasts and promotion of osteoclasts during the 

active phase of PD. In addition, reports identifying a role for sclerostin in the 

promotion of osteoclastic bone resorption (179, 184) are supported by studies that 

observed an increase in RANKL expression and decrease in OPG expression in 

the MLO-Y4 osteocyte cell line in response to sclerostin (185). Further evidence 

is demonstrated using a number of in vivo and in vitro models, where TNFα alone 

is found to directly induce the expression and increased synthesis of sclerostin in 

osteocytes, through the activation of TNFα mediated NF-κB binding to the 

sclerostin gene (SOST) promoter region (168). In addition, the administration of 

TNFα antagonists prevents this stimulation, further supporting this important 

relationship in inflammatory bone loss.   
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Table 1.3: The Effects of TNFα on Osteocytes (45) 
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1.9 Histone Deacetylases as a Novel Therapeutic Target for Periodontitis  

1.9.1 Current Therapies for Periodontitis  

 

As PD is associated with pathogenic bacteria forming a subgingival biofilm, 

patient education and improving oral hygiene is the first line of defence to prevent 

or reduce disease progression. Clinicians will also use surgical and/or mechanical 

means to remove the infected tissue and biofilm with some success (188-192). 

However, there are several factors that influence homecare or the effectiveness of 

mechanical techniques. These include improper plaque control (193-195), 

increased pocket depth creating ‘out-of-reach’ areas for effective scaling and/or 

root planning (193). In addition to disease severity and aggressiveness of the 

individuals host response (1, 196). Further to this, recent advances in the 

understanding of the PD pathogenesis and the osteoimmunological relationship in 

this disease has prompted new therapeutic strategies to reduce the inflammation 

and target the bone cells concurrently (1, 17).  

 

A considerable amount of literature suggests the use of antibiotic treatment 

alongside mechanical debridement provides beneficial outcomes as a periodontal 

therapy (197-199). However, a similar quantity of opposing evidence exists (199) 

as there may be some disadvantages of this approach. Firstly, prescribing antibiotic 

treatment for any illness carries the risk of developing further antibacterial 

resistant strains. A recent review of subgingival microflora identified a substantial 

2-fold rise in tetracycline and penicillin resistant bacterial strains over the last 

decade in treated periodontal patients (200, 201). Furthermore, many of the 

pathogenic bacteria found to be associated with PD, such as Porphyromonas 

Gingivalis, Fusobacterium Nucleatum and Actinobacillus 

Actinomycetemcomitans, enter host cells, rendering antibiotic treatments useless 

(202, 203).  

 

A novel therapeutic strategy gaining clinical relevance in a number of areas is the 

epigenetic control over cell differentiation and activity by targeting a group of 

enzymes called histone deacetylases (HDACs) (204, 205). 
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1.9.2 Histone Deacetylase Overview  

 

Differentiation and cell function is dependent on the genetic expression and 

production of molecules that form the components of the target phenotype. These 

gene-mediated events can be controlled at the epigenetic level, where 

modifications to histone proteins and the resulting chromatin configuration tightly 

regulate the expression of specific genes (204, 206, 207). Histone deacetylases 

(HDACs) are a group of enzymes that are integral to this process. Within the cell 

nucleosome histone proteins organise and maintain deoxyribonucleic acid (DNA) 

in its chromatin state.  In effect, HDACs coordinate the conformational changes 

chromatin to both protect genetic material from damage and to promote cellular 

changes such as mitosis or differentiation. HDACs remove acetyl groups that are 

located on lysine residues within the histone protein core, altering lysine charge 

and affinity for phosphate groups present within the DNA backbone (204, 206, 

207). The subsequent interaction between lysine and phosphate increases the 

histone binding capacity for DNA, forming a tightly bound chromatin structure 

that results in gene silencing and/or repression (heterochromatin) (Figure 1.4). 

Conversely, histone acetyltransferase (HAT) enzymes counteract histone 

deacetylation by HDACs, prompting a euchromatic open state of DNA by 

returning the acetyl body to lysine (204, 206, 207). Furthermore, research has 

identified a post-translational mechanism of protein modifications for HDACs 

(206). Deacetylation of subsequent non-histone proteins also modifies their 

structure and charge, and in turn, function and interaction outcomes. As a result, 

the functional properties of cellular proteins are affected, altering intracellular 

processes, such as, signalling pathways and reactivity. 
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Figure 1.4 The outcome of epigenetic modulation on chromatin configuration 

upon Histone deacetylase (HDAC) and Histone acetyltransferase (HAT) activity 

(206).  Deacetylation of lysine groups on histone proteins increases the affinity for 

phosphates in the DNA causing transcriptional repression. This process is reversed 

by the acetylating role of HAT enzymes.  
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HDACs comprise of 11 individual and structurally distinct enzymes that are 

categorized into 4 classes due to their cellular distribution and organisational status 

(208, 209) (Figure 1.5). Class I HDACs comprise of HDAC enzymes 1, 2, 3, and 

8, and are primarily found within the nucleus of the cell. Class II HDACs, which 

are further subdivided into class IIa (HDACs 4, 5, 7, and 9) and IIb (HDACs 6, 

and 10) have the capacity to translocate between the nucleus and the cytoplasm. 

Class III HDACs work via different mechanisms to both class I and II, whereby 

they require the addition of an NAD+ co-factor for activation and catalytic activity. 

These enzymes are referred to as sirtuins (SIRT), and comprise of SIRT 1-7. 

Finally, the sole class IV HDAC, HDAC 11, is rarely reported on, though functions 

in a similar method to that of class I and II HDACs (208, 209). 

 

 

 

 

 

Figure 1.5: Classification of the 3 main Histone deacetylase (HDAC) classes 

(Class I, Class IIa and b, and Class IV) as determined by structure, length and 

cellular location (208). 
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1.9.3 Histone Deacetylases in Bone Loss Pathologies  

 

Irregularities in the expression and function of HDACs have been implicated in 

several pathological processes, including malignant cell division, suppression of 

apoptosis (210-212), neuronal cell death in neurodegenerative diseases (NDs) 

(213) and more recently, chronic inflammation and associated bone loss (205, 207, 

214). Studies investigating HDAC expression in RA demonstrated substantial 

modifications to the HDAC profile when comparing to patients with non-

rheumatic, osteoarthritic lesions (215, 216). Specifically, the class I isoform, 

HDAC 1, is highly upregulated in synovial fluids and tissues from RA patients 

(215). Interestingly, it has also been shown to co-localise and correlate with 

increased levels of TNFα expression (216). More recently, analysis of gingival 

tissues from patients with PD identified a similar rise in HDAC 1 expression that 

was associated with both TNFα and osteoclasts near alveolar bone lesions (217). 

In vitro analyses of HDAC 1 expression in human osteoclasts have observed a 

substantial increase throughout osteoclastogenesis, particularly during the 

activation of the resorptive phase (218). HDAC 2 commonly associates with 

HDAC 1, forming a complex protein that interacts as one functional unit (219). 

They are both similar in size and structure, and it is thought that redundancies exist 

between these two HDAC isoforms. In addition to HDAC 1 and 2, HDAC 5 from 

class II is reported to be upregulated in PD patients (217). Interestingly, HDAC 5 

function inversely correlates with Wnt-signalling and Runx2 transcription in 

isolated mice primary osteoblasts (220, 221) as discussed in detail in Chapter 5 

and 6.  HDAC 5 has also been identified as a locus for bone mineral density with 

rises in its expression (222), as seen in juvenile osteoporosis and PD (220), being 

associated with decreased bone integrity through diminished osteoblast formation 

and function.  

 

The observation of altered HDAC expression and activity in disease has prompted 

researchers to develop HDAC inhibitors (HDACi) (205). HDACi are now used 

clinically as adjuvants to chemotherapy as anti-cancer agents (223), and are 

gaining interest as potential therapies for NDs (213), parasitic and viral infections 

(224-226), and importantly, inflammatory bone loss pathologies like RA and PD 

(214, 217, 227). 
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1.9.4 Histone Deacetylase Inhibitors for the Treatment of PD 

 

HDACi have recently been investigated for treatment of inflammation and bone 

loss in several bone loss disease models and in vitro investigations (as recently 

reviewed (205)). Classical HDACi were designed as ‘pan-inhibitors’, as they 

target several HDACs due to their metal binding moiety that interacts with the 

catalytic domain of many HDACs across class I, II, and IV (228, 229). 

Interestingly, these broader acting compounds, such as Trichostatin A (TSA) (230-

232), Sodium Butyrate (NaB) (231-233), Valproic acid (VPA) (232), Vorinostat 

(Suberanilohydroxamic acid; SAHA) (217, 234), MS-275 (31, 32, 232) and a 

novel investigative compound, 1179.4b (214, 218), have distinct effects on bone 

cells and inflammatory processes in vitro and in vivo . Specifically, results indicate 

prophylactic properties with reduced bone destruction and inflammation. 

Givinostat, another pan-inhibitor of HDACs, has progressed to clinical trials for 

the treatment of idiopathic juvenile arthritis (235). However, due to the broad 

nature of HDAC expression in human tissue, in addition to their specific isoform 

functionality (which is yet to be fully understood), future progression of pan-

inhibitors into the clinic is unlikely (228, 229). At present, researchers are 

investigating the specific role of each individual HDAC isoform, and developing 

new compounds that selectively target individual HDACs that are important to the 

pathogenesis of disease. It is proposed that selective HDACi will improve 

therapeutic efficacy and reduce the risk of adverse outcomes from broad inhibition 

(228, 229).  
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1.10 Thesis Hypothesis and Aims 

 

Two hypotheses were proposed. Firstly, that HDAC 1, 2 and 5 are key modulators 

of inflammation and bone metabolism. Secondly, that specific HDAC inhibitors 

targeting HDAC 1, 2 and 5 will reduce inflammation and bone loss in 

inflammatory bone loss disease, such as PD. Studies were carried out with human 

cells in vitro and in vivo using a mouse model of PD. For in vitro investigations, 

the addition of the inflammatory cytokine TNFα was used to represent an 

inflammatory stimulus.   

 

These hypotheses led to the development of 4 main aims: 

 

1. To determine if targeted inhibition of HDAC 1 and/or 2 would reduce 

human osteoclast formation and bone resorption in vitro. 

 

2. To determine the effects of inhibitors targeting HDAC 1, 2 and/or 5 on 

cytokine and chemokine production by human monocytes in vitro. 

 

3. To investigate the effects of inhibiting HDAC 5 during human osteoblastic 

bone formation in vitro. 

 

4. To investigate and characterise specific HDAC expression in a mouse 

model of PD for future investigations using HDACi in vivo. 
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Chapter 2: Histone Deacetylase Inhibitor NW-21 Regulates 

Tumour Necrosis Factor-α (TNFα) Driven Human Osteoclast 

Activity 

 

K. Algate, M.D Cantley, R.C. Reid, D.P. Fairlie, P.M. Bartold, D.R. Haynes 

 

Chapter 2 has been accepted for publication with revision; Reviewer comments 

incorporated for resubmission to the Journal of Cell Physiology.   

2.1 Abstract 

 

Bone loss associated with inflammation is observed in a variety of pathologies. 

While the induction of bone resorbing osteoclasts during inflammation is not fully 

understood, it is apparent that cytokines, such as Tumour Necrosis Factor-α 

(TNFα), play an important role in promoting bone loss. A number of studies have 

shown elevated expression of histone deacetylase (HDAC) 1 during the 

inflammatory response in both rheumatoid arthritis and periodontitis. Therefore, 

this study tested the hypothesis that HDAC 1 elevation by TNFα enhanced 

osteoclast activity, and that the HDAC inhibitor (HDACi), NW-21, would 

suppress this TNFα induced osteoclastic bone resorption. In this study, human 

osteoclasts were formed over 17 days in the presence of receptor activator nuclear 

factor kappa B (RANKL) (0-50ng/ml) with and without TNFα (10ng/ml). 

Treatment with the HDACi, NW-21 that targets HDAC1 (20ng/ml), was also 

investigated. Assessment of important mediators of osteoclastogenesis, apoptosis, 

and key intracellular signalling factors were carried out at the mRNA and protein 

levels to investigate possible mechanisms involved. The findings of this study 

support our hypothesis that TNFα enhances HDAC 1 expression in osteoclasts 

(p=0.002) and that inhibitor NW-21 inhibited osteoclast activity (p<0.005). Two 

likely mechanisms were identified. Firstly, HDAC 1 activity appears to be 

important in the TNFα mediated mechanisms of NF-κB induction, resulting in 

excessive osteoclastic activity. Secondly, HDAC 1 regulation of osteoclast 

apoptosis may also be important through expression of the apoptosis inhibitor, 

survivin. This study demonstrates that compounds that suppress HDAC 1, such as 

NW-21, are likely to be useful in the treatment of inflammation mediated bone 

pathologies. 
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2.3 Introduction 

 

Irreversible bone loss is a characteristic feature of several chronic inflammatory 

conditions including periodontitis (PD), rheumatoid arthritis (RA), and peri-

prosthetic osteolysis (PPO). The loss of bone volume can be attributed to increased 

osteoclastic resorption on the bone surface closely associated with a localised 

chronic inflammatory reaction (1). Osteoclasts are large multinucleated cells 

uniquely designed to remove both the inorganic and organic components of bone 

that are then replaced by the bone forming osteoblasts (2, 3). In inflammatory 

states, however, the production of cytokines can result in elevated osteoclast 

differentiation and activity leading to increased bone resorption (3-5). 

Consequently, suppressing this inflammation-driven osteoclast activity is 

recognised as a key approach to reducing damaging bone loss in these conditions.  

 

Osteoclasts originate from the monocyte/macrophage lineage with both 

macrophage colony-stimulating factor (M-CSF) and receptor activator of NF-κB 

(RANK) ligand (RANKL) necessary to promote and sustain their differentiation 

into mature and active cells (6-8). RANKL interacts with its receptor RANK on 

pre-osteoclasts, initiating downstream signalling pathways involving the 

activation of TNF receptor-associated factors (TRAFs), along with transcription 

factors; nuclear factor of activated T-cells cytoplasmic-1 (NFATc1) and nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) (9-11). These 

proteins play an important role in the formation, activity, and survival of 

osteoclasts. 

 

Numerous studies have demonstrated that the inflammatory cytokine, Tumour 

Necrosis Factor-α (TNFα) is a potent stimulator of bone loss through enhancing 

osteoclastic resorption (5). Indirectly, TNFα induces osteoclast formation and 

activity by increasing RANKL expression by several cell types. These include T 

and B-lymphocytes (12, 13), gingival epithelial cells (14, 15), arthritic synovial 

fibroblasts (16), osteoblasts and osteocytes (17, 18). Interestingly, TNFα has been 

shown to directly activate TRAF signalling independently of RANK/RANKL 

interactions (19, 20), promoting osteoclastogenesis through the induction of key 

factors regulating gene expression such as NF-κB (21). Phosphorylation of the 
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inhibitor of κB (IκB) allows translocation of NF-κB into the nucleus, and hence 

differentiation, activation, and survival of osteoclasts (22). TNFα can also initiate 

a secondary signalling cascade through intracellular death domains TNFRSF1A 

Associated Via Death Domain (TRADD) and Fas-associated with death domain 

(FADD), as well as the activation of several caspases leading to cell death (23). It 

is important to note that TNFα can promote cell survival and activity or induce cell 

death depending on the pathological condition. Despite these opposing effects it 

has proven to be an important cytokine in both inflammation and skeletal cell 

regulation in a variety of diseases.  

 

Compounds that suppress osteoclast differentiation (such as the monoclonal 

antibody to RANKL, Denosumab) or resorptive activity (Bisphosphonates) can 

reduce systemic bone loss in conditions such as osteoporosis. However, long-term 

use of these compounds as therapies in high dosages is known to result in several 

adverse effects (reviewed in (24)). In addition, antagonists of the TNFα receptor 

have been shown to reduce bone resorption in mouse models of osteolysis (25, 

26), however, these factors have been shown to be less effective in long term 

human trials (27, 28). We have previously demonstrated a method for regulating 

osteoclastogenesis and bone resorbing activity through targeted inhibition of 

histone deacetylase (HDAC) enzymes. HDAC inhibitors (HDACi) have been 

shown to reduce osteoclast resorption in vitro and bone loss in vivo (29-31). 

Furthermore, HDACi reduce the production of inflammatory cytokines and 

inflammation in vivo (29). Physiologically, HDAC enzymes are involved in the 

epigenetic regulation of gene expression and the post-translational modifications 

of proteins. These enzymes are required for the reversible removal of acetyl groups 

bound to proteins, altering their structure and function. HDAC regulation of gene 

expression is achieved through deacetylating lysine residues on core histone N-

terminal tails (32). In addition, HDACs are involved in deacetylating and 

regulating non-histone proteins involved in a wide variety of cellular processes 

including production of inflammatory cytokines (33-35). There have been a total 

of 18 mammalian HDACs identified, 11 of which have been separated into 4 sub-

classes based on their structure and cellular distribution: class I (HDAC 1, 2, 3, 

and 8), class IIa (HDAC 4, 5, 7, and 9), class IIb (HDAC 6, and 10) and class IV 

(HDAC 11). The remaining 7 atypical enzymes are classified as Sirtuins (class III) 
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due to their differing structure and co-factor activity (32). Dysregulation in the 

expression and activity of individual HDACs has been associated with the 

pathogenesis of a number of human diseases (36, 37), including inflammatory 

osteolysis (32, 38, 39). 

 

HDACi have been used clinically as a treatment option for a range of malignancies 

both as mono- and combination therapies (40). In addition to other non-

oncological applications (neurodegenerative, cardiac, and pulmonary disorders) 

their ability to attenuate inflammation and bone loss at doses substantially lower 

than their current clinical use for cancers is becoming more evident. Classical 

broad acting HDACi, that target a range of HDACs across both class I and II have 

been shown to reduce osteolysis in mouse models of RA and PD (29, 30, 41). In 

addition, more selective HDACi (class specific) have suppressive effects on bone 

resorption in vitro (31), along with reducing inflammation levels in animal models 

(42, 43). Variations in HDACi efficacy can possibly be attributed to their selective 

inhibition of specific HDACs. An understanding of the specific actions of 

individual HDACs will aid in identifying potential therapeutic targets for several 

diseases including inflammatory associated osteolysis. 

 

We have recently identified elevated HDAC 1 expression, at both the mRNA and 

protein level, in gingival tissue excised from patients with chronic PD and alveolar 

bone loss (44). HDAC 1 protein localisation was observed in the nucleus and 

cytoplasm of large multinucleated osteoclast-like cells at sites of inflammatory 

osteolysis, with high levels of TNFα expression present. Therefore, we 

hypothesised that HDAC 1 elevation by TNFα would increase osteoclast activity 

and that the HDACi, NW-21, would reduce this activity in vitro. NW-21 was 

originally designed to target HDAC 1, but also has some affinity for HDAC 2, 

which is not surprising given the high sequence homology and apparent co-

localisation of these two proteins (45, 46), hence redundancies may exist. 
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2.4 Methods and Materials 

2.4.1 Histone Deacetylase Inhibitor (HDACi) 

 

Compound NW-21 (29), a novel HDACi developed at the University of 

Queensland (also known as compound 51 (47) and ASU-13 (48)) designed to 

target the class I, HDAC 1 over other HDACs (IC50 = 0.021±0.02μM against 

HDAC 1 (Class I), 0.042±0.02μM for HDAC 2 (Class I), 0.3μM for HDAC 3 

(Class I), >10μM for HDAC 4 (Class IIa) 0.88±0.06 for HDAC 6 (Class IIb), 

>1μM for HDAC 7 (Class IIa), >3μM for HDAC 8 (Class 1) (49)  

2.4.2 Human In Vitro Osteoclast Assay 

 

Peripheral blood mononuclear cells (PBMCs) were isolated using a Ficoll-Paque 

separation media (Pharmacia Biotech, SWE) and differential centrifugation of 

human blood buffy coats obtained from the Australian Red Cross (Melbourne, 

AUS) as previously described (31). Once isolated, cells were suspended in an α-

minimal essential media (α-MEM; Invitrogen, Melbourne AUS) with the 

supplements; 10% foetal bovine serum, 1% penicillin-streptomycin, 1% L-

glutamine, 100nM dexamethasone (Invitrogen, Melbourne, AUS), 25ng/ml M-

CSF (Chemicon International Inc., Millipore, MA), and seeded into wells of 

Falcon© in vitro assay plates at a concentration of 2x106 cells/ml. After 24 hours, 

non-adherent cells were removed, leaving the remaining osteoclast precursors to 

culture for a further 16 days, maintained in complete media (changed every 3-4 

days) at 37°C with 5% CO2. From day 7, media was supplemented with 

recombinant human (rh) RANKL to promote the differentiation and activation of 

human osteoclasts as previously described (50). Subsequent assays involved 

supplementing media with rhTNFα (10ng/ml) commencing from various time 

points (days 1, 5, 7, 10, and/or 13) with RANKL (10, 20 or 50ng/ml). These doses 

of RANKL were chosen as 50ng/ml RANKL stimulates maximal osteoclast 

activity in the system, whereas 10 and 20ng/ml RANKL stimulate approximately 

50% of the maximal stimulation of osteoclast formation and activity (50). Other 

than in the initial experiment, 10ng/ml RANKL was used, as this “sub-optimal 

dose” would allow us to identify both stimulatory and inhibitory effects of TNFα 

and/or HDACi treatments on the osteoclastogenic process. The HDACi NW-21 at 
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20nM in 0.01% dimethyl sulfoxide (DMSO) vehicle was used as previously 

described (29). The effects on osteoclast activity were assessed with treatments 

beginning on day 7 (early treatment) or on day 10 (late treatment). Control cells 

were treated with 0.01% DMSO. 

2.4.3 Osteoclast Formation and Activity 

 

Osteoclast formation was assessed via the quantification of multinucleated (>3 

nuclei) tartrate resistant acid phosphatase (TRAP) positive cells (31) and compared 

between individual donors of each experimental treatment group. PBMC derived 

osteoclasts were also cultured on whale dentine (gift from Australian Customs and 

Border Protection Services) for the analysis of bone resorptive activity. Resorption 

pits formed on the dentine surface were photographed with the Philips XL30 Field 

Emission Scanning Electron Microscope (FESEM; 200x magnification) (Adelaide 

Microscopy, University of Australia), traced using Adobe Photoshop Elements 7.0 

software (Adobe Systems, CAL), and quantified using Image J Software (1.47v, 

National Inst of Health, USA). The area of resorption within three representative 

images per dentine slice was used to calculate the average overall resorption per 

donor/treatment as previously described (31). Osteoclast activity was then 

estimated by calculating the percent area of dentine resorbed per number of TRAP 

positive multinucleated cells (MNCs) formed, and expressed as a percentage of 

resorption per osteoclast. 

2.4.4 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

 

Total RNA was extracted using a TRIzol based method as per guidelines 

(Invitrogen Life Technologies, Carlsbad, USA) on day 14 of the human osteoclast 

assay, following RANKL, TNFα stimulation, and NW-21 treatment from either 

day 7 or day 10. Complimentary DNA (cDNA) was generated via reverse 

transcription using a Rotor-Gene Q (Qiagen, VIC, Australia) with 250ng of 

random hexamer and 200U of superscript III reverse transcriptase (Geneworks, 

Adelaide, SA, Australia). Amplification was conducted on samples in triplicate, 

using Platinum SYBR Green qPCR Supermix-UDG (Life Technologies, Pty, Ltd, 

VIC, Australia) as previously described (29). Gene expression was quantified 

using the comparative 2ΔΔCT method (51) and expressed as fold change in gene 



 
 

  65 

expression which was normalized to an endogenous reference gene, human acidic 

ribosomal protein (hARP; (52)), and relative to the untreated control (in the 

absence of TNFα). Primer sequences used in this study were obtained based on 

previous publications; TNFr1 and TNFr2 (53), TRAF6 (31), TRAF2 (54), 

NFATc1, TRAP, Cathepsin K (CatK) and Calcitonin receptor (CTR) (10), 

Caspase 3, XIAP, and Survivin (55). 

2.4.5 Extraction of Whole Cell Proteins and Western Immunoblots 

 

Human Osteoclasts (1x107) were seeded into 75cm2 flasks supplemented with 

osteoclastogenic media as previously described, with RANKL (10ng/ml) addition 

commencing from day 7. TNFα (10ng/ml) with the presence or absence of HDACi 

NW-21 (20ng/ml) was added to cells from day 10, and left to incubate for 10 

minutes followed by 2x ice cold washes with PBS, along with cell lysis with ice 

cold RIPA buffer (0.22% Beta glycerphosphate, 10% Tergitl-NP40, 0.18 Sodium 

orthovanadate, 5% Sodium deoxycholate, 0.38% EGTA, 1%SDS, 6.1 Tris, 0.29% 

EDTA, 8.8% Sodium chloride, 1.12% Sodium pyrophosphate decahydrate; diluted 

10X in distilled water) (ab156034; Abcam). After 15 minutes incubation on ice, 

samples were centrifuged for collection of supernatants. Quantification of protein 

concentration in cell lysates was determined via BCA assay as per manufacturers’ 

recommendations (Thermo Scientific BCA Protein Assay Kit).  

 

Western immunoblots were conducted using a standard procedure. Briefly, 40 g 

of whole cell proteins were loaded per lane on a 4-12% gradient Bis-Tris precast 

gel (NuPage, Invitrogen) at 200V for 60 minutes, followed by polyvinyliden 

fluoride (PVDF) membrane transfer for blotting using anti-IKB alpha (pospho 

S32+S36) mouse monoclonal antibody (1:500 dilution; abcam ab12135), anti-IKB 

alpha rabbit monoclonal antibody (1:1000 dilution; abcam ab32518), and anti-beta 

Actin mouse monoclonal antibody (1:1000 dilution; abcam ab8226) after blocking 

of non-specific binding sites (PBS/0.1% Tween/10%BSA). Immunoblots were 

scanned and visualized using the LI-COR Odyssey system (LI-COR 

Biotechnology, Lincoln, NE, USA). Quantification of extracted proteins was 

calculated using Image J software (1.47v; National Inst of Health, USA) and 

expressed as optical density ratio from beta Actin standard. 
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2.4.6 Immunofluorescent Labelling of HDAC 1 in Human Osteoclasts Exposed to 

TNFα 

 

Control Cells (RANKL 10ng/ml with 0.01%DMSO) and cells exposed to TNFα 

from day 10 were fixed on day 14, with a 1:1 acetone/methanol solution for 5 

minutes, followed by 5x PBS washes. Staining was conducted for polyclonal 

rabbit anti-human HDAC 1 (ab53091; Sapphire Bioscience Pty Ltd, NSW, 

Australia) with donkey anti-rabbit Cy5 (11175152; Jackson Immunoresearch 

Laboratories Inc., PA, USA) using standard procedures. Briefly, cells were 

submerged in 0.1% triton PBS for 5 minutes followed by overnight incubation at 

room temperature in primary HDAC 1 antibody (1:100), diluted in PBS 1% BSA.  

The following day, cells were rinsed in PBS (3x5 minutes) and incubated in 

conjugated secondary antibody (1:100), diluted in PBS 1% BSA, protected from 

light at room temperature. Cells were then PBS washed (3x5 minutes) and 

counterstained with DAPI for 5 minutes, washed, and mounted with Proscitech 

coverslips and SlowFade® Antifade Kit (33342; Life Technologies Pty Ltd, VIC, 

Australia) and left in dark.  

2.4.7 Statistics 

 

For analysis of osteoclast formation, activity, and mRNA gene expression, one-

way ANOVA followed by Dunnett’s multiple comparisons tests or students T-

tests were used to identify changes between experimental groups and control cells. 

GraphPad Prism® for Windows, version 6.01, was used for the statistical analyses 

in this study. 
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2.5 Results  

2.5.1 TNFα increases osteoclast activity in the presence of RANKL 

 

RANKL induced a concentration dependent increase in osteoclast formation as 

indicated by numbers of TRAP expressing multinucleated cells (Figure 2.1). 

Interestingly, TNFα treatment reduced the numbers of osteoclasts in the presence 

of 10ng/ml RANKL by 2-fold (p=0.0384) but did not have this effect at higher 

doses of RANKL. Even though there were reduced numbers of osteoclasts there 

was not a statistically significant change in the area of dentine resorbed (Figure 

2.1). This meant that, at 10ng/ml RANKL, TNFα reduced osteoclast numbers but 

the ones that formed had more than a 2-fold increase in bone resorbing activity 

(p=0.0329) (Figure 2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 
 

  69 

2.5.2 TNFα induces HDAC 1 overexpression in osteoclasts 

 

Based on the findings obtained with TNFα, further experiments were carried out 

to induce osteoclast formation using suboptimal doses of RANKL (10ng/ml). 

Osteoclasts were formed in the presence of RANKL (10ng/ml) from day 7, 

followed by the addition of TNFα (10ng/ml) from day 10. After 72 hours of TNFα 

exposure a significant 2-fold increase (p=0.002) in the mRNA expression of 

HDAC 1 was noted (Figure 2.2).  Immunofluorescence staining of these cells 

demonstrated that HDAC 1 was also increased at the protein level (Figure 2.2). 

HDAC 1 expression was evident in both the nucleus and cytoplasm. Microscopic 

analysis of control cells (no TNFα addition) identified concentrated nuclear 

staining of HDAC 1.  Interestingly, exposure to TNFα resulted in intense 

cytoplasmic staining of HDAC 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 
 

  71 

2.5.3 NW-21 supresses TNFα stimulated osteoclast formation and bone 

resorption 

 

Given the increased levels of HDAC 1 in response to TNFα, HDACi NW-21 was 

tested to assess the effects on TNFα stimulated osteoclasts in vitro (Figure 2.3). 

Treatment with NW-21 significantly suppressed osteoclast formation and 

resorption (p<0.001 and p<0.005, respectively) confirming our previous findings 

in unstimulated cells (29). The suppressive effects appear to be dependent on 

timing, as treatments commencing from day 10, after the addition of RANKL, 

were less effective than treating from day 7, which potently inhibited osteoclastic 

formation and resorption in both the TNFα and unstimulated osteoclasts (Figure 

2.3). However, it is important to note that inhibition of osteoclast numbers and 

activity were markedly suppressed by HDAC inhibition in the presence of TNFα 

when commenced from both the early and late time points (p<0.005).  
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2.5.4 NW-21 does not affect mRNA expression of RANK related signalling 

factors in TNFα stimulated osteoclasts  

 

In order to investigate the mechanisms by which NW-21 reduced osteoclast 

activity in the presence of TNFα, we investigated the changes in expression of key 

factors involved in RANK signalling. NW-21 treatment had no effect on TRAF6 

mRNA expression and NFATc1 mRNA expression was only slightly reduced 

(Figure 2.4). NFATc1 induced genes, other than CTR (p=0.0394) were also not 

significantly reduced following NW-21 treatment. Consistent with our formation 

analyses, the expression of a number of osteoclastogenic factors were reduced by 

TNFα treatment including CTR, TRAP and to a lesser extent the TNF receptors 

(Figure 2.4).  

2.5.5 NW-21 inhibits TNFα stimulation of osteoclast activity, consistent with 

reduced cell survival  

 

As the initial experiments indicated that the enhanced resorption by osteoclasts 

may be related to enhanced osteoclast survival we investigated the effect of TNFα 

and NW-21 treatment on factors relating to apoptosis. Caspase 3, a potential 

apoptotic factor executing TNF receptor death signalling, was not affected by 

TNFα or NW-21 treatment. However, NW-21, in absence of TNFα appeared to 

reduce Caspase 3 at both early and late treatment time-points (p=0.0073 and 

p=0.0099, respectively) (Figure 2.4). Interestingly, Survivin, a target gene of NF-

κB activity induced by TNFα stimulation (p=0.0425), was also markedly 

suppressed (3 to 5-fold) by both early and late NW-21 treatments (p=0.0040 and 

p=0.0015, respectively). XIAP, another survival factor assessed was not affected 

by either TNFα or HDAC 1 inhibition (Figure 2.4). 
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2.6 Discussion 

 

The findings of this study support the hypothesis that HDAC 1 is a key factor in 

the formation and activity of osteoclasts in an inflammatory environment. 

Targeting HDAC 1, and to a lesser extent HDAC 2, with a novel HDACi, NW-21, 

significantly suppressed the formation and bone resorptive capabilities of human 

osteoclasts in vitro. The addition of TNFα resulted in less osteoclasts forming, but 

those that did were more active with increased areas of bone resorption present on 

the dentine surface. The addition of TNFα from day 10 with sub-optimal RANKL 

(10ng/ml) resulted in a two-fold increase in the mRNA expression of HDAC 1, 

suggesting a role for this HDAC in the enhanced osteoclast activity observed. 

Treatment of the cells with the HDACi, NW-21, resulted in a marked suppression 

of osteoclast formation in the presence of TNFα and this was observed when 

treatments commenced from both early (day 7) and late treatment time points (day 

10). This suppression was not found to be due to reductions in key signalling 

molecules involved in the RANK/RANKL pathway as previously reported (29), 

but due to a suppression of the activation of NF-κB by TNFα. These results suggest 

that HDACi, NW-21, could be a possible option for targeting TNFα associated 

osteoclast bone loss.  

 

It is well established that TNFα is a potent, pro-inflammatory cytokine in bone 

loss pathologies including PD, RA and PPO. Excessive and prolonged production 

of TNFα leads to tissue destruction, specifically in relation to skeletal integrity (5). 

We recently evaluated HDAC expression in the gingival tissue of patients with PD 

and found excessive levels of HDAC 1, corresponding with cells staining positive 

for TNFα (29, 44, 56). In addition, TRAP expression, a marker of cells devoted to 

the osteoclast lineage, is significantly elevated. This study further demonstrates an 

important relationship between HDAC 1 and TNFα, with TNFα markedly 

elevating HDAC 1 mRNA expression in osteoclasts.  

 

An interesting finding of this study was the observation that the action of NW-21 

on osteoclast development was different when TNFα was present. Within the 

RANKL system utilised, the timing of HDACi treatment was very important. 

Commencing NW-21 treatment with RANKL resulted in the greatest inhibition. 
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When NW-21 was present prior to RANKL induction (data not shown), there was 

no suppression of osteoclast differentiation or activity. This finding is supported 

by our previous studies in vitro assessing several broad and selective HDACi 

compounds (29).  

 

This study shows that TNFα may mediate its effects through stimulation of the 

NF-κB pathway and may explain the sensitivity of TNFα treated cells to NW-21. 

The important role of NF-κB in osteoclasts and bone metabolism has been 

observed in a variety of studies where deletions in NF-κB subunits p50 and p52 

(57,58), or the targeted deletion of IKK (59), result in severe osteopetrotic 

phenotypes in mice. Interestingly, several studies have identified NF-κB as a 

central factor regulating a variety of osteolytic inflammatory disorders, such as PD 

and RA (as reviewed in (60)). The role of NF-κB in inflammatory bone loss is 

further supported by studies blocking NF-κB signalling, which result in anti-

osteoclastic and anti-inflammatory outcomes (61, 62). 

 

During osteoclast development, deacetylated IKK is required for the 

phosphorylation of IκB that results in activation and translocation of NF-κB into 

the nucleus, thus stimulating osteoclastogenesis (60). Furthermore, we show that 

NW-21, can inhibit elevated phosphorylation of IκB in the presence of TNFα, and 

thus may regulate the translocation of NF-κB into the nucleus. This is consistent 

with TNFα induction of HDAC 1 in the cytoplasm causing non-histone protein 

deacetylation of IKK. This results in increased IκB phosphorylation and NF-κB 

activity that is greater than RANKL mediated NF-κB activation alone. This 

observation is supported by a report showing NF-κB suppression by a broad acting 

class I and class II HDACi, Trichostatin A (TSA) and sodium butyrate (NaB) (63). 

In addition, TSA and NaB reduced expression of NF-κB reporter genes, as well as 

decreasing levels of p65 in nuclear extracts (63). Our findings support the 

observation of an important role for HDACs in this NF-κB pathway.  

 

Studies evaluating the effects of HDACi have observed similar bone benefits in a 

variety of disease models. We recently reported that a broad acting HDACi, 

1179.4b, significantly reduced alveolar bone loss in a mouse model of PD 

consistent with reductions in osteoclasts formation adjacent to the bone surface 
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(30). Osteoclast inhibition was also evident in a number of in vitro assays of human 

osteoclasts (31). Similarly, suppression of pro-inflammatory cytokines such as 

TNFα, interleukins, and MMPs have been reported through targeted suppression 

of HDAC enzymes (64, 65).  

 

An apparent inconsistent finding of this study was the minimal effect on NFATc1 

mRNA expression by NW-21, however this could be due to the adjusted signalling 

mechanisms in the presence of TNFα, or the suboptimal dose of RANKL used in 

this assay. A reduction of NFATc1 expression in human osteoclasts is observed 

by the broad acting HDACi, 1149.4b (31) and with HDACi NW-21 (44). The 

reduction of NFATc1 was consistent with decreased osteoclastic gene 

transcription, hence, suppression of osteoclastogenesis. In the presence of TNFα, 

however, this mechanism of action appeared to be less influenced by NFATc1 

despite the potent inhibition of osteoclast activity with NW-21. NFATc1 is an 

essential transcription factor that is necessary for the differentiation and activation 

of osteoclasts (11) acting through the induction of osteoclasts specific factors such 

as TRAF6, CTR, Cathepsin K, and OSCAR. Experimental knockouts or 

antagonists of upstream signalling factors such as RANK or RANKL, or NFATc1 

itself, results in severe osteoclast suppression in vitro and osteopetrotic phenotypes 

in vivo (66). Interestingly, in this study there were no differences in the mRNA 

expression of these factors following NW-21 treatment of TNFα stimulated 

osteoclasts. This finding indicates an additional post-transcriptional target or role 

for HDAC 1 during TNFα stimulated osteoclastogenesis.  

 

Considering the fundamental role of HDAC 1 in the epigenetic regulation of 

multiple genes, it would not be surprising if more than one mechanism of action is 

involved. The expression of factors regulating apoptosis were interesting with the 

apoptotic inhibitor, survivin (55), being elevated by TNFα and markedly 

suppressed by NW-21. TNFα’s elevation of survivin may explain the increase in 

resorption observed with decreased osteoclasts numbers, as prolonged survival 

may have accounted for the elevated activity. Furthermore, our group has shown 

increased levels of survivin in RA and periodontal disease in humans with active 

disease and bone destruction (22). These findings show further studies are required 

into how apoptosis may be regulated by HDAC 1 in bone pathologies. 
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2.7 Conclusion 

 

In conclusion, the findings of this study indicate a significant role for HDAC 1 

during inflammatory bone metabolism. HDAC 1 activity appears to be important 

in the TNFα mediated mechanisms of NF-κB induction, resulting in excessive 

osteoclastic activity in vitro. In addition, HDAC 1’s regulation of apoptosis of 

osteoclasts may also be important. Suppressing HDAC 1 and 2 with NW-21 may 

change osteoclast activity in a number of ways, effectively changing them from an 

inflammatory driven catabolic phenotype to a less destructive phenotype. While 

HDACi were originally developed as chemotherapeutic/ anticancer compounds, 

the use of more specific targeting HDACi at significantly lower doses are now 

being investigated for the treatment of a variety of other diseases including 

inflammatory conditions. The present study has demonstrated that the class I 

HDAC inhibitors such as NW-21 are likely to be useful in the treatment of 

inflammatory bone pathologies. 
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Chapter 3: Selective Histone Deacetylase Inhibition Supresses 

Cytokine Synthesis and Bone Resorption by Human Monocytes 

and Osteoclasts in vitro 
 

K. Algate, D.R. Haynes, T.R. Fitzsimmons, O. Romeo, F.F. Wagner, E.B Holson, 

R.C. Reid, D.P. Fairlie, M.D. Cantley 

 

Chapter 3 has been submitted for publication to the journal of BBA Molecular 

Basis of Disease. Currently under review. 

3.1 Abstract  

 

Epigenetic regulation is an emerging therapeutic target of host immune regulation 

in a variety of conditions, including periodontitis (PD). Histone deacetylases 

(HDAC) are involved in the deacetylation of core histone proteins, regulating pre- 

and post- transcriptional activity. PD is due to the host immune response to 

infective pathogens, initiating catabolic processes, such as osteoclast driven 

alveolar bone loss. In this study, we investigate the activity of novel therapeutic 

agents targeting specific HDAC (HDAC 1, 2 and 5) shown to be upregulated in 

human periodontitis, in cytokine stimulated human monocytes and osteoclasts in 

vitro. Inhibition of both HDAC 1 and 2 significantly (p<0.05) reduced the 

expression of several inflammatory cytokines and chemokines at the mRNA and 

secreted protein level (p<0.05). The formation of tartrate resistant acid-

phosphatase (TRAP)-positive osteoclasts and their bone resorptive capabilities in 

vitro were also significantly diminished through reduced Nuclear factor of 

activated T-cells, cytoplasmic 1 (NFATc1) expression and osteoclast specific 

target genes (p<0.05). Similar trends were observed when inhibiting HDAC 1 and, 

to a lesser extent, HDAC 2 in isolation, however their combined inhibition had the 

greatest anti-inflammatory and anti-osteoclastic effects. Targeting HDAC 5 had 

minimal effects on the inflammatory or osteoclastic processes observed in this 

study, whereas a broad acting HDACi, 1179.4b, had profound effects on 

suppressing cellular function. This study shows that targeting the epigenetic 

factors, HDACs, is a potent and effective way of regulating the cellular response 

to inflammatory stimuli, important for the destructive processes in PD.  
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3.3 Introduction 

 

Periodontitis (PD) has been identified as one of the most common inflammatory 

bone loss diseases worldwide, with the most aggressive form affecting more than 

11% of the adult population (1, 2). In addition to being the leading cause for tooth 

loss in humans, individuals with advanced PD have a high comorbidity with 

conditions such as rheumatoid arthritis, acute coronary syndrome and cognitive 

impairment (3). PD is characterised by the destruction of tooth supporting 

structures within the periodontium, such as alveolar bone. This is due, in part, to 

the host immune response to periodontal pathogens within the subgingival 

microbiome (4). Destruction of both hard and soft oral tissue in untreated PD may 

promote the progression of the local infection to the development of systemic 

reactions that induce the onset of associated conditions with high mortality rates 

(5, 6). Therefore, it is necessary to develop effective treatments that target both the 

inflammation and bone loss.  

 

During the inflammatory reaction, activated immune cells have the capacity to 

stimulate bone resorbing osteoclasts by the synthesis of cytokines with pro-

osteoclastic properties, such as tumour necrosis factor-α (TNFα) and receptor 

activator of nuclear factor-κB ligand (RANKL) (7, 8). Investigations assessing 

inflammatory related bone pathologies have utilized the pro-catabolic features of 

cytokines such as TNFα, to establish in vitro techniques that represent this 

stimulated environment and the formation of inflammatory osteoclasts (7, 9). 

Furthermore, the production of chemokines such monocyte chemoattractant 

protein-1 (MCP1) and macrophage inflammatory protein-1α (MIP1a) by immune 

cells have profound effects on exacerbating this response, whilst directly 

influencing the catabolic processes of bone metabolism (10-12). A number of 

studies have demonstrated increased expression and production of these molecules 

in inflamed periodontal gingival tissues and crevicular fluids (13, 14), supporting 

the need to reduce both the immune response and the activity of inflammatory 

osteoclast in PD.  

 

As we now understand the relationship between the immune and skeletal system 

(12), novel therapeutic targets have been identified in a range of bone loss diseases. 
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Over the past decade, epigenetic regulation of cells has been established as a potent 

method for regulating cell phenotype and activity. Studies have revealed the anti-

inflammatory and anti-osteoclastic activity of histone deacetylase (HDAC) 

inhibitors (HDACi) (15-17). HDACs are a group of 18 human enzymes that are 

involved in the epigenetic processes of gene regulation and post-transcriptional 

protein modification (18). These include class I HDACs (1, 2, 3, and 8), class IIa 

(HDAC 4, 5, 7, and 9), class IIb (HDAC 6, and 10) and class IV (HDAC 11). The 

remaining 7 atypical enzymes are classified as Sirtuins (class III) due to their 

differing structure and co-factor activity. Physiologically, the catalytic domain of 

HDACs prompts the removal of acetyl groups from histone lysine side chains to 

condense chromatin and repress gene expression; counteracting the acetylation 

capacity of histone acetyl transferase (HAT) enzymes (18). However, 

dysregulation of their expression or activity can lead to altered epigenetic 

modifications, potentially explaining the functional changes in cell cycle and 

immunoregulatory processes, perpetuating the development of disease. Our recent 

analysis of HDAC expression in human periodontal gingiva from patients with 

chronic PD identified significant variations in the physiological HDAC profile 

(19). Specifically, HDAC 1, 5, 8 and 9 were overexpressed in PD tissue, with 

HDAC 1 co-localising with TNFa and TRAP (tartrate resistant acid-phosphatase) 

positive osteoclastic cells.  

 

To date, investigations into bone metabolism and inflammation with the use of 

HDACi have primarily focussed on broad acting compounds (pan inhibitors) that 

supress enzymes across the 4 classes. These include 1179.4b, 

Suberanilohydroxamic acid (SAHA), Trichostatin A (TSA), Romidepsin 

(FR901228), and Givinostat (ITF2357), as reviewed by Cantley et al (16). Despite 

reported anti-osteoclastic and anti-inflammatory activities in several in vitro and 

in vivo models, only Givinostat has progressed to phase 2 clinical trials for the 

treatment of juvenile arthritis with positive outcomes (20). As the enzyme 

suppression profile of these HDACi are broad, with variations in HDAC 

expression and activity between cell types in addition to redundancies between 

HDAC gene and protein targets (21), further progression of these compounds to 

clinical use may be challenging. Subsequently, more recent studies using HDACi 

have focused on characterising class specific inhibitors with high affinity for 
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individual isoforms, such as MS-275 and NW-21 (class I, HDAC 1) that present 

favourable anti-osteoclastic and anti-inflammatory properties (22-24). 

 

We now have access to a range of compounds designed to inhibit individual or 

combinations of HDAC isoforms. Therefore, the current study aimed to suppress 

HDACs that are upregulated and potentially involved in the pathogenesis of 

chronic PD, HDACs 1, 2 and 5. The effects of selective HDAC inhibition on 

cytokine/chemokine production by TNFα-activated monocytes were investigated. 

In addition, these HDACi were assessed for their anti-osteoclastic effects during 

cytokine-induced osteoclastogenesis in vitro. 

 

3.4 Methods 

3.4.1 Histone Deacetylase Inhibitors (HDACi)  

 

Selective HDACi for HDAC 1 (BRD0302) and HDAC 2 (BRD6688) (25) were 

designed and synthesized, along with Merck60 (HDAC 1 and 2 inhibitor) being 

supplied by the Stanley Centre for Psychiatric Research at the Broad Institute of 

MIT and Harvard (Cambridge, USA) (25). Effects Compound 39 (HDAC 5 

inhibitor) and 1179.4b (Class I and II inhibitor), supplied by the University of 

Queensland’s Institute of Molecular Bioscience, were also investigated in this 

study (26, 27). HDACi used for in vitro treatments were suspended in a dimethyl 

sulfoxide (DMSO) vehicle at 0.01%. 

3.4.2 In Vitro Human Monocyte/Macrophage and Osteoclast Assay 

 

Isolation of peripheral blood mononuclear cells (PBMCs) from healthy human 

blood donors (Australian Red Cross, AUS) using a Ficoll-Paque media (Pharmacia 

Biotech, SWE) and differential centrifugation was conducted as previously 

described (23). PBMCs were then suspended in α-minimal essential media (α-

MEM; Invitrogen, AUS) with 10% foetal bovine serum, 1% 

penicillin/streptomycin, 1% L-glutamine, 100nM dexamethasone (Invitrogen, 

AUS) and 25ng/ml recombinant human (rh)-macrophage stimulating factor (M-

SCF; Millipore, USA) before being seeded into Falcon© assay plates at 2x106 
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cells/ml. Non-adherent cells were removed after 24 hours at 37°C, 5% CO2, 

leaving the remaining monocyte/osteoclast progenitors to culture for the remainder 

of experimental assays.  

 

To assess the anti-inflammatory activity of HDAC suppression, isolated PBMCs 

from 4 donors were stimulated with the pro-inflammatory cytokine rh-TNFα 

(TNFα; 10ng/ml; R&D Systems, USA) for 24 hours to induce an activated 

inflammatory state in the presence or absence of HDACi: BRD0302, BRD6688, 

Merck60, Compound 39, and 1179.4b. PBMCS (osteoclast progenitors) from 8 

donors were left untreated (±24 hour stimulation of TNFα; 10ng/ml) for 7 days 

until induction of osteoclastic differentiation with rh-RANKL (RANKL; 10ng/ml; 

Millipore, USA). Treatments of HDACi targeting HDAC 1, HDAC 2, HDAC 1 

and 2, and HDAC 5 were then analysed for their anti-osteoclast/anti-bone 

resorbing efficacy (BRD0302, BRD6688, Merck60, and Compound 39) over the 

remaining 10 days of the 17-day assay period, as previously established (23). 

Effects of HDACi on cell viability/proliferation was evaluated by colorimetric 

WST-1 based (Roche, DEU) assay as per manufacturer’s instructions. All HDACi 

treatments were compared to 0.01% DMSO vehicle treated cells.  

3.4.3 Assessment of HDACi Activity on Cytokine/Chemokine Production 

 

TNFα (10ng/ml) activated monocyte/macrophages were treated with HDACi (10 

and 100nM) for 24 hours as previously described. Cytokine and chemokine levels 

(Interleukin (IL)-1β, 1L-10, regulated on activation, normal T cell expressed and 

secreted (RANTES), TNFα, Interferon (IFN)-γ, MCP-1, and MIP-1α) in cell 

culture supernatants were determined by enzyme-linked immunosorbent assay or 

by multiplex immunoassay. Assays were performed in accordance with 

manufacturer’s directions.    
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3.4.4 HDACi Effect on Osteoclast Formation and Bone Resorbing Activity 

 

RANKL (10ng/ml) induced differentiation of TNFα (10ng/ml) stimulated pre-

osteoclastic cells were treated with HDACi (10-1000nM) for 10 days as outlined 

above. After 1 week of treatment, osteoclastic cells cultured on 16 well Falcon© 

chamber slides were fixed for 10 minutes in 4% Glutaldehyde solution, followed 

by serial washes with distilled water. Cells were then stained for tartrate resistant 

acid phosphatase (TRAP) using an established method (23), and imaged by light 

microscopy (Nikon Microphoto FXA Photomicroscope, USA). Large TRAP-

positive staining cells with more than 3 nuclei, characteristic of mature osteoclasts, 

were quantified for comparative analysis between treatments (23).  

 

Remaining TNFα (10ng/ml) stimulated osteoclastic cells were cultured on whale 

dentine discs in the presence of HDACi (10nM). After a total of 17 days in culture, 

dentine was trypsinized and washed vigorously to remove adherent cells. Discs 

were then carbon coated for imaging under a Philips XL30 Field Emission 

Scanning Electron Microscope (FE-SEM) at 200x magnification (Adelaide 

Microscopy, University of Adelaide, AUS). Analysis of osteoclast activity was 

conducted by the measurement of osteoclastic resorption pits present on dentine 

surface using Adobe Photoshop Elements (7.0v, Adobe Systems Software Ireland 

Ltd) and Image J software (1.47v, National Inst of Health USA). The total area of 

resorption present within 3 representative images per dentine slice was used to 

quantify the average overall resorption per donor, and compared between 

treatment groups (23). Osteoclast activity was determined by calculating the 

percent area of dentine resorbed per number of TRAP positive multinucleated cells 

forming, and expressed as a percentage of resorption per osteoclast. 
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3.4.5 Analysis of Inflammatory and Osteoclastic Gene Expression with HDACi 

Treatment  

 

Total RNA was extracted from TNFα (10ng/ml) stimulated PBMCs using TRIzol 

(Thermo Fisher Scientific; AUS) based methods as per manufacturers’ guidelines 

after 24-hour incubation with HDACi, or on day 10 and 14 following osteoclast 

differentiation with RANKL (10ng/ml) at day 7 of the 17-day osteoclast assay. 

Complimentary DNA (cDNA) was generated using Rotor-Gene Q (Qiagen, AUS) 

reverse transcription with 250ng of random hexamer and 200U of superscript III 

reverse transcriptase (Geneworks, AUS), followed by amplification of samples in 

triplicate using a Platinum SYBR Green qPCR Supermix-UDG (Life 

Technologies, Pty, Ltd, AUS) as previously described (23). Gene expression was 

quantified using the 2-ΔCT method (28) and expressed relative to an endogenous 

reference gene, human acidic ribosomal protein (hARP) (29). Inflammatory 

cytokine/chemokine molecules investigated in this study included TNFα, IL-1β, 

1L-10, IFN-γ, MCP-1, MIP-1α (24) and RANTES (37). Osteoclast related genes 

analysed were nuclear factor of activated T-cells 1 (NFATc1), TRAP, Cathepsin 

K (Cath K), Calcitonin receptor (CTR) (24, 30), TNF associated receptor activator 

factor-6 (TRAF6) (23), dendritic cell-specific transmembrane protein (DC-

STAMP) and β3-integerin, in addition to HDACs 1, 2 and 5 (23). 

 

3.4.6 Statistics  

 

Statistical analysis of osteoclast formation and activity, along with gene and 

protein expression studies used one-way ANOVA followed by Dunnett’s multiple 

comparisons tests to identify significant variations between experimental groups 

and control cells with statistical significance being accepted at p<0.05. GraphPad 

Prism® version 7 was used in this study. 
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3.5 Results 

3.5.1 HDACi alter the cytokine profile of TNFα stimulated monocytes  

 

As TNFα is a key molecule involved in a variety of cellular functions, including 

orchestrating the cytokine cascade during an immune response, it was used to 

induce and mimic inflammatory events in vitro. As expected, stimulating human 

PBMCs with TNFα (10ng/ml) for 24 hours prompted the robust production of pro-

inflammatory cytokines and chemokines IL-1β, TNFα, MCP-1 and MIP-1α both 

at the mRNA (Figure 3.1) and protein level (Table 3.1) (p<0.05). Whereas 

production of RANTES, IFN-γ and the anti-inflammatory cytokine, IL-10, were 

increased in supernatant only (p<0.05). Interestingly, the assessment of HDAC 1, 

2 and 5 identified the induction of only HDAC 1 and 2 expression by TNFα (Figure 

3.2)  

 

The HDAC 1 inhibitor (BRD0302) and HDAC 2 inhibitor (BRD6688) reduced 

the expression of IL-1β, TNFα, MIP-1α and MCP-1 at the mRNA level in a dose 

dependent mechanism (10-1000nM; Figure 3.1). However, only protein levels of 

IL-1β and MCP-1 were significantly reduced in cell supernatant with inhibition of 

HDAC 1 or HDAC 2 at doses investigated (10-100nM) (p<0.05) (Table 3.1). 

Secreted TNFα, MIP-1α, RANTES, IFN-γ, and IL-10 were not affected by 

selective suppression of HDAC 1 or 2. 

 

Targeting HDAC 1 and 2 in combination with Merck 60, reduced both mRNA 

expression and protein secretions of IL-1β and MCP-1 (p<0.05) (Figure 3.1; Table 

3.1). Gene expression of TNFα and MIP-1α, and IFN-γ protein were also 

suppressed (p<0.05). Although notable reductions in TNFα and MIP-1α protein 

secretions were observed with Merck 60 treatment, these did not achieve 

statistical significance. Interestingly, IL-10 levels in cell supernatants were 

reduced at the highest dose (100nM) of Merck 60. Levels of RANTES were 

unchanged by HDAC 1 and 2 inhibition. 
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Compound 39 (HDAC 5 inhibitor) had minimal effect on the cytokine profile of 

activated monocyte/macrophages in these assays, with no significant variations in 

any factors investigated (Figure 3.1; Table 3.1).  

Interestingly, broad suppression of class I and II HDACs with low doses (10nM) 

of 1179.4b had a similar anti-inflammatory profile as the class 1 inhibitor Merck 

60, with majority of pro-inflammatory factors evaluated in this study being 

significantly reduced both at the mRNA and protein level. These included IL-1β, 

IFN-γ, MCP-1, and MIP-1α gene expression and protein secretions. (Figure 3.1; 

Table 3.1). 
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Figure 3.1 Effects of HDACi (10-1000nM) targeting HDAC 1 (BRD0302), 

HDAC 2 (BRD6688), HDAC 1 and 2 (MERCK 60), HDAC 5 (Compound 39) 

and broad suppression of class I and II HDACs (1179.4b) on mRNA expression of 

cytokines/chemokines in TNFα (10ng/ml) stimulated monocytes. Row I) 

Interleukin (Il)-1b; Row II) Il-10; Row III) Regulated on activation, normal T cell 

expressed and secreted (RANTES); Row IV) Tumour necrosis factor-α (TNFα); 

Row V) Monocyte chemotactic protein-1 (MCP-1); Row VI) macrophage 

inflammatory protein-1α (MIP-1α). Values expressed as relative to the 

housekeeping gene, human acidic ribosomal protein (hARP). * (p<0.05) 

Compared to TNFα stimulated control cells † (p<0.05) compared to vehicle 

control. 
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Table 3.1: HDACi effects on cytokine/chemokine production by TNF stimulated monocytes  

 

Levels of cytokine/chemokines present in cell culture supernatant (pg/ml) produced by monocytes stimulated with TNFα (10ng/ml) 

as assessed by immunoassay (mean ± SD, pg/ml). Cells were treated with HDACi (10nM-100nM) targeting HDAC 1 (BRD0302), 

HDAC 2 (BRD6688), HDAC 1 and 2 (MERCK 60), HDAC 5 (Compound 39) and broad suppression of class I and II HDACs 

(1179.4b) for 24 hours. * (p<0.05) Compared to TNFα stimulated control cells † (p<0.05) compared to vehicle control. 
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Figure 3.2: TNFα regulated HDAC expression in osteoclast progenitors. Relative mRNA gene expression of A) HDAC 1; B) HDAC 

2; C) HDAC 5; +/- TNFα (10ng/ml) as outlined in methods. *p < 0.05
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3.5.2 HDACi suppresses osteoclast formation and bone resorbing activity  

 

Induction of inflammatory osteoclast formation and activity in vitro was achieved 

by treating osteoclastic progenitors with TNFα (10ng/ml) as outlined above. 

Larger, albeit fewer, TRAP-positive cells formed with TNFα stimulation (Figure 

3.3; data not shown). Interestingly, these cells had significantly greater resorptive 

capacity than unstimulated vehicle control cells. This finding is consistent with 

previous investigations stimulating osteoclasts with TNFα (chapter 2). 

 

HDAC 1 inhibition with BRD0302 or HDAC 2 with BRD6688 had minor effects 

on osteoclastic formation in the absence of TNFα, with numbers of TRAP-positive 

multinucleated cells being similar to untreated vehicle control (data not shown). 

However, TNFα (10ng/ml) stimulated cells were more sensitive to HDAC 1 

suppression, with high doses of BRD0302 (1000nM) reducing the number and size 

of osteoclastic cells forming in vitro (Figure 3.4). Interestingly, osteoclast activity 

was diminished in the presence of HDACi targeting either HDAC 1 or 2 with 

significant reduction in surface resorption being observed at doses 100-1000nM 

for BRD0302 and 1000nM for BRD6688 (Figure 3.4).   

 

Suppressing both HDAC 1 and 2 with Merck60 reduced TRAP-positive 

multinucleation at all HDACi concentrations investigated (10-1000nM), which 

translated to significant declines in bone resorptive capabilities at dose-dependent 

rates (Figure 3.4). 

 

Conversely, Compound 39 failed to have any substantial influence on osteoclastic 

formation or resorptive activity in vitro, with no statistical variations from the 

untreated control (Figure 3.3 & 3.4). Furthermore, combining BRD0302, 

BRD6688 or Merck60 with Compound 39 resulted in no alterations to targeting 

the class I HDACs alone, indicating no observable osteoclastic effect of the HDAC 

5 inhibitor. 
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Figure 3.3 Representative images of TRAP-positive multinucleated osteoclastic 

cell formation (left) and resorption pits on dentine slices (right) in response to 

HDACi treatments (100nM). A,B) vehicle control; C,D) TNFα control; E,F) 

TNFα + BRD0302; G,H) TNFα + BRD6688; I,J) TNFα + MERK60; K,L) TNFα 

+ Compound 39. 
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Figure 3.4 HDACi regulate human osteoclastic cell formation and bone resorptive 

activity in vitro. Fold change in the number of TRAP-positive multinucleated 

osteoclastic cell formation (left) and area (mm2) of topographical resorption in 

dentine slices (right). A,B) BRD0302 (HDACi 1); C,D) BRD6688 (HDACi 2); 

E,F) MERCK 60 (HDACi 1&2); G,H) Compound 39 (HDACi 5). * (p<0.05) 

Compared to TNFα stimulated control cells 
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3.5.3 Suppression of human osteoclasts through decreased osteoclast signalling, 

activity and fusion factor expression with HDACi targeting HDAC 1 and    

HDAC 2 

 

Gene expression via quantitative RT-PCR of essential osteoclast factors were 

analysed after TNFα stimulation and HDACi treatments, targeting HDAC 1 

(BRD0302), HDAC 2 (BRD6688) or HDAC 1 and 2 (Merck60) at day 10 and 14 

of the osteoclastic culture. No statistically relevant alterations were observed when 

measuring expression at day 10 (data not shown). However, levels of genes 

investigated were significantly affected by day 14 with HDAC inhibition (Figure 

3.5). Both HDAC 1 and 2 inhibitors BRD0302 and BRD6688 (10nM) reduced 

levels of the signalling factor TRAF-6, activity markers TRAP and Cath K, and 

the fusion factor DC-Stamp.   

 

Conversely, suppressing both HDAC 1 and 2 with Merck60 (10nM) had profound 

effects on the expression of osteoclastic factors, with observable declines in 

NFATc1, TRAF-6, TRAP, Cath K, CTR, β3-integrin and DC-STAMP at day 14 

(Figure 3.5). 
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Figure 3.5 Regulation of osteoclast-related gene expression by HDACi. Relative mRNA gene expression of osteoclast-related genes 

in TNFα stimulated osteoclastic cells A) Nuclear factor of activated T-cells 1 (NFATc1) B) TNF associated receptor activator factor-

6 (TRAF6); C) Cathepsin K (Cath K); D) Calcitonin receptor (CTR); E) Tartrate resistant acid phosphatase (TRAP); F) dendritic cell-

specific transmembrane protein (DC-STAMP); G) and β3-integrin. * (p<0.05) Compared to TNFα stimulated control cells 
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3.6 Discussion 

 

The pro-inflammatory effects of TNFα have been extensively researched over the 

past decade, with a wide range of systemic and cellular outcomes being reported 

(7). In chronic inflammatory conditions such as PD where levels of TNFα are 

substantially upregulated (19, 31), its destructive influence appears to be through 

the enhancement of cytokine/chemokine production leading to increased cellular 

infiltration (12), and both direct and indirect stimulation of osteoclastic processes 

(7). This study utilized the stimulatory effects of this cytokine to promote the 

pathological activity of human monocytes/macrophages and osteoclastic cells in 

vitro for the assessment of novel therapeutic compounds designed to suppress the 

actions of individual HDAC enzymes. 

 

As expected, TNFα induced the synthesis of all inflammatory mediators 

investigated in this study by human monocytes (IL-1β, 1L-10, RANTES, TNFα, 

IFN-γ MCP-1, and MIP-1α). Broad suppression of HDAC activity by 1179.4b 

(pan-inhibitor) reduced the stimulatory effect of TNFα, as concentrations of these 

inflammatory molecules in cell supernatants were drastically reduced. This anti-

inflammatory result of broad HDAC suppression is consistent with the effects 

observed in a variety of inflammatory animal models as recently reviewed (16). 

Interestingly, 1179.4b was used in a mouse model of PD where levels of 

inflammation were unaffected (24), despite positive outcomes on bone integrity. 

However, cytokine production was not evaluated in this study, as levels of 

inflammation were determined by histological assessment of cellular infiltrate in 

gingival tissue. Furthermore, doses used were substantially lower than other 

investigations using broad HDACi (1179.9; 1mg/kg compared with SAHA; 

50mg/kg).  

 

It is important to note that the anti-inflammatory cytokine IL-10 was markedly 

reduced by 1179.4b in the present study. IL-10 is produced by stimulated 

monocytes and reported to modulate and suppress the pro-inflammatory cascade. 

The observation that broad inhibition of HDACs suppresses both anti- and pro-

inflammatory molecules, further supports the necessity for characterizing the 
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actions of individual HDAC isoforms, and targeting those involved in promoting 

pathological conditions.  

 

We observed the HDAC 1 isoform, and to a lesser extent HDAC 2, being actively 

involved in regulating individual molecules of the pro-inflammatory cascade. IL-

1β and MCP-1 were reduced with HDAC 1 and/or 2 inhibition both at the mRNA 

and protein level by activated monocytes. IL-1β, like TNFα, is integral to the 

immune response, mediating cellular and cytokine networks. High levels of IL-1β 

have been observed in the serum of patients with chronic PD (32) and are 

substantially increased when patients suffer from additional systemic conditions, 

such as cardiovascular disease (33). Furthermore, MCP-1 is an essential 

chemotactic factor that is involved in promoting the migration and recruitment of 

mononuclear inflammatory cells. Recent research implies that levels of IL-1β, 

combined with the actions of MCP-1, could be a causal link to the development of 

chronic PD in addition to its contributing exacerbation of systemic conditions such 

as coronary heart disease (33).  

 

This study further assessed the anti-osteoclastic actions of HDAC inhibition by 

targeting a range of HDAC isoforms previously identified as being dysregulated 

in human chronic periodontal tissue. It is clearly evident from the results of this 

study that the HDAC 1 and 2 complex is essential for inflammatory induced 

osteoclastogenesis. We observed slight reductions in osteoclast formation and 

activity when targeting HDAC 1 or 2 in isolation. However, when HDACi 

suppress both HDAC 1 and 2, bone resorptive capabilities were abolished. These 

results indicate that not only do redundancies in the actions of HDAC 1 and 2 exist 

(in respect to osteoclast activity), but compensatory mechanisms of these HDACs 

allow for fundamental cellular processes to continue in the absence of individual 

select HDAC isotypes.  

 

An interesting finding of this study was the negative results observed from HDAC 

5 suppression with Compound 39. The class II, HDAC 5, is overexpressed in 

chronic PD tissue (19) and upregulated during RANKL induced 

osteoclastogenesis in vitro (23), despite being reported to be involved with 

RANKL mediated NFATc1 stabilization (34), diminishing osteoclast 
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differentiation. Furthermore, a recent study utilizing selective shRNA-mediated 

suppression of HDAC 5 report increased osteoclastogenic activity in isolated 

primary bone macrophages (35). These studies may indicate an anti-catabolic role 

for HDAC 5, which acts to protect against and regulate osteoclastic bone 

resorption. Further analyses of the actions of HDAC 5 during inflammation and 

bone metabolism are required to elucidate its role during the destructive processes 

of PD.     

 

3.7 Conclusion 

 
In conclusion, the results of this study identified an essential role for the HDAC 1 

and 2 complex during inflammatory and osteoclastogenic processes in vitro, as 

inhibition with HDACi reduced pro-inflammatory cytokine/chemokine production 

by activated monocytes, and the suppression of pathological bone resorption by 

TNFα stimulated osteoclasts. These findings further support the necessity for 

continued research into HDACi as potential therapeutic options for chronic 

inflammatory bone loss diseases, such as PD.   
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Chapter 4: Histone Deacetylase 5 Inhibition Enhances Markers 

of Bone Formation by Human Osteoblasts in vitro 

 

K. Algate, M.D. Cantley, O. Romeo, S. Paton. A.C Zannettino, R.C. Reid, D.P 

Fairlie, D.R. Haynes. 

 

4.1 Abstract  

 

Osteoblasts are bone-forming cells that are required for normal skeletal growth 

and repair. In chronic inflammatory conditions such as periodontitis (PD), bone 

volume is reduced due to an imbalance between osteoblasts and bone resorbing 

osteoclasts. Histone Deacetylase (HDAC) 5 is upregulated in inflammatory bone 

loss conditions and it has shown to regulate osteoblastogenesis through the 

repression of osteoblast specific genes. Here, we show the induction of HDAC 5 

by the inflammatory cytokine, tumour necrosis factor- (TNF), and the resulting 

inhibition of human osteoblast formation and mineralization in vitro. Using the 

novel HDAC 5 inhibitor, Compound 39, normal osteoblastogenic activity was 

restored via increased Runx2, osteocalcin and collagen type 1a expression. Taken 

together, these results highlight the necessity to target not only inflammation but 

also bone cells in PD and similar inflammatory bone loss diseases. This study also 

identifies HDAC 5 as a key target for increased bone formation and repair.  
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4.3 Introduction 

 

Periodontitis (PD) is a disease that involves a chronic inflammatory reaction 

leading to the destruction of both hard and soft tissues of the periodontium (1). 

The immune response in PD is reported to cause disturbances within the bone 

remodelling process due to an imbalance between bone resorbing osteoclasts and 

bone forming osteoblasts (2, 3). If left untreated the integrity of alveolar bone is 

compromised and tooth support gradually diminished (1). PD is the leading cause 

for tooth loss in adults and currently affects up to 60% of the global population in 

its destructive form (4). Improving treatments that maintain or promote tissue 

regeneration is necessary to improve current periodontal therapy. 

 

Over the past decade researchers have characterized the complex mechanism that 

coordinates the formation and activity of bone cells. These investigations have 

identified a plethora of growth factors, cytokines and chemokines that regulate this 

delicate process (2). Osteoblasts differentiate from mesenchymal stem cells 

(MSC) (5), creating highly specialized cells that synthesize and maintain bone 

matrix during bone growth or remodelling. This requires repression of 

proliferative signals in MSC and lineage dependent induction of the transcription 

factor, runt-related transcription factor-2 (Runx2). Runx2 activity is also essential 

for normal formation of osteoblasts and continuation of their anabolic processes 

(5, 6). However, in conditions, such as, PD where the immune system is highly 

active, cytokines, such as, tumour necrosis factor- (TNF) affect osteoblast 

function and bone maintenance (7). Many reports have shown inhibition of 

osteoblastic cells by TNF, in part, through direct suppression of Runx2, in 

addition to key osteogenic factors such as Insulin like growth factor-1 (IGF-1) and 

Osterix (OSX) (8-10). Furthermore, TNF stimulates the production of sclerostin 

(SOST) and Dickkopf-related protein 1 (DKK1) in inflamed tissues (11-14). These 

factors potently inhibit Wnt-signalling and the induction of Runx2, inhibiting 

osteoblast differentiation and function (15-18). Treating both the inflammatory 

processes in PD and the destruction to alveolar bone is critical for the successful 

treatment of inflammatory bone loss. Pharmacological interventions that regulate 
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these processes through epigenetic mechanisms may be an effective adjuvant to 

current therapeutic strategies. 

 

Epigenetic modulators that are involved in cellular differentiation and function are 

currently being investigated for their effects in bone loss disorders such as PD (19-

21). Specifically, a group of enzymes called histone deacetylases (HDAC) regulate 

gene and protein expression by removing acetyl groups from histone and non-

histone proteins (22). Their role in disease is of great interest due to growing 

evidence of altered function and/or expression in several pathologies (23-26). 

HDACs are a group of 18 mammalian enzymes that are divided into two distinct 

categories based on their catalytic domain and reactivity (27). HDAC 1 to 11 

contain a zinc ion and the remaining seven (termed sirtuins 1 to 7) are NAD+-

dependent. HDAC 1 to 11 are further subdivided into 3 classes based on their 

cellular location and distribution. Class I HDAC 1, 2, 3, and 8 are located primarily 

within the cell nucleus, whereas class IIa HDAC 4, 5, 7, and 9 can migrate between 

the nucleus and cytoplasm. HDAC 6 and 10, which are only present within the cell 

cytoplasm, are from class IIb. The remaining HDAC 11 is in class IV. We have 

recently shown dysregulated HDAC expression in tissues affected by PD and 

rheumatoid arthritis, both at the clinical and experimental level (20, 23, 28). 

Furthermore, HDACs have been implicated in a variety of non-bone related 

disorders including malignancies (24), cardiac and neurodegenerative disease (26, 

29). This has prompted interest in using HDAC as pharmacological targets.  

 

Interestingly, the specific HDAC isoform from class IIa, HDAC 5, is reported to 

be a locus for bone mineral density and has been shown to be highly involved in 

modulating normal osteoblastogenesis (30, 31). Recent clinical investigations in 

juvenile osteoporosis identified a substantial rise in HDAC 5 expression in bone 

tissue, which was associated with low levels of Runx2 and diminished bone 

density (30, 31). HDAC 5 is also upregulated in human gingival tissue from 

patients with PD (23). Runx2 and upstream Wnt-signalling processes are 

negatively associated with HDAC 5 activity in mice primary osteoblastic cells (32) 

and targeted deletion of HDAC 5 by miRNA produces increases in osteoblast 

differentiation in vitro (33).        
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Based on this evidence we aimed to investigate the effects of a novel HDAC 

inhibitor (HDACi) designed to target the HDAC 5 isoform, Compound 39, during 

osteoblastogenesis and bone formation using human osteogenic cells in vitro. 

Supplementary experiments involved exposing cells to the cytokine TNF to 

investigate the effects in a simulated inflammatory environment. We hypothesized 

that osteoblast activity would be stimulated by HDAC 5 inhibition, and that 

Compound 39 would ameliorate the negative effects on osteoblastogenesis 

associated with TNF. 

 

4.4 Materials and Methods 

4.4.1 HDAC Inhibitor (HDACi), Compound 39 

 

Compound 39, a HDAC 5 inhibitor, was designed and supplied by colleagues from 

the University of Queensland’s institute of Molecular Bioscience (34, 35, 40). 

Compound 39 was suspended in a dimethyl sulfoxide (DMSO) vehicle at 0.01% 

for in vitro investigations in this study. Samples not receiving Compound 39 were 

treated with a 0.01% DMSO vehicle control.  

4.4.2 Human Osteogenic Cell Isolation and Culture 

 

Normal osteoblast donor (NOD) isolates were generously supplied by the 

Mesenchymal Stem Cell/Myeloma Research Laboratory of The University of 

Adelaide, South Australia. Samples were originally obtained and isolated from 

healthy donors (aged 20-35 years) with informed consent of the SA Pathology 

normal bone marrow donor program, Royal Adelaide hospital, as previously 

published (36). Briefly, bone marrow obtained from the posterior iliac crest was 

strained for bone chips created during the aspiration process using a 0.7m 

strainer. The strainer was subsequently washed thoroughly in standard 

proliferative -MEM media (supplemented with 20% foetal calf serum (FCS), 

2mM-L-glutamine, 100M L-ascorabte-2-phosphate, 1mM sodium pyruvate, 

50U/ml penicillin and 50g/ml streptomycin) and this media along with the 

microscopic bone chips were collected in a T-75 tissue culture flask.  Primary 
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cultures of NODs were left to establish and grow for 10-14 days before being 

passaged and expanded.  

4.4.3 Cell Proliferation and Viability Assay  

 

Passage 5 human NODs (n=6) were grown (1x105 cells per cm2) in standard 

proliferative media and culturing conditions outlined above for 7 days. Cells were 

treated with tumour necrosis factor- (TNF; 10g/ml) and the HDAC 5 inhibitor, 

Compound 39 (0.1-1000nM). Throughout the 7-day incubation period NOD 

proliferation and viability was assessed via cell counts of trypan-blue negative 

cells under light microscopy, in addition to the use of the WST-1 cell proliferation 

assay (ab155902 Abcam, AUS) as per manufacturers’ recommendations. Briefly, 

WST-1 reagent (10l/well) was added to each well and incubated for 2 hours in 

the dark using experimental culture conditions. Absorbance of the resulting culture 

solution was measured on a micro plate reader at a 450nm wavelength.  

4.4.4 Osteogenic Induction and Mineralization Assay  

 

Human NODs (n=6) were cultured (1x105 cells per cm2) under established 

conditions to promote osteogenic induction and mineralizing functionality as 

previously reported (36). Briefly, cells were cultured for 21 days in osteogenic 

inductive media, including -MEM supplemented with 5% FCS, 100M L-

ascorbate-2-phosphate, 10-7M dexamethasone and 3mM inorganic phosphate. 

Coinciding with the induction of osteogenic processes, media was supplemented 

with either TNF (10g/ml) and/or the HDAC 5 inhibitor, Compound 39 (1.0nM-

1000nM). Experimental treatments were replenished with each media change 

(every 3-4 days) and continued throughout the 21-day assay. At weekly intervals, 

alizarin red S staining (1% [w/v] Alizarin Red S in distilled water, at a pH of 4.1-

4.3 using ammonium hydroxide) was conducted and imaged by light microscopy 

to identify extracellular mineral deposits in 96-well plates. Synthesized calcium 

produced by NODs was quantified using a colourimetric calcium concentration 

assay as described by Granthos et al (36). Briefly, cells cultured in triplicate in 96-

well plates were washed in a Ca+/Mg2+ free phosphate-buffered saline solution, 

followed by an overnight incubation in 0.6M Hydrochloric acid (HCl). Solubilized 



 
 

 120 

calcium matrix samples were supplemented with the metalochromic indicator, 

Arsenazo III reagent, and measured on a micro-plate reader at a 570nm 

wavelength. Calcium concentrations were then normalized to DNA content per 

well by incorporation of PicoGreen (Life Technologies) to produce a reportable 

value of cell activity.  

4.4.5 Real-Time Polymerase Chain Reaction  

 

Total RNA was extracted from cultured cells during MSC proliferation and 

throughout osteogenic induction of NODs, using a TRIzol (Thermo Fisher 

Scientific; AUS) based method as per manufacturers directions. Total RNA 

isolates were then used as a template for the formation of complementary DNA 

(cDNA) using the Rotor-Gene Q (Qiagen, AUS) reverse transcription method, 

with 250ng random hexamer and 200U of superscript III reverse transcriptase 

(Geneworks, AUS). Platinum SYBR Green qPCR Supermix-UDG (Lift 

Technologies, AUS) was used for the real-time polymerase chain reaction (PCR) 

amplification of samples in triplicate as previously described (37). Genes 

investigated in this study include HDAC 5 (37), Runx2, Osteocalcin, Osteopontin, 

Collagen type-1a, Receptor activator of nuclear factor-kappa B ligand (RANKL) 

and osteoprotegerin (OPG) (41, 42). Changes in gene expression were determined 

based on the 2-ct method (38) relative to the housekeeping gene, GAPDH (41, 42).  

4.4.6 Statistics  

 

Statistical analysis of proliferation, mineralization and gene expression between 

treatments was determined using a one-way ANOVA followed by the Dunnett’s 

post hoc test. Students T-test was used identify variations between standard culture 

conditions and the inflammatory cytokine, TNF. Statistical significance was 

accepted at p < 0.05. GraphPad Prism version 7 was used in this study. 

 

 

 



 
 

 121 

4.5 Results  

4.5.1 HDAC 5 inhibition has no effect on osteoblast proliferation or viability  

 

In order to assess the effects of HDAC 5 on osteoblast proliferation and viability, 

cells were grown in normal proliferation media (described above). As shown in 

Figure 4.1, Compound 39 (1.0-1000nM) had no effect on proliferation, with 

consistent rates of proliferation at all doses investigated in the presence or absence 

of TNF. Furthermore, cell numbers as assessed by trypan-blue exclusion 

identified no significant change in the number of viable cells (data not shown).  

 

 

 

 

 

 

 

 

Figure 4.1 Effects of Histone Deacetylase 5 inhibition (Compound 39; 1-1000nM) 

on cell proliferation and viability over a 7-day period in the (A) presence and (B) 

absence of tumour necrosis factor- (TNF: 10g/ml). Points indicate average 

rate of optical density (OD)/absorbance values  SEM.  
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4.5.2 HDAC 5 expression during osteoblast induction  

 

Throughout the induction of osteoblast mineralization, HDAC 5 expression 

declined and was significantly reduced (p < 0.05) at days 14 and 21 when 

compared to day 7 (Figure 4.2). A similar decline was noted in the cells exposed 

to TNF (p < 0.05). However, TNF significantly upregulated HDAC 5 

expression in osteoblasts when compared to control cells (day 7: p < 0.05; day 14: 

p < 0.05) 

 

 

 

 

 

 

Figure 4.2 Histone Deacetylase (HDAC) 5 expression throughout induction of 

osteogenic cells (n=6) in the presence and absence of tumour necrosis factor- 

(TNF: 10g/ml). Bars represent average mRNA expression relative to house-

keeping gene, GAPDH  SEM. * = p < 0.05 when compared between Control and 

TNF at each individual day; † = p < 0.05 when compared to Day 7 in each 

corresponding experimental group.   
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4.5.3 Effects of HDAC 5 inhibition on osteoblast mineralization 

  

After the supplementing media with essential factors to induce osteoblastic 

mineralization cells were treated with the HDAC 5 inhibitor, Compound 39, in the 

presence or absence of TNF (10g/ml) for 21 days. Quantification of mineral 

deposits, normalized to DNA content per well, resulted in a bell-shaped dose 

effect, as a low dose (1.0nM) or high dose (100-1000nM) had no effect on 

mineralization (data not shown). However, an increase in calcium deposition was 

identified at 10nM, albeit not statistically significant (p > 0.05; n=3). Additional 

experiments, using an additional 3 donors, were carried out using a narrowed dose 

range (2.5-20nM; 2-fold increments). Interestingly, a dose-specific increase in 

calcium concentration was identified which, when combined with identical data 

from primary experiments, resulted in levels of mineralisation statistically greater 

compared to controls at 10nM (p < 0.05; n=6) and 20nM (p < 0.05; n=3) (Figure 

4.3). 

 

The effects of TNF were detrimental to the functional capacity of osteoblastic 

cells used in this study. Significantly less calcium concentrations per DNA content 

was measured in TNF treated cells when compared to controls (p < 0.05). 

Interestingly, inhibition of HDAC 5 (10nM and 20nM) stimulated TNF/NOD 

mineralization to levels statistically similar to control cells (Figure 4.3).  
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A  

B  

 

Figure 4.3 Effects of HDACi, Compound 39 in the presence and absence of 

tumour necrosis factor- (TNF: 10g/ml) on osteoblast mineralization. A) 

Quantification of calcium content at day 21 with Compound 39 (1.5-20nM) and 

TNF. B) Representative alizarin red S staining for detection of mineralized 

nodules at day 21 with Compound 39 (A: Vehicle; B: 2.5nM; C: 5mM; D: 10nM; 

E: 20nM; F: TNF; G: TNF + 2.5nM; H: TNF + 5nM; I: TNF + 10nM; J: 

TNF + 20nM) * = p < 0.05 when compared to vehicle control; † = p < 0.05 when 

compared to TNF vehicle 
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4.5.4 HDAC 5 inhibition increases Runx2 expression and markers of bone 

formation in osteoblasts  

 

Compound 39 treatment (10nM; n=6) was investigated for its effects on Runx2 

expression and markers of bone formation, osteopontin, osteocalcin, and collagen 

type 1a. In addition, factors expressed by osteoblasts that are involved in 

osteoclastic signalling and bone metabolism, RANKL and Osteoprotegerin (OPG) 

were analysed. As identified in Figure 4.4, HDAC 5 inhibition stimulated the 

expression of Runx2 (Day 14 and 21; p < 0.05), osteocalcin (day 7; p < 0.05), and 

collagen type 1a (day 7; p < 0.05). At the dose investigated, no significant changes 

were observed in osteopontin expression. 

 

The effects of TNF on osteogenic gene expression were consistent with declines 

in the anabolic activity of the cells in vitro. Significant declines in Runx2 and 

osteocalcin were identified at various time-points throughout the assay. 

Interestingly, HDAC 5 inhibition had the opposite effect, stimulating these factors 

to levels equal or significantly greater than cells not exposed to TNF. In addition, 

collagen type 1a was significantly upregulated by Compound 39 compared to both 

TNF and control cells.  

 

Interestingly, the stimulatory effect of TNF on RANKL expression at day 21 was 

not affected by Compound 39, nor were any changes observed in OPG levels. 

HDAC 5 inhibition appears to have no direct influence on the crosstalk molecules 

between osteoclasts and osteoblasts.  
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Figure 4.4: Expression of osteoblast related factors throughout induction of 

osteogenic cells (n=6) in the presence and absence of tumour necrosis factor- 

(TNF; 10nM) and HDAC 5 inhibitor, Compound 39 (10nM). Bars represent 

average mRNA expression relative to house-keeping gene, GAPDH  SEM. * = p 

< 0.05 when compared to untreated control; † = p < 0.05 when compared to 

osteogenic control (-TNF) 
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4.6 Discussion 

 

The present study aimed to investigate the effects of a novel HDAC 5 inhibitor, 

Compound 39, on normal osteoblast donor cells (NODs). The cytokine TNF was 

also included in investigations to represent an inflammatory environment in vitro. 

This was due to decreased bone formation and repair by osteoblasts in 

inflammatory conditions, such PD, where TNF as a key molecule of its 

pathogenesis (3, 7). TNF has also been shown to directly affect the formation 

and activity of osteoblasts (7).  

 

Osteoblasts isolated from bone chips were used in this study to determine the direct 

effect of compound 39 on their proliferative ability and mineralizing capacity. We 

observed no variations in cell cycle arrest by Compound 39, nor were reduced 

viability or cell death direct outcomes of HDAC 5 inhibition. While this was not 

consistent with previous studies, these were carried out on osteoblast progenitor 

cells. Specifically, human mesenchymal stem cells (hMSCs) halt proliferative 

processes and begin to produce bone mineral matrix by forced expression of a 

specific gene that codes for long-nonprotein-coding RNAs (H19/miR-675). 

Importantly, this induction is achieved in the absence of osteogenic media (39). It 

was concluded that osteogenic differentiation by H19/miR-675 expressing hMSCs 

was due to downregulations of HDAC 4 and 5. HDAC 5 is reported to form a 

stable complex with HDAC 4 that interacts with the Runx2-DNA binding domain 

(39). As a result, expression of Runx2 and additional osteogenic factors such as 

osteocalcin are suppressed. Although we saw no observable change in osteoblast 

proliferation in the present study, the induction of anabolic processes were 

enhanced by HDAC 5 inhibition, with increased expression of Runx2 and 

osteocalcin by Compound 39.  

 

Several studies have reported changes in HDAC expression during inflammation 

and infection causing alterations in histone modifications and resulting gene 

expression (23-26). We report here, a TNF dependent increase in HDAC 5 

expression in human osteoblasts. Furthermore, the induction of HDAC 5 was 

associated with declines in the expression of osteogenic genes Runx2 and 
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osteocalcin. This is consistent with findings describing the interaction with HDAC 

5 and Runx2 transcriptive processes in osteoblastic cells (32). Consistent with 

these findings, HDAC 5 inhibition by Compound 39 in TNF treated cells 

stimulates the induction of Runx2 and osteocalcin, leading to enhanced 

osteoblastic mineralization.  

4.7 Conclusion 

 

The findings of this study warrant further investigations into the role of HDAC 5 

during osteoblastogenesis and bone formation. The effect of a novel HDAC 5 

inhibitor, Compound 39, protects cells against the inhibitory actions of the 

inflammatory cytokine, TNF. However, continued evaluation of these 

mechanisms are required to determine if these effects are due to epigenetic 

modifications or direct non-histone protein interactions by HDACi. In addition, 

the relationship between TNF and the dysregulation of HDAC 5 requires further 

analysis to identify their interacting mechanisms. In conclusion, these results 

identify HDAC 5 as a potential target for treatments promoting bone repair in 

inflammatory bone loss pathologies, such as PD.  
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Chapter 5: Histone Deacetylase Class I and Class II Expression 

in Experimental Periodontitis  

 

K. Algate, O. Romeo, E. Tsangari, B. Williams, A.A. Dharmapatni, P.M. Bartold, 

M.D. Cantley, D.R. Haynes 

  

Chapter 5 has been submitted for publication to the journal of 

Inflammopharmacology. Under review. 

5.1 Abstract  

 

Periodontitis (PD) is a chronic inflammatory disease within the oral gingiva that 

causes destruction of alveolar bone and tooth supporting structures. Histone 

deacetylases (HDACs) are a class of enzymes involved in regulating cell cycle, 

differentiation and other cellular activities through an epigenetic process. They are 

currently being investigated for the treatment of inflammatory bone loss diseases 

such as PD. The aim of this study was to assess the expression of HDACs from 

class I (HDAC 1 and 8) and class II (HDAC 5 and 9), known to be involved in 

skeletal and inflammatory processes, in a mouse model of PD. It is believed that 

these isoforms may be potential pharmacological targets for future therapeutics 

targeting specific HDACs. Mice (n=30) were inoculated with Porphyromonas 

gingivalis and Fusobacterium nucleatum via regular oral swabs to induce 

experimental PD. In vivo analysis of alveolar bone by microcomputed tomography 

(Micro-CT), and histological assessment of periodontal tissues identified reduced 

alveolar bone height and upregulated class I HDACs 1 and 8 in experimental PD. 

This correlated with increased levels of gingival inflammation, increased tartrate 

resistant acid phosphatase-positive cells (osteoclasts) and the loss of alveolar bone 

(p < 0.05). Class II HDACs 5 and 9 remained unchanged in both control and 

experimental PD, despite their reported physiological role the anabolic processes 

of bone production and repair. The findings of this study provide evidence for the 

development of compounds that target specific HDAC isoforms in PD and related 

inflammatory bone loss diseases.  
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5.3 Introduction 

 

Periodontitis (PD) is a disease of the oral tissues that support and surround the 

teeth. Its development and continued reactivity is influenced by the host response 

to pathological bacteria, causing a chronic inflammatory reaction within the 

gingival and subgingival microenvironment (1). The inflammatory process 

observed in PD alters bone turnover by both osteoclasts and osteoblasts (1, 2). As 

a result, loss of alveolar bone will often cause tooth loosening and eventual loss of 

teeth if untreated. Controlling the inflammation and bone destruction in PD is a 

continuing challenge for clinicians. The identification of novel targets that regulate 

the host response and cells involved in bone breakdown will enhance current 

treatment options.   

 

Histone deacetylases (HDACs) are a group of enzymes that are involved in diverse 

cellular processes including cell differentiation and activity, in part, by epigenetic 

control over gene expression and protein function (3, 4). By catalytically removing 

acetyl groups from lysine residues on histone proteins, chromatin condensation 

occurs. As a result, tight DNA binding to the histone core blocks promoter region 

access and the subsequent machinery required for gene transcription. Furthermore, 

these enzymes are involved in non-histone, post-transcriptional deacetylation of 

proteins (5, 6). These include signalling molecules and transcription factors, by 

altering their overall reactivity, stability and function (6). Irregular overexpression 

of HDACs has been implicated in a variety of pathophysiological processes, 

including malignant cell division, the development of cardiovascular and 

neurodegenerative disease, and inflammatory bone loss disorders (7-13). Hence 

the development and use of HDAC inhibitors (HDACi) is a promising therapeutic 

strategy for treating such conditions. HDACi are clinically used alone or in 

combination with other therapies for the treatment of cancers (7-9). They are 

currently being investigated for their potential anti-inflammatory and anti-bone 

loss effects in rheumatoid arthritis and PD (11-13). Interestingly, these effects or 

seen at doses approximately 100x lower than that used for oncological purposes. 

However, understanding the isoform-specific role of each HDAC is necessary to 

improve treatment efficacy, reduce toxicity and prevent potential adverse effects 

from non-selective inhibition of HDACs.  
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In humans, there are 18 specific HDAC isoforms based on reactivity, cellular 

location, tissue distribution and homology to yeast HDACs (14). Class I HDACs 

(HDAC 1, 2, 3 and 8) are located primarily within the cell nucleus and are 

ubiquitously expressed in human tissue. Whereas class II HDACs are subdivided 

into class IIa (HDAC 4, 5, 7 and 9) and class IIb (HDAC 6 and 10). Class II 

HDACs differ due to their catalytic domain and ability to shuttle between the 

nucleus and cytoplasm. HDAC 11 is the sole isoform in class IV and is localised 

within the nucleus. The remaining 7 HDACs, termed Sirtuins (SIRTS 1-7), are 

atypical when compared to other HDACs due to their catalytic process, targets and 

distribution within the cytoplasm, mitochondria and nucleoli of the cell. 

 

A recent study of the HDAC superfamily in PD gingival tissue from patients 

undergoing surgical therapy, identified consistent overexpression of HDACs 1, 5, 

8 and 9 in chronic PD tissue with alveolar bone loss, when compared to patients 

not suffering from PD (15). Interestingly, HDAC 1 protein was co-localised within 

large multinucleated, tartrate-resistant acid phosphatase (TRAP)-positive cells (an 

indicator of osteoclastic cells). Investigations supressing HDAC 1 in osteoclasts 

in vitro (Chapters 2 and 3) and in models of inflammatory bone loss (16) have 

observed reductions in osteoclast activity and bone resorption. HDAC 1 is also 

associated with cytokine and chemokine production by inflammatory cells (12, 

16). When selectively or broadly suppressed, markers of inflammation are reduced 

both in vitro and in vivo (12, 16)(Chapter 3). Conversely, HDAC 9 is reported to 

reduce osteoclast differentiation through negative regulation of receptor activator 

and nuclear factor kappa-B (RANK) and proliferator-activated receptor gamma 

(PPAR) signalling loops that are essential for osteoclast formation (17). Ex vivo 

deletions of HDAC 9 or knockdown models in mice result in animals with 

osteoporotic features due to enhanced osteoclastic resorption (17). Alternatively, 

HDAC 5 activity has been shown to inhibit the major osteoblast transcription 

factor, Runx2, in addition to regulating the expression of its upstream Wnt-

signalling mediators (18, 19). Preliminary studies by our lab have observed 

increased markers of bone turnover by human osteoblasts in vitro with 

pharmacological inhibition of HDAC 5 (Chapter 4). Similar to this, HDAC 8 is 

reported to supress osteogenesis through reduced histone H3 lysine 9 (H3K9) 
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acetylation and reduced osteogenic gene expression (20). Whereas short-

interfering RNAs targeting HDAC 8 enhance acetylation of H3K9, allowing the 

osteogenic process to continue (20). 

 

The overexpressed and unregulated control of these specific HDAC isoforms in 

PD could be a contributing factor to the imbalance in cellular activity observed 

between osteoclastic resorption and osteoblastic bone formation, leading to 

alveolar bone loss and eventual loss of teeth. Targeting these specific HDACs at 

the appropriate time may be an effective therapeutic option to prevent or reverse 

alveolar bone loss. However, analysis of these individual HDACs has yet to be 

characterised throughout the pathogenic process in PD, as human diagnosis is 

based on pre-established infection and bone destruction. Therefore, the aim of this 

study was to utilize an established experimental model of PD in mice to 

characterise HDAC 1, 5, 8 and 9 expression throughout the disease process. In 

addition, expression of these HDACs will be compared to levels of gingival 

inflammation, osteoclast formation and activity, and alveolar bone damage. 

 

5.4 Materials and Methods 

5.4.1 Animals and Housing 

 

6-8-week-old female BALB/c mice (n=30) were obtained from the Laboratory 

Animal Services of the University of Adelaide and housed in PC2 animal facilities 

for a 5-day acclimatisation period prior to the induction of experimental PD (Ethics 

#M-2014-158B). Mice were kept in standard room conditions throughout the 

experimental model, which included an average room temperature of 22ºC with 

12-hour light/dark cycles. Mice had access to non-acidic drinking water and non-

granular foods, in addition to antibacterial free housing products to reduce the 

environmental impact on experimental PD. Daily assessment of general health 

parameters were conducted throughout the experimental period.  
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10 mice were randomly assigned to 1 of 3 experimental groups (n=10 mice/group) 

Group 1: Control (No Periodontitis) 

Group 2: PD/Pg (Periodontitis/Porphyromonas gingivalis alone) 

Group 3: PD/Pg+Fn (Periodontitis/Porphyromonas gingivalis and 

Fusobacterium nucleatum) 

 

5.4.2 Induction of experimental PD 

 

Induction of experimental PD was conducted as previously described (21, 22). 

Briefly, all mice received antibiotic treated water (1mg/ml kanamycin; Sigma-

Aldrich, St Louis, MO, USA) for 7 days to reduce native oral microbiota and to 

support the colonisation of pathogenic bacteria Fusobacterium nucleatum (F. 

nucleatum; ATCC® 25586) and Porphyromonas gingivalis (P. gingivalis; strain 

W50), which used and prepared as previously documented (21, 23). Mice were 

rested for 3 days prior to commencing the bacterial inoculation process, which 

consisted of 100µl of bacteria (either 2x1010 CFU/ml of P. gingivalis alone or 1010 

CFU/ml of P. gingivalis and 1010 CFU/ml of F. nucleatum) suspended in 2% 

carboxymethyl cellulose (CMC). The inoculation procedure, as routinely practiced 

and documented (21-23), involved the molars of each mouse being swabbed with 

inoculant every 48 hours for 8 days, followed by twice weekly for a 2-week period 

to maintain established infection (primary sequence). Following this, the 

secondary sequence began which involved repeating the primary sequence, 

completing the PD model. Mice dedicated to the control group were swabbed with 

2% CMC in accordance with experimental procedure outlined above. At the 

completion of each inoculation, mice were fasted (food and water) for 1 hour, to 

minimize the removal of inoculant from oral tissues. A timeline of the periodontal 

inoculation model is depicted in Figure 5.1. 
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Figure 5.1 Experimental periodontitis inoculation timeline. Prior to day 0, mice 

were given antibiotic treated water (1mg/ml kanamycin) for 7 days. Values 

represent days. 

 

5.4.3 Tissue Collection and Preparation 

 

After completion of the primary sequence (Time point 1), 5 mice from each group 

were humanely culled via cervical dislocation under anaesthesia (xylazine; 

20mg/kg and ketamine; 100mg/kg) for tissue processing and bone analysis. The 

remaining 5 mice from each group remained to complete the secondary sequence 

prior to being culled using the same technique at the end of the experiment (Time 

point 2). 

 

Heads were removed and cleaned by dissection, followed by 24-hour fixation in a 

10% buffered formalin solution. Samples were then washed in PBS and scanned 

for high resolution microcomputed tomography (Micro-CT) processing, described 

below. Post Micro-CT scanning, heads were decalcified in 10% EDTA for 2-4 

weeks and embedded in paraffin for sectioning and histological analysis. Paws, 

internal organs, spines and serum were collected and stored for future 

investigations. 
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5.4.4 Microcomputed Tomography (Micro-CT) 

 

To identify universal changes in alveolar bone throughout experimental PD, 

Micro-CT scans of mice heads were conducted after the primary inoculation 

sequence (Time point 1) and at the end of the experiment (Time point 2) using the 

Skyscan 1076 High Resolution Micro-CT Scanner (Skyscan, Bruker, Belgium). 

Acquisition of scan specifications included a pixel size of 8.5m, scanned at 

48kV/169A using a 0.5mm aluminium filter. 

5.4.5 Micro-CT Scan Reconstruction and Data Processing  

 

Files from each scan were reconstructed for analysis of alveolar bone changes 

using a cone-beam algorithm with the following settings: smoothing = 3, ring 

artefact correction = 12 and beam hardening correction = 10% (NRecon Software, 

Version 1.6.8.0, Skyscan, Bruker, Belgium). Reconstructed images were aligned 

on the sagittal plane using Dataviewer software (Version 1.5.2.4, Skyscan) for the 

measurement of alveolar bone crest (ABC) height using CTAnalyser software 

(Version 1.15.4.0, Skyscan). For the measurement of bone changes, the ABC 

between the first and second maxillary molars was used as a point of reference. 

From the ABC, the distance to the cemento-enamal junction (CEJ) of the molars 

was measured to identify changes in alveolar bone height between experimental 

groups and disease progression. The CEJ-ABC distance was measured for each 

mouse from 5 sagittal scans on both left and right sides by two blinded observers, 

as previously described (31) (Figure 5.2).   

 

 

 

 

Figure 5.2 Representative longitudinal Micro-CT images used for analysis of 

alveolar bone loss. Alveolar bone crest (ABC) to the cemento-enamel junction 

(CEJ) distance indicated by red bar. A) Control; B) PD/Pg; C) PD/Pg+Fn.  
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5.4.6 Haematoxylin and Eosin Staining  

 

Paraffin embedded heads were sectioned and viewed to confirm precise 

longitudinal alignment of the first and second maxillary molars. Haematoxylin and 

Eosin staining was conducted as per standard protocol for histological analysis of 

inflammatory cellular infiltrated (neutrophils, macrophages, lymphocytes and/or 

plasma cells) as previously outlined (21-23). Briefly, slides imaged at 40x 

magnification using the NanoZoomer Digital Pathology System (NDP 

Hamamatsu, Hamamatsu City, Japan) were scored by two blinded observers using 

a 4-point system of inflammation severity within 4 subepithelial areas of 0.2mm2. 

Non-inflamed (normal) tissue was scored a 0 (<5% inflammatory cells), mild 

inflammation was scored a 1 (5-20% inflammatory cells), moderate inflammation 

was scored a 2 (20-50% inflammatory cells), and severe inflammation was scored 

a 3 (>50% inflammatory cells). 

5.4.7 Tartrate-Resistant Acid Phosphatase (TRAP) Staining 

 

Longitudinal sections of the maxillae were stained for Tartrate-resistant acid 

phosphatase (TRAP), a marker identifying cells of the osteoclastic lineage, using 

a modified procedure described by Udagawa et al (24). In summary, prepared 

TRAP stain (Sigma-Aldrich) was incubated with tissue for 15 minutes at 37ºC 

prior to be washed with PBS and haematoxylin counterstaining. Quantification of 

TRAP-positive cells with equal to or greater than 3 nuclei was conducted on the 

region of interest outlined above, between the first and second maxillary molars, 

using 40x magnified images on the NanoZoomer Digital Pathology System (NDP 

Hamamatsu, Hamamatsu City, Japan
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5.4.8 Immunohistochemical Detection of HDAC 1, 5, 8 and 9 

 

Protein distribution of HDAC 1, 5, 8, and 9 in the region of interest described 

above was detected using commercially available antibodies (anti-HDAC 1: 

ab53091, anti-HDAC 5: ab55403-100, anti-HDAC 8: ab39664, anti-HDAC 9: 

ab59718; Abcam). Negative controls for all sections were carried out using IgG1 

kappa isotype control (Sigma-Aldrich) and a universal rabbit isotype control IgG 

(DAKO). Secondary antibody and amplification procedures were conducted using 

the VECTASTAIN ABC (Universal) kit (Vector Laboratories, CA, USA) as per 

manufacturers instruction as previously described (21). 10mM sodium citrate 

buffer (pH 6.0 at 80-90 ºC) antigen retrieval was required for HDAC 1 

immunostaining, whereas HDAC 5, 8 and 9 required no additional antigen 

retrieval. Endogenous peroxide blocking was performed in a 0.3% v/v H2O2 

methanol solution or phosphate-buffered saline (PBS)/0.1% sodium azide in 0.3% 

v/v H2O2 for 10-20 minutes. Normal horse serum supplied in ABC kit as blocking 

serum was finally applied to all sections and left to incubate for 30 minutes before 

applying primary antibody for overnight incubation at room temperature. The 

following morning, slides were washed in PBS and incubated for 30 minutes in 

ABC kit supplied biotinylated secondary antibody or avidin-biotin complex 

conjugated to horseradish peroxidase reagent followed by PBS washes and AEC 

Peroxidase Substrate Kit (Vector Laboratories) colour development in the dark. 

After MilliQ H2O washing, haematoxylin counterstain was performed prior to 

mounting and imaging for analysis, described below. 

5.4.9 Analysis of Immunohistochemistry  

 

Sections were imaged using the NanoZoomer Digital Pathology System (NDP 

Hamamatsu, Hamamatsu City, Japan) for semiquantitative analysis at 40x 

magnification. 4 areas of 0.2mm2, as outlined above, were assessed and scored by 

two blinded observers for the proportion of positive (red) staining cells, based on 

previously published methods (4). Briefly, a score of 0 was given when less than 

5% of cells stained positive in a region; a score of 1 for 6-10% positive cells; 2 = 

11-25%; 3 = 26-50%; 4 = <50%. Scores for each of the 0.2mm2 regions per section 

were averaged, producing one score per sample. Final values were compared and 
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averaged between observers, creating a final score of each mouse that was used to 

calculate differences between experimental groups and time.  

5.4.10 Statistics 

 

All statistical analysis performed in this study utilized GraphPad Prism® software 

(V 7.0). Two-way repeated measures ANOVA was conducted using Sidak’s post 

hoc analysis for comparison of variables from the same experimental group over 

time, whereas Tukey’s post hoc test was used when comparing between 

experimental groups at the same time-point. Associations between HDAC 

expression and parameters of PD were determined using Pearson’s Correlation 

coefficient. Statistical significance was determined when a p-value of 0.05 or less 

was identified.  

 

5.5 Results  

5.5.1 Animal general health  

 
No adverse effects were observed in mice during the induction or maintenance of 

experimental PD. Mouse weights were consistent throughout the study with no 

differences observed between groups receiving bacteria or controls. 

5.5.2 HDAC 1, 5, 8 and 9 protein expression in mice gingiva 

 

Immunohistochemical analysis of HDAC 1, 5, 8 and 9 was conducted on the 

subepithelial gingival tissue between the 1st and 2nd maxillary molars. The 

proportion of cells expressing HDACs was determined after the primary 

inoculation sequence (Time-point 1) and at the end of the experiment (Time-point 

2) to identify changes in HDAC expression over time and compared to the 

physiologically normal HDAC profile of unaffected control tissue. Over the course 

of the PD model, there were no variations in the HDAC profiles over time, with 

the proportion of cells staining positive for HDAC 1, 5, 8 and 9 not being 

significantly different between Time-point 1 and Time-point 2 in all of the 

experimental groups assessed.  
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There was, however, a significant increase in HDAC 1 expression in the PD 

disease Group 2 (PD/Pg) and Group 3 (PD/Pg+Fn) when compared to mice from 

the control group at both time points (Table 5.1; p < 0.05) (Figure 5.3). PD mice 

had an average of 6-25% of cells staining positive for HDAC 1 protein, whereas 

only 0-5% of cells expressed HDAC 1 in the control tissues. HDAC-5 protein, 

though highly expressed in approximately 50% of gingival cells, did not vary 

between the control or PD groups (p > 0.05).  

 

Conversely, HDAC 8 expression was upregulated in the PD Group 3 (PD/Pg+Fn) 

at the end of the experiment (Table 5.1; p = 0.010) (Figure 5.3) with a proportion 

of 11-25% of cells staining positive when compared to 0-5% of cells in the tissues 

of control mice. An increase in HDAC 8 was also noted in mice from Group 2 

(PD/Pg), with 6-10% of cells expressing the protein, although this rise was not 

statistically dissimilar to the control (p = 0.602). HDAC 9 expression did not 

significantly change despite a minor decline from 6-10% to 0-5% in PD tissues 

from Time-point 1 to Time-point 2 (p > 0.05), compared to a consistent 6-10% 

proportion of positive cells in healthy tissue from the control group.  
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Table 5.1: HDAC, Histone deacetylase. PD, periodontitis. Semi-quantitative 

analysis score for proportion of positive stained cells within mouse subepithelial 

gingival tissue between the 1st and 2nd maxillary molars from the Time-point 1 and 

2: 0 = <5% positive cells; 1 = 6-10%; 2 = 11-25%; 3 = 26-50%; 4 = <50%. Values 

represent Mean score  SD. *p < 0.05 for HDAC expression in PD experimental 

groups vs. Control. 
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Figure 5.3 Representative immunohistochemical images of gingival tissue (40x 

magnification) from mice maxilla between the 1st and 2nd molars from Control 

(Left column), Periodontitis (P.ging; Middle column), and Periodontitis 

(P.ging+F.nuc; Right column); From top row down: HDAC 1, HDAC 5, HDAC 8 

and HDAC 9. Scale bars represent 20m. 
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5.5.3 Alveolar bone effects in experimental PD 

 

Analysis of alveolar bone loss by Micro-CT (Figure 5.2 and Figure 5.4) and 

gingival inflammation by histology (Figure 5.5 and Figure 5.6) at time point 1 and 

2 confirm established PD in both Groups 2 and Group 3 mice. PD mice from Group 

2, inoculated with P. gingivalis only, had significant alveolar bone loss with 

reduced alveolar bone crest height, measuring an average of 70.58m less than 

control mice at the end of the primary inoculation sequence (Time-point 1; p < 

0.0001), and 96.86m at the end of the experiment (Time-point 2; p < 0.0001). 

Mice from Group 3, inoculated with P. gingivalis and F. nucleatum, also had 

significant alveolar bone destruction, with an average loss of bone crest height of 

89.42m (Time-point 1; p < 0.0001) and 119.9m (Time-point 2; p < 0.0001) 

compared to control mice. Further analysis of PD mice from Group 2 and 3 

identified no significant variations in the amount of bone loss between Time-point 

1 and Time-point 2 (Group 2: p = 0.085; Group 3: p = 0.077) or between PD groups 

assessed at the same time-point (Time-point 1: p = 0.237; Time-point 2: p = 0.466). 

 

 

 

Figure 5.4 PD, Periodontal bone loss over time. Time-point 1 measurements 

conducted after completion of bacterial inoculations from the primary sequence; 

Time-point 2 measurements conducted after completion of secondary sequence; 

Control: normal mice; PD (Pg): Periodontitis mice inoculated with P.gingivalis; 

PD (Pg+Fn): Periodontitis mice inoculated with P.gingivalis and F.nucleatum. 

Values expressed as mean bone loss (m)  SEM. 
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5.5.4 Evaluation of gingival inflammation  

 

Assessment of sub-epithelial gingival tissue in mice also supported the observation 

of established PD, with significantly greater numbers of inflammatory cells 

present in tissue (Figure 5.5 and Figure 5.6). Groups 2 and 3 had a marked increase 

in inflammatory cell infiltrate when compared to control mice across the two time-

points (Group 2: p = 0.006 and 0.002, time-points respective; Group 3: p = 0.0005 

and 0.0005 time-points respective; Figure 5.6). Similar to the bone changes 

observed between PD mice, levels of inflammation were slightly greater in Group 

3 (PD/Pg+Fn) compared to Group 2 (PD/Pg), however these differences were not 

statistically significant at the two time-points analysed (p > 0.05).   

 

 

 

 

Figure 5.5 Semi-quantitative analysis of inflammatory cell infiltrate between the 

1st and 2nd maxillary molars. Time-point 1 measurements conducted after 

completion of bacterial inoculations from the primary sequence, Time-point 2 

measurements conducted after completion of secondary sequence; Control: 

normal mice; PD (Pg): Periodontitis mice inoculated with P.gingivalis; PD 

(Pg+Fn): Periodontitis mice inoculated with P.gingivalis and F.nucleatum. Values 

expressed as mean inflammatory score  S
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Figure 5.6 Representative immunohistochemical images of gingival tissue (40x magnification) from mice maxilla between the 1st and 2nd molars 

from the Control (Left column), Periodontitis (P.ging; Middle Column), and Periodontitis (P.ging + F.nuc; Right column); Top Row (Haematoxylin 

and Eosin; H&E); Bottom Row (Tartrate Resistant Acid Phosphatase; TRAP). Scale bars represent 20m.
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5.5.5 Increased osteoclastic cells experimental PD 

 

Osteoclastic numbers in the tissues were elevated in mice with PD compared to 

control animals, with significantly (p < 0.0001) increased numbers of large, 

multinucleated, TRAP-positive staining cells present in the subepithelial gingival 

tissue and on the alveolar bone surface of mouse maxilla (Figure 5.6 and Figure 

5.7). The presence of TRAP-positive cells within the tissue did not fluctuate 

between Time-point 1 or 2 in experimental PD, nor were there any observable 

differences in the number of osteoclasts in the tissue between Groups 2 or 3 (p > 

0.05) 

 

 

 

 

 

 

 

Figure 5.7 Quantitation of TRAP-positive multinucleated (3 or more nuclei) cells 

per mm2 in mouse subepithelial gingival tissue between the 1st and 2nd maxillary 

molars. Time-point 1 measurements conducted after completion of bacterial 

inoculations from the primary sequence, Time-point 2 measurements conducted 

after completion of secondary sequence; Control: normal mice; PD (Pg): 

Periodontitis mice inoculated with P.gingivalis; PD (Pg+Fn): Periodontitis mice 

inoculated with P.gingivalis and F.nucleatum. Values expressed as mean 

inflammatory score  SEM. 
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5.5.6 Relationship between HDAC expression and parameters of PD 

 

A Pearson’s correlation coefficient was used to identify any relationship between 

HDAC expression and inflammation, TRAP-positive osteoclast numbers, and 

bone loss. A strong positive relationship was observed between inflammatory 

scores, the number of osteoclasts present in the gingival tissue and the amount of 

alveolar bone damage (p < 0.0001; Table 5.2). Interestingly, these variables were 

also positively associated with an increase in the proportion of cells expressing 

HDAC 1 (HDAC 1: inflammation [r = 0.573, p = 0.0009], TRAP [r = 0.385, p = 

0.0357], bone loss [r = 0.423, p = 0.0198]). Furthermore, there was a positive 

correlation between HDAC 8 expression and bone loss (HDAC 8: bone loss [r = 

0.383, p = 0.048]), despite no observable relationship between HDAC 8 and 

TRAP-positive cell counts or levels of inflammation. No relationships were 

identified between parameters of PD and HDAC-5 or HDAC 9 expression (p > 

0.05).  

 

 

 

Table 5.2: HDAC, Histone deacetylase, TRAP, tartrate resistant acid phosphatase 

staining positive multinucleated cells per mm2, Bone Loss, measure of alveolar 

bone crest height. *p < 0.05, ***p < 0.001, **** p < 0.0001.   
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5.6 Discussion 

 

The aim of this study was to assess the isoform specific HDACs from class I 

(HDAC 1 and 8) and class II (HDAC-5 and 9) throughout the pathogenesis of 

experimental PD. HDACs are integral for physiological processes during cell 

formation and activity, hence any variations in their distribution and/or function 

could regulate pathogenesis and the development of disease. Mice inoculated with 

pathogenic bacteria (P. gingivalis and F. nucleatum), present in the oral flora of 

human PD patients, developed characteristic gingival inflammation that lead to 

enhanced osteoclast formation and loss of alveolar bone. The results of this study 

show that class I HDACs 1 and 8 are significantly upregulated in PD and are 

associated with the severity of alveolar bone damage. A similar relationship was 

identified between the proportion of cells expressing HDAC 1 and the magnitude 

of gingival inflammation and the number of bone resorbing osteoclasts present in 

the tissue. 

 

The characteristic bone loss observed in PD can be attributed to enhanced 

osteoclast formation and resorption, induced by inflammatory cytokines such as 

tumour necrosis factor- (TNF) and/or interleukin-1 (Il-1) (1, 25). RANK 

ligand (RANKL), a vital inducer of osteoclastic differentiation and survival, is also 

upregulated in PD tissue (26, 27). As immune activity involves epigenetic 

modulation by HDACs (5), investigations into their pharmacological inhibition 

with HDACi has become of great interest over the past decade (13). We recently 

reported on the use of two HDACi (class I selective: MS-275, and broad acting 

‘pan’-inhibitor: 1179.4b) in a mouse model of PD (21), reducing levels of 

inflammation and bone loss.  However, their efficacy was varied, possibly due to 

the broad nature of their inhibitory selectivity. The recent development of isoform 

specific HDACi has prompted further investigations into the individual histone 

deacetylase enzymes over the course of the cell cycle and disease. These studies 

indicate specific roles for individual HDAC isoforms. 
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The observation here that HDAC 1 is upregulated in experimental PD is consistent 

with findings in human gingiva (13). In addition, HDAC 1’s association with 

inflammation and elevated osteoclastic activity is seen in two recent in vitro 

studies investigating HDAC 1 selective inhibitors (Chapter 3). These studies used 

osteoclasts derived from human monocytes and demonstrated that inhibition of 

HDAC 1 impaired the development and function of osteoclasts. Furthermore, NW-

21, a novel HDACi designed by the University of Queensland to specifically target 

HDAC 1 and 2, repressed osteoclasts in vitro (4)(Chapter 2). NW-21 also protected 

the radiocarpal joint from destruction in an in vivo model of collagen antibody 

induced arthritis (CAIA) by reducing numbers of osteoclasts (12). Consistent with 

this, both broad class I or more specific HDAC 1 inhibitors are reported to reduce 

inflammation in vivo and the expression and synthesis of inflammatory mediators 

by monocytes stimulated with lipopolysaccharides or TNF (28, 29). Similar to 

HDAC 1, another class I HDAC, HDAC 8, has shown been shown to regulate bone 

metabolism. As osteoclasts develop, HDAC 8 expression rises, particularly during 

the resorptive phase of the cell cycle (4). Furthermore, in osteoblasts there is a 

decline during osteoblastogenesis indicating elevated HDAC 8 is associated with 

bone loss (20). Enforced expression of HDAC 8 in bone marrow stromal cells 

represses transcriptional activity of Runx2 and osteogenic differentiation (20). The 

broad inhibition of HDACs including HDAC 8 by Valproic acid (VPA) or deletion 

of HDAC 8 expression restores osteogenesis, allowing bone formation to continue 

(20). To date, no selective HDAC 8 inhibitors have been investigated in studies 

with osteoclasts. However, taken together, these results indicate a rise HDAC 1 

and HDAC 8, such as that observed in this study, is associated bone loss due to 

elevated osteoclastic bone resorption and reduced osteoblastogenesis. 

 

The lack of change in HDAC-5 and HDAC 9 expression induced by experimental 

PD may indicate a lack of tissue repair occurring during disease progression. 

HDAC-5 has been shown to reduce bone growth, by inhibiting Wnt-signalling 

pathways and Runx2 transcriptive activity in osteoblasts (18, 19). Furthermore, 

adolescent patients suffering from primary osteoporosis express greater levels of 

HDAC-5, which correspond to declines in Runx2 (30, 31). Inhibiting HDAC-5 
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activity in mouse primary osteoblasts using miRNAs maintains Runx2 

transcription and osteoblast differentiation (19). Hence, it can be deduced that 

reduced HDAC-5 activity stimulates osteoblastogenesis and the formation of new 

bone. As the mice used in the present study were of adult age, the observation of 

stable HDAC-5 expression in control mice was expected. The finding of constant 

HDAC-5 expression in PD mice, however, may suggest continued modulation 

over osteoblast activity and periodontal repair. The use of selective HDACi 

targeting HDAC-5 in experimental PD may promote tissue recovery by 

stimulating osteogenesis and bone deposition, counteracting the catabolic activity 

of osteoclasts. Interestingly, recent investigations into the class II, HDAC 9 

isoform, have reported on its role as an osteoclast inhibitor (17); through negative 

regulation of RANK signalling molecules and the repression of osteoclast factors 

c-Fos, NFatc1, Dc-stamp and Cathepsin K. In the present study, HDAC 9 was 

expressed at the lower levels in mouse gingiva, and a decline over time and in PD 

tissue was noted (control = 11-25%, PD = 6-10%), although this did not achieve 

statistical significance. Similar to HDAC-5, the lack of change between control 

and disease groups in the expression of HDAC 9 may indicate an absence of 

reparative mechanisms being active during the pathogenesis of PD. This highlights 

another potential target for pharmacological intervention to promote repair of 

bone. Further analysis of these specific isoforms and their function promoting 

tissue repair will be necessary to elucidate their role in disease. 

5.7 Conclusion 

 

In conclusion, this study establishes the class I (HDAC 1 and 8) and class II 

(HDAC-5 and 9) HDAC profile in healthy and experimental PD mice; highlighting 

these specific HDACS as potential targets for future investigations. The uniformity 

of HDAC-5 and 9 in disease and the notable increases in the expression of HDAC 

1 and 8 correlating with levels of gingival inflammation and alveolar bone damage, 

provide evidence to support their continued focus in future studies. 
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Chapter 6: Thesis General Discussion and Future Considerations 

 

6.1 Introduction 

 

Alveolar bone breakdown continues to be a challenge for PD management due to 

the vast array of contributing factors that influence bone metabolism. In a healthy 

individual, the skeleton is continually turned over by bone resorbing osteoclasts 

and bone forming osteoblasts. The collaborative efforts by these cells in 

physiological conditions result no overall change in the mass or density of the 

skeleton (1) However, in PD, alveolar bone loss occurs due to an imbalance 

between these bone cells (2, 3). Osteoclasts are stimulated by the immune response 

to oral pathogens in PD (3-7). This in turn, promotes osteoclastogenesis and an 

increase in osteoclast numbers, activity levels and rates of survival. Osteoblasts 

are not able to compensate for the level of bone resorption taking place, and are 

also suppressed by inflammatory mediators, such as TNF, present in PD tissues 

(7). This further exacerbates the gap between bone resorption and bone formation. 

Ultimately, if this process is left to continue without effective periodontal 

treatment, support for the teeth is removed with tooth loss being a permanent 

consequence (2).  

 

Epigenetic regulation of disease by HDACs is currently being investigated as 

therapeutic target for inflammation and in bone loss pathologies, in addition to a 

variety of other illnesses (8-13). Initially, HDACi were used clinically to modulate 

the cell cycle processes in cancer (9, 10, 14). This has prompted their use in other 

systems that involve altered cellular mechanisms. Until recently, HDACi were 

commonly produced as broad acting compounds (pan-inhibitors) that target a large 

range of HDAC isoforms. This results in universal suppression of the HDAC 

family (15, 16). However, individual HDAC isoforms exist in different tissues, 

have distinct structures and vary in their deacetylating targets (15, 16). Although 

broad suppression of HDACs is effective when aiming to halt widespread 
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proliferation of rapidly dividing malignant cells (9, 10, 14), it may not be ideal as 

a mechanism for treating non-oncogenic pathologies. Therefore, the particular 

focus of this thesis involved investigating the therapeutic potential of targeting 

specific HDACs for PD and related inflammatory bone loss diseases. The overall 

body of this work was guided by two hypotheses. Firstly, that HDAC 1, 2 and 5 

are key modulators of inflammation and bone metabolism. Secondly, that specific 

HDAC inhibitors targeting HDAC 1, 2 and 5 will reduce inflammation and bone 

loss in inflammatory bone loss disease, such as PD. Studies were carried out with 

human cells in vitro and in vivo using an animal model of disease. For in vitro 

investigations, the addition of the inflammatory cytokine TNFα was used to mimic 

inflammatory conditions.        

 

6.2 Discussion and Future Considerations 

6.2.1 Inflammation in PD and the anti-inflammatory effects of HDACi 

 

It has been well established that the subgingival microflora is a major contributing 

factor for the initiation of PD. However, the individual host response to these oral 

pathogens is key to the progression and severity of this chronic disease (2, 3). As 

the rapidly evolving field of osteoimmunology defines the interaction between the 

immune system and the skeleton (17), modulating the inflammatory reaction in 

PD is a crucial aspect of effective therapy. HDACi are found to possess potent 

immuno-modulatory properties as they decrease the production of pro-

inflammatory cytokines, both in vitro and in vivo (18-23). However, the majority 

of investigations to date have utilized broad acting inhibitors. For example, SAHA 

has been shown to reduce circulating levels of TNF, IL-1, IL-6 and IFN- in 

mice that have been subjected to LPS administration (18). Human PBMC 

stimulated with LPS are also reported to produce less TNF, IL-1 and IFN- with 

SAHA treatment (18). It is important to note that this occurs at doses significantly 

less than those utilized in chemotherapy. Similar to this, TSA (22), NaB (16, 22) 

and VPA (20) have also been reported to supress pro-inflammatory cytokine 

production through dose dependant means. Investigations using mouse models of 

PD (24) and RA (13) have utilized the broad acting HDACi 1179.4b, the class I 
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inhibitor, MS-275, or the isoform HDAC 1/2 selective NW-21 compound. These 

studies reported reductions in the level of inflammation and expression of 

inflammatory mediators such TNF, MCP-1 and MIP-1 (13). Importantly, this 

shows that broad suppression of all HDAC isoforms is not required to reduce 

inflammation, indicating a distinct role for individual HDACs during the 

inflammatory response. 

 

This thesis (Chapter 3) further evaluated the role of individual HDACs in 

modulating the production of pro-inflammatory mediators by human cells. PBMC 

were stimulated with TNF and treated with isoform specific inhibitors of HDAC 

1, 2 and 5. Their effects were compared to that induced by the broad acting 

HDACi, 1179.4b. These findings demonstrated a similar pattern of reduced 

expression and synthesis of inflammatory mediators with selective HDAC 1 

inhibition as that observed by 1179.4b. Interestingly, the anti-inflammatory 

properties of HDAC 1 inhibition were enhanced with concurrent HDAC 2 

inhibition. This may be due to HDAC 1 and 2 being reported to contribute to 

similar tasks whilst associating as a single protein complex (25). Conversely, 

HDAC 5 inhibition had no anti-inflammatory effect in these assays.  

 

The variations in the outcomes observed in investigations using HDACi may be a 

result of the doses used (18-23), or the specific deacetylating targets of each 

HDAC isoform, which is currently not well defined. Further to this, the isolated 

use of TNF may not fully represent the clinical pathogenesis of PD in this in vitro 

model, with specific periodontal pathogens producing a plethora of inflammatory 

pathways and epigenetic process (3-7). However, a recent publication (13) using 

P.ging LPS demonstrated similar induction of inflammatory cytokines and 

chemokines by isolated monocytes as was observed with TNF stimulation in 

Chapter 3. This supports the use of TNF as an effective investigatory factor to 

induce the inflammatory cascade, representative of the inflammatory response to 

periodontal pathogens without the risk of cell culture infection with live 

microorganisms or LPS. Nevertheless, the results of this thesis suggest targeting 

the individual isoforms involved in similar outcomes, such as HDAC 1 and 2 to 
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suppress inflammation, without targeting additional HDACs involved in other 

processes. 

6.2.2 Osteoclastic bone resorption and the effects of HDAC inhibition 

 

In addition to modulating the immune response and inflammatory processes, 

HDACi are known to have anti-bone resorptive properties that are directed at 

inhibiting osteoclastogenesis (8). Osteoclasts differentiate from their precursor 

monocyte/macrophages in response to RANKL induced signalling (17). However, 

recent in vitro investigations have identified additional signalling pathways in 

osteoclasts that either support, enhance or bypass RANKL signalling all together 

(7). Despite this, RANKL and its downstream molecules remain an important 

component for osteoclast formation and activity in vivo. Interestingly, HDACi are 

reported to affect the major transcriptive factors NF-B and NFATc1, in addition 

to their associated target genes that are responsible for osteoclastogenesis (8). As 

alveolar bone loss is caused by excessive osteoclast formation and activity within 

the inflamed periodontium, the use of HDACi with anti-inflammatory properties 

make them promising options as future therapies. 

 

There have been numerous reports investigating the use pan-HDACi to suppress 

osteoclast driven bone destruction with overwhelmingly positive results 

(discussed in (8)). For example, TSA has been utilized in assays using primary 

bone marrow macrophages (26) or RAW-D macrophage cell lines (27). TSA was 

shown to suppress osteoclast differentiation through reduced NFATc1 activity and 

NF-B translocation into the nucleus. SAHA was reported to suppress 

osteoclastogenesis from primary bone marrow macrophages in a co-culture system 

with osteoblasts through a similar mechanism as TSA that was associated with 

reduced NFATc1(26). It was later identified that NFATc1 expression was reduced 

due to the hyperacetylation of histone 3 (H3) due to TSA or SAHA inhibition of 

deacetylation (26). NaB has been investigated for its effects on osteoclast 

formation in mouse bone marrow macrophages and the RAW-D cell line (27). 

These assays resulted in dose dependent declines in osteoclast formation. In 

addition, 1179.4b significantly suppressed osteoclastogenesis from human PBMC 

through inhibition of RANKL signalling factors TRAF 6 and NFATc1 expression 
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(28). Despite the potent anti-osteoclastic effect of these HDACi, future progression 

of these HDACi into the clinic will benefit from further elucidation of the specific 

roles for each HDAC isoform to improve drug efficacy and safety. 

 

Chapters 2 and 3 of this thesis involved assessing the effects of several novel 

HDACi that were designed to selectively target HDAC 1, 2 or 5, as preliminary 

and published investigations have highlighted these isoforms as key regulators of 

skeletal maintenance (8, 13, 24, 29). We have recently demonstrated higher levels 

of these HDACs in human PD gingival tissues (30). Specifically, HDAC 1 was 

observed to co-localise with TRAP-positive osteoclastic cells while being 

associated with a rise in TNF expression. For this reason, along with the known 

impact of this cytokine on bone cells in vitro (discussed in Chapter 1) and 

significantly higher levels of its protein in human periodontitis gingival tissue 

(upwards of 20pg/ml) (49), TNF at 10ng/ml successfully produced an 

experimental inflammatory representation of its effects on bone cells in vitro. As 

described in Chapter 2, the capacity for TNF to stimulate osteoclasts was largely 

dependent on the timing and length of TNF exposure, in addition to the dose of 

RANKL utilized. Several preliminary assays were conducted to design and refine 

an effective methodological approach to form a reproducible ‘inflammatory 

osteoclasts’ in vitro. Chronic exposure to TNF over the course of full osteoclast 

assay (21 days) suppressed osteoclast differentiation from PBMCs. Their 

morphology remained macrophagic, being smaller in shape and consisting of a 

single nucleus. Furthermore, although expressing TRAP (a marker of osteoclast 

devoted cell-types) these cells failed to resorb any dentine in vitro. It was 

eventually determined that priming progenitors with TNF increased the rate of 

osteoclast differentiation, which resulted in a greater resorptive capacity than 

RANKL-only activated cells.  

 

The use of TNF to mimic the inflammatory state proved to be productive, as an 

interesting finding of the assays described in Chapters 2 and 3 was the 

identification of the direct induction of HDAC 1 expression by TNF. This 

observation supports the relationship identified with HDAC 1 expressing TRAP-

positive cells and TNF expression in PD gingival tissue (29). HDACi that target 
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HDAC 1 potently supressed osteoclast formation and activity through reduced 

NFATc1 and RANKL signalling factors affecting NF-B translocation into the 

nucleus. Furthermore, the anti-osteoclastic effect of HDAC 1 inhibition was 

strengthened with concurrent inhibition of HDAC 2. These findings are 

fundamentally important for the future progression of selective HDACi into the 

clinic. As their mechanisms of suppression are similar to that of pan-inhibitors, 

selective inhibition does not bring the risk of targeting isoforms that may 

physiologically regulate the activity of osteoclast, or cause non-specific 

destructive outcomes in vivo. Further analyses of these compounds should 

consider their use in an inflammatory bone loss model of periodontitis and other 

inflammatory bone loss diseases.  

 

6.2.3 Osteoblastic bone formation and the effects of selective HDAC inhibition  

 

Reparative dentistry has become an important aspect of PD management, with 

aims to enhance bone strength and counteract the destructive outcomes of 

excessive bone resorption by osteoclasts. Recently, HDACi were demonstrated to 

induce osteogenic differentiation by stem cells, in addition to enhancing anabolic 

processes in osteoblasts. Mice MSC treated with TSA are reported to express 

greater levels of OPN in undifferentiated cells (31), whereas VPA has been shown 

to induce a dose dependent increase in osteogenic differentiation by human MSC. 

Similar to TSA, an induction of OPN was seen in response to VPA in human MSC, 

in addition to Osterix and Runx2 expression being promoted (32). Interestingly, 

VPA and NaB are reported to suspend the proliferative processes in human MSC 

in vitro, by inducing osteogenic differentiation (33). Primary mouse osteoblasts 

have been shown to respond to TSA, NaB and MS-275 at a dose dependent rate in 

a recent study (34). For example, accelerated matrix deposition was observed with 

TSA treatment through the stimulation of Runx2 transcriptional activity and the 

subsequent induction of key osteoblastic genes OPN, Osterix, OCN and type 1 

collagen (34). Several other in vitro and in vivo findings report similar occurrences 

(35-38). Conversely, broad inhibition of HDACs in humans has been reported to 

produce negative outcomes on bone integrity. Systemic treatment for epilepsy with 

VPA has been shown to decrease bone mineral density after long-term use (39, 
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40), further supporting the continued investigation into the role of individual 

HDACs in osteoblasts. However, to date no selective inhibitors have been 

evaluated for osteogenic capacity. 

 

The results of Chapter 4 in this thesis, using the novel HDAC 5 inhibitor, 

Compound 39, show that it accelerated matrix mineralisation in human osteoblasts 

by inducing the expression of Runx2, OCN and type 1 collagen. HDAC 5 was 

targeted in these investigations based on recent evidence of its specific 

involvement in bone repair and maintenance. Patients with osteoporotic 

phenotypes, such as that observed in juvenile osteoporosis, are reported to have 

diminished osteoblast activity that results in decreased bone volume. A study 

evaluating bone biopsies from juvenile osteoporotic patients identified a 

significant rise in HDAC 5 expression that was associated with decreased levels 

of Runx2 (41, 42). With specific reference to PD, our recent evaluation of human 

gingival samples also identified a significant rise in HDAC 5 in patients with 

alveolar bone loss and inflammation. Interestingly, TNF increased HDAC 5 

expression in human osteoblasts in vitro (Chapter 4), which was followed by 

diminished bone mineral production and suppression of Runx2 and OCN. The 

negative effects of TNF on osteoblast are widely recorded, as recently reviewed 

(7). Inhibition of the elevated HDAC 5 with its inhibitor, Compound 39, restored 

the mineralising capacity and gene expression (to some extent) in cells exposed to 

TNF. The fact that HDAC 5 inhibition alone did not return these cells to their 

full functioning capacity as those grown in the absence of TNF indicates the need 

to investigate the additional HDAC isoforms as targets in conjunction with HDAC 

5.  

 

Future investigations should also analyse the specific mechanistic actions of 

HDAC 5 and its role during osteoblastogenesis. For example, a study evaluating 

the HDAC 8 isoform in bone marrow stromal cells reported on its physiological 

role negatively regulating osteoblast differentiation (43). Specifically, forced 

knockdown of HDAC 8 triggers acetylation of H3, which enhances osteogenic 

differentiation through the induction of Runx2 transcription (43). In addition, 

HDAC 4 forms a stable, complex molecule with HDAC 5 (much like the 
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associated relationship with HDAC 1 and 2 from Class I) (44). Declines in HDAC 

4 and 5 are reported to occur during the induction of osteogenesis and Runx2 

transcriptive activity (44). Interestingly, the opposite is associated with specific 

gene, H19, that codes for a group of long non-protein-coding RNAs (45), as its 

expression is induced during osteogenic differentiation in human MSC (44, 46). A 

recent study inducing forced expression of H19 in MSC cultured in non-osteogenic 

conditions, induced Runx2 transcription and osteogenic differentiation. It was 

reported that the induction of Runx2 was associated with a decline in HDAC 4 and 

5 (44). Overall, these recent findings and those observed in this thesis identify 

HDAC 5 as an important regulator of osteoblastogenesis. Furthermore, 

pharmacological inhibition of HDAC 5 and possibly other recently identified 

HDAC isoforms (HDAC 4 and HDAC 8) could be an effective therapy for bone 

regeneration in PD.  

6.2.4 A periodontitis model for future evaluation of HDACi in vivo 

 

Progression of these compounds into the clinical setting will require further 

investigations into their specific mechanisms of action, in addition to 

characterising their broader effects in vivo. However, determination of their effects 

in humans remains a challenge. Although analysis of gingival tissue provides 

valuable insight into HDAC distribution and expression, we are unable to evaluate 

the effects of HDACi. To this end, using an animal model of periodontitis to 

characterise and investigate future therapies can be very useful.  

 

Recently, a mouse model of PD was established in our laboratory for 

investigations into its pathogenesis and possible therapeutic options (47). With the 

induction of PD using pathogenic bacteria as the chronic inflammatory stimulus 

to propagate the immune response, a similar process of altered bone turnover 

occurs. Interestingly, this model induces a similar HDAC profile (Chapter 5) as 

that seen in human disease (29). Future investigations will utilize the results of this 

thesis to target individual HDACs and their effects on bone metabolism in this 

model. Further to this, isolation of pharmacological activity within the periodontal 

region to prevent off target effects could be achieved by using local local treatment 

techniques, such as the application of liposomal assisted drug delivery (50). This 
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process would involve HDACi being incorporated into ligand-targeted liposomes 

in an aqueous gingival paste. Upon administration, macrophagic cells of the 

ligand-targeted liposomes (osteoclast progenitors for example) would receive a 

local and specific dose of compound, improving efficacy and reducing the risk of 

off-target effects (50).   

 

As outlined in Chapter 5, HDAC 1 and 8 expression is significantly induced in 

experimental PD and is associated with increased numbers of TRAP-positive 

osteoclasts and alveolar bone loss. This finding is also consistent with the observed 

profile in human PD (29). HDAC 5 was largely expressed in mouse gingiva and 

did not vary between PD and control mice. As previously discussed, HDAC 5 

appears to negatively regulate osteoblastogenesis. Therefore, the observation of 

high and stable HDAC 5 expression indicates continued modulation over 

osteoblastic bone formation. As such, for reparative processes to commence, 

HDAC 5 repression may be required. This finding further supports the use of a 

HDAC 5 inhibitor as a pharmacological treatment for regenerative bone therapy. 

Conversely, HDAC 9 had minimal expression over the course of experimental PD. 

Recent investigations into the role of HDAC 9 in human osteoclasts identified it 

as a natural regulator and inhibitor of osteoclastogenesis (48). Therefore, it can be 

argued that osteoclastogenic processes are active in PD with low HDAC 9 

expression. As such, although suppressing HDAC 9 is not a plausible option, the 

induction of this isoform in conjunction with inhibition of other individual HDACs 

(such as HDAC 1 and 5) may be a potential therapeutic cocktail for further 

investigations.  
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6.3 Thesis Conclusion  

 

In summary, this thesis confirms the hypothesis that HDAC 1, 2 and 5 are key 

modulators of inflammation and bone loss, and that their selective inhibition may 

be an effective and well tolerated therapy targeting inflammatory induced bone 

loss. TNF stimulated osteoclast activity, and this was suppressed by targeted 

inhibition of HDACs 1 and 2 (Chapter 2 and 3). In addition, this targeted inhibition 

suppressed the inflammatory cascade induced by TNF in human monocytes 

(Chapter 3). HDAC 5 inhibition promotes mineralization by human osteoblasts by 

inducing the expression of important osteoblast genes, while opposing the 

suppressive effects of TNF on osteoblastogenesis in vitro (Chapter 4). 

Furthermore, a mouse model of PD accurately represents the current 

understanding of HDAC activity in disease (Chapter 5). Therefore, future 

investigations should utilize this model in addition to the findings produced from 

this thesis, to further elucidate the role of HDAC 1, 2 and 5 as potential therapies 

in inflammatory bone loss.  
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