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Periodontal disease and diabetes mellitus are two common conditions in the 

United States that appear to have a synergistically destructive effect on patients if 

present together.  As periodontal disease progresses, patients experience irreversible 

destruction of the alveolar bone supporting the teeth.  Osteoclasts (OCs), being the lone 

cell capable of resorbing bone, may have potentially altered function in diabetes.  This 

may account for the increased alveolar bone resorption seen in diabetic patients with 

periodontitis.  The aim of this study was observe differences in osteoclast differentiation 

and function, as well as soluble inflammatory mediator secretion in a murine model of 

type II diabetes (T2D). 

Eleven type II diabetic mice and eight normoglycemic mice were included in the 

test and control groups, respectively.  Bone marrow-derived osteoclast (BMOC) 

precursor cells were isolated from murine subjects and induced with recombinant 

murine soluble receptor activator of nuclear factor kappa-B ligand (rmsRANK-L) and 

recombinant murine macrophage colony stimulating factor (rmM-CSF) to differentiate 

into osteoclasts.  Osteoclasts were plated on bovine bone slices and allowed to degrade 

bone under normal conditions and under induction from lipopolysaccharide (LPS) 
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derived from Escherichia coli.  Bone degradation was measured with collagen 

telopeptide and cathepsin K enzyme-linked immunosorbant assays (ELISAs).  Bone 

slices were observed under scanning electron microscope (SEM) to identify bone 

resorption.  Soluble mediator analysis was used to detect pro-inflammatory cytokine 

activity.  Our results show that diabetic mice produced more multinucleated and giant 

cell osteoclasts than the normoglycemic controls.  Additionally, the diabetic osteoclasts 

secreted greater levels of cathepsin K and produced more collagen via bone resorption 

than the control group.  They also showed increased resistance to LPS-induced 

deactivation.  This study indicated that osteoclast production and function is significantly 

altered in diabetic mice with marked hyperglycemia and may account for augmented 

patterns of periodontal bone loss in diabetes. 
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CHAPTER 1 
INTRODUCTION 

The periodontium represents a unique surface in the body in which soft tissue 

joins hard tissue that is exposed to an external environment.  It is constantly populated 

by bacterial and viral pathogens that form a complex interaction with the host immune 

system.  If left untreated, this multispecies challenge can lead to progressive destruction 

of the tissues that support the teeth and eventually severe loss of alveolar bone support 

leads to tooth loss.  It is therefore the goal of periodontal therapy to maintain the 

periodontal tissues in a state of health, comfort, and function with minimal tooth loss. 

Diabetes mellitus, like periodontal disease, involves chronic inflammation and is 

just as complex.  Elevated levels of plasma glucose concentrations are a hallmark of the 

disease and can have many local and systemic complications.  One complication is its 

exacerbative effect on periodontal disease and periodontal wound healing.  Diabetic 

patients commonly display an increase in alveolar bone destruction via decreased 

osteoblast production, hyperexpression of pro-inflammatory cytokines and chemokines, 

and increased collagen degradation.  As osteoclasts are the sole cell capable of bone 

resorption, it is therefore possible that OCs have altered function in diabetes, which may 

also account for the increased periodontal destruction. 

We hypothesize that osteoclasts derived from a type 2 diabetic mouse will have 

altered differentiation and/or function when compared to normoglycemic controls.  

Additionally, they may have an altered response to bacterial endotoxin.  Therefore, the 

aim of this study was to use a murine model of T2D to compare osteoclast 

differentiation and function in a hyperglycemic environment. 
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CHAPTER 2 
BACKGROUND 

The Periodontium 

The periodontium refers to the tissues that invest and support the teeth including 

the gingiva, alveolar mucosa, cementum, periodontal ligament (PDL), and alveolar and 

supporting bone.  In a state of health, connective tissue and junctional epithelium form 

the attachment apparatus to the tooth, coronal to the alveolar bone crest.  The gingival 

sulcus is a shallow fissure surrounding the tooth lined by enamel, sulcular epithelium, 

and possibly cementum or dentin.  Also in health, a state of equilibrium exists between 

the commensal bacterial species that occupy the sulcus and the body’s innate and 

acquired defense mechanisms.  Alterations in any number of factors in the equilibrium 

of the periodontium can lead to disease and tissue destruction. 

Periodontal Disease 

 Periodontal diseases encompass a large number of afflictions of the periodontal 

tissues, including gingivitis and periodontitis.  Gingivitis is defined as inflammation of the 

gingiva.  Typical clinical presentation includes erythema, edema and bleeding of the 

gingiva.  It is reversible, however, and health can be reestablished with the proper 

control of the plaque and bacterial biofilm. 

Periodontitis is differentiated from gingivitis in that irreversible destruction of 

alveolar bone and soft tissue attachment to the teeth occurs as inflammation extends 

from the gingiva into the adjacent bone and ligament.  

The understanding of this disease has evolved tremendously over the past three 

centuries.  In 1776, Fauchard described it as “pyorrhea alveolaris” and believed that the 

alveolar bone was “infected” or necrotic.  Thus, periodontal therapy often involved 
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surgical removal of excessive amounts of bone and gingiva with the aim to remove 

infection.  Periodontitis is now understood to be a complex, chronic process that 

involves a host response to a polymicrobial invasion of the gingival sulcus.  As the 

disease progresses so do host defense factors change.  Initial disease is accompanied 

by neutrophil and lymphocyte migration to the site of microbial insult.  Later, as the 

diseased lesion becomes established, macrophage and plasma cell influx and collagen 

destruction can be observed.  Finally, in advanced or chronic disease, destruction of 

alveolar bone, connective tissue and PDL occurs as the lesion progresses apically. 

Etiology of Periodontal Disease 

Bacterial colonization 

 A large number of bacterial species populate the human oral cavity in both health 

and disease.1  The teeth are unique, however, in that they provide a non-shedding 

surface for bacterial colonization and proliferation.  The bacterial biofilm forms readily in 

the gingival sulcus.  It remains there in a protected state unless physically disrupted.  

Thus, daily disruption of the subgingival biofilm via tooth brushing, flossing or use of 

other interdental devices, as well as routine professional debridement are necessary to 

maintain this biofilm in a non-pathogenic state.   

 Bacterial colonization of the periodontal tissues occurs in steps that eventually 

lead to the formation of a mature pathogenic biofilm, a dynamic colony of 

microorganisms that adheres to a surface.  These steps include: 1) the binding of 

macromolecules to form a pellicle, a layer of molecules a bacterium can adhere to, 2) 

bacterial adherence to the pellicle, followed by 3) increase in the bacterial mass as 

more bacteria bind and multiply, 4) as the mass grows and oxygen gradient is created 

allowing anaerobic bacteria to thrive at the base of the biofilm. 



 

15 

 Deep in the gingival crevice nutrients from dietary sources and saliva are scarce 

and thus bacteria resort to destruction of host tissues for nutrition to survive.  These 

bacteria have proteolytic enzymes that enable them to obtain nutrients from the blood 

and gingival tissues around them.  This can in part explain the destructive nature of 

periodontal disease. 

 It is well documented that periodontal disease is not related to one specific 

bacterial species but rather a complex shift towards polymicrobial pathogenesis.  The 

subgingival microflora transitions from health, when gram-positive cocci and short rods 

predominate, to disease, in which gram-negative bacteria, vibrios and spirochetes 

predominate as the subgingival biofilm matures.2  Socransky and Haffajee identified 

several bacterial species that are most commonly found in periodontitis.  This includes 

what the authors termed the “red complex,” which consists of three anaerobic species, 

Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia.1  Other 

common periodontal pathogens include Prevotella intermedia, Fusobacterium 

Nucleatum and Aggregatibacter actinomycetemcomitans.   

 P. gingivalis, a non-motile, gram negative anaerobic rod, is particularly well-

studied for its many host virulence factors.  Virulence factors are molecules or 

mechanisms that allow the bacteria to uniquely adapt to the gingival crevice while often 

harming the host.  These include the use of two types of adhesion mechanisms, 

fimbriae and hemagglutanin.  P. gingivalis has the ability to cleave host defense 

proteins such as collagen, to dysregulate host immune function, and to invade 

neighboring epithelial cells.3  P. gingivalis also contains a lipopolysachharide (LPS) 

macromolecule within its cell wall that elicits an immune response from the host that is 
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designed to eliminate the intruder.4  Lipid A, also known as endotoxin, is a portion of the 

LPS that provokes this immune response that, when present in the bloodstream can 

lead to septic shock.  When bound to the Toll-like receptor 4 complex (TLR 4) it triggers 

the release of multiple pro-inflammatory cytokines, including tumor necrosis factor-alpha 

(TNF-α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6) and interleukin-8 (IL-8). However, 

the LPS found in oral gram-negative bacteria such as P. gingivalis elicits a far weaker 

immune response than say E. coli, which may in part account for its ability to evade host 

immune cells from eliminating the pathogen.4 

Host response to bacterial challenge 

 It is now understood that despite the presence of pathogenic bacterial species 

and absence of professional debridement, human host response to the polymicrobial 

challenge varies significantly and can lead to advanced disease in some patients and 

essentially no progression of disease in others.5  In fact, recognition that the host 

immune response significantly contributes to tissue destruction and alveolar bone 

destruction, which are hallmarks of the disease, has been a key concept in the last 

three decades. 

 Extensive evidence supports this hypothesis.  For example, gingival crevicular 

fluid (GCF) from diseased sites contains concentrations of cytokines and inflammatory 

mediators that are significantly higher than those found in the GCF from healthy sites.6  

In certain knockout mice, removal of certain molecules responsible for neutrophil transit 

to the site of infection leads to advanced periodontal disease, highlighting the 

importance of proper neutrophil function in health.7  Other studies suggest that an overly 

aggressive immune response leads to accentuated bone resorption.8, 9  In fact, Dayan 

and colleagues demonstrated that even in the absence of bacteria periodontal bone 
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loss can occur during the production of excessive levels of host inflammatory 

mediators.9 

Mechanisms of Alveolar Bone Destruction in Periodontitis 

Physiologic Bone Remodeling 

 Bone resorption and apposition are coupled, and in a healthy adult, are in a 

constant state of balance.  As osteoclasts resorb an area of bone, osteoblasts are 

signaled to come in and replace it.  The resorptive phase occurs over a 3-4 week 

period, while the formative phase occurs over a 3-4 month period.10  The reversal phase 

is a period in between the resorptive and formative phases in which cells that appear 

morphologically inactive line the lacunae.  The net result is a turnover of nearly 10% of 

the skeleton in a 1 year period.11   

Osteoblasts 

 Osteoblasts (OB) are the cells responsible for bone formation and are derived 

from mesenchymal cells.  Precursor cells differentiate into preosteoblastic cells via bone 

morphogenic proteins (BMPs), where after it matures into an osteoblast.  The osteoblast 

subsequently becomes an osteocyte by becoming trapped within a bony matrix, then 

dies or becomes a lining cell.10   

Osteoclasts 

 Osteoclasts (OCs) are derived from progenitor cells of the hematopoetic lineage.  

They gain access to the sites of action via the blood supply.  They are multinuclear 

cells, meaning they have more than 1 nuclei (typically more than 3), and can become 

giant osteoclasts, having 11 or more nuclei.  Osteoclasts can be identified via their 

expression of an osteoclastic enzyme called tartrate-resistant acid phosphatase 

(TRAP), which stains purple.   
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 The structure of the OC includes a clear zone and a ruffled border, which allows 

it to bind to bone and create a seal with the aid of integrins.  This sealed zone under the 

ruffled border ensures the resorptive process is localized under the OC.  A proton pump 

regulates the hydrogen ion concentration and pH within its microenvironment.   

Regulation and development of osteoclasts 

Several cells are involved in formation of osteoclasts, including osteoblasts or 

bone marrow stromal cells and lymphocytes.  There are 2 major molecules considered 

essential to OC formation (osteoclastogenesis):  macrophage colony-stimulating factor 

(M-CSF) and receptor activator of nulear factor kappa-B ligand (RANKL).  M-CSF is a 

cytokine released from osteoblasts as a result of endocrine stimulation from parathyroid 

hormone.12  It binds to receptors on osteoclast precursor cells (OPC) and induces 

differentiation into OCs.  RANKL is a membrane-bound protein found on stromal cells, 

OBs, or lymphocytes and directly binds to its receptor, RANK, to induce differentiation.  

We now know that RANKL “instructs” the osteoclast precursor cell (OPC) to differentiate 

into an active osteoclast in the presence of M-CSF and in the absence of granulocyte 

and macrophage colony-stimulating factor (GM-CSF).12  Osteoprotegrin (OPG), which is 

also produced by OBs, binds to RANK and competitively inhibits RANKL from binding, 

effectively inhibiting osteoclastogenesis. 

Osteoclast resorption of bone 

 Bone is composed of approximately 70% mineral content and 30% organic 

content, the majority of which is type I collagen.11  Bone resorption begins with the 

osteoclast binding to the bony matrix via F-actin forming an actin ring along the ruffled 

border, creating a seal.13  The proton pump then produces hydrochloric acid (HCL) to 

dissolve the hydroxyapatite-laden mineralized content.  Meanwhile, the organic 
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component of bone is degraded by a number of enzymes released by the OC, but the 

primary enzyme is cathepsin K.  Degraded collagen fragments are then transported to 

the extracellular matrix through vesicles. Specific cross-linked collagen fragments, 

called collagen c-terminal telopeptides, can be identified using immunoassays and are 

good markers for identifying active bone resorption. 

 The size of the OC and number of nuclei may or may not be relevant to its 

resorptive capacity.  Piper and colleagues observed a positive correlation between the 

number of OC nuclei and the volume of the resorptive pit that it made.  However, Lees 

et al. observed no difference in resorption per nuclei when comparing small osteoclasts 

(2-5 nuclei) to large ones (10+ nuclei).14, 15  It is more likely that the size of the cell as a 

whole is more relevant to its resorptive capacity than the number of nuclei. 

Osteoimmunology 

Innate immunity 

 The innate immune system is a first line of defense against invading pathogens.  

It involves recognition of pathogens via pattern recognition receptors such as toll-like 

receptors (TLRs), which are expressed in macrophages, dendritic cells, B cells, and 

certain types of T cells.  Once a pathogen is recognized, TLRs initiate signaling 

pathways that include pro-inflammatory cytokines to help promote elimination of the 

invading organism.  The activation of TLRs in committed osteoclast precursors, mature 

osteoclasts and osteoblasts results in increased osteoclastogenesis and is the most 

likely mechanism by which pathogen-induced bone loss occurs.12  Interestingly, Kollet et 

al. showed that stress induced by bacterial LPS resulted in the appearance of many 

osteoclasts to the endosteum and mobilization of many osteoclast progenitor cells from 

the bone marrow to circulation.16 
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 It is important to recognize that under normal physiologic conditions, certain 

cytokines will have pro-inflammatory and pro-osteoclastic bone resorptive effects.  

These include interleukin 1 (IL-1), IL-6, IL-11, IL-15, and TNF-α.  Other cytokines have 

similar inhibitory effects on bone resorption and include IL-4, IL-10, IL-12, and interferon 

gamma (IF-γ).17  IL-1, in particular, is a potent pro-inflammatory bone resorptive agent 

commonly identified in periodontal disease.  In fact, humans with genetic 

polymorphisms of this cytokine that in increased levels upon bacterial challenge exhibit 

greater severity of periodontal disease.18 

 Certain chemokines can also contribute to osteoclastogenesis.  Macrophage 

inflammatory protein-1α (MIP-1α) is expressed in bone and bone marrow cells and 

directly induces osteoclastogenesis through its receptors.  Monocyte chemoattractant 

protein-1 (MCP-1) is another chemokine that is expressed by OBs and induce OC 

formation.  Other pro-inflammatory chemokines include regulated upon activation 

normal T-cell expressed and secreted (RANTES) and interferon inducible protein 10 

(IP-10).  IP-10 may serve as a chemoattractant for inflammatory cells such as 

monocytes/macrophages and T cells and is involved in bone resorption.19 

T cell regulation 

 While the osteoblast is the primary expressor of RANKL, activated T cells can 

also directly express RANKL.  Additionally, they can indirectly induce RANKL 

expression in OBs via cytokines, resulting in increased osteoclastogenesis.12 

LPS-induced osteoclast deactivation   

Most studies support the notion of LPS inducing osteoclastogenesis.20-22  

However, two recent studies have suggested that bacterial LPS actually inhibits 
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osteoclastic precursor cells from differentiating into mature osteoclasts.23, 24  It remains 

controversial as to which mechanism is true. 

Mechanisms of increased bone resorption in inflammation and periodontitis 

 It is apparent that chronic periodontitis results from the hosts inflammatory 

destruction of its own tissue in response to a chronic bacterial infection of the 

periodontium.  The bone resorption/apposition process, normally in equilibrium, is 

pushed towards resorption and results in irreversible destruction of alveolar bone.  As 

the only cell capable of bone resorption, osteoclasts are involved in the pathogenesis of 

bone resorption in periodontitis.  

   Certain pro-inflammatory cytokines may play a key role in increased 

inflammatory bone resorption.  For instance, while Preiss et al. showed that IL-1β is 

increased at periodontitis sites, Hou and colleagues demonstrated reduced levels of IL-

1β after periodontal therapy.25, 26  Other inflammatory mediators and host-derived 

enzymes that have been found in higher concentrations at periodontitis sites include IL-

6, prostaglandin E2 (PGE2), and collagenases.27-31 

Diabetes Mellitus 

 Diabetes mellitus is a group of metabolic diseases that represent disorders 

affecting the metabolism of lipids, proteins, and carbohydrates.  The underlying 

common feature of all forms of diabetes is an elevation in blood glucose levels.  

Hyperglycemia results from either an inability to produce insulin, deficiency in insulin 

effect to the target tissues, or both.  Chronic hyperglycemia leads to damage to and 

potential failure of multiple vital organs, including the kidneys, eyes, heart, nerves, and 

vascular system. 
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Physiological Action of Insulin and Glucagon 

 Plasma glucose is regulated over a normal range of 55-165 mg/dL during the 

course of 24 hours.  Insulin is primarily responsible for glucose regulation and 

homeostasis and has major effects on muscle, adipose tissue and the liver.  The insulin 

receptor is a protein that consists of two α-subunits and two β-subunits that must be 

able to autophosphorylate and phosphorylate intracellular substrates in order to mediate 

the complex cellular responses to insulin.   

Insulin is secreted by pancreatic β cells directly into portal circulation, whereby it 

suppresses hepatic glucose output by stimulating glycogen synthesis, a storage 

mechanism for plasma glucose.  It also inhibits glycogenolysis and gluconeogenesis, 

effectively decreasing plasma glucose concentrations.  Insulin is an anabolic hormone 

that promotes lipid synthesis and suppresses lipid degradation.  Target tissues for 

glucose use include the brain, liver, intestines, and muscle. 

Glucagon is also an important mediator of glucose homeostasis, whereby 

inhibition of glugagon secretion causes a profound reduction in endogenous glucose 

production and a reduction in plasma glucose concentrations.  As a consequence of 

diabetes, hyperinsulemia inhibits glucagon production, thus suppressing hepatic 

glucose production.32 

Classification of Diabetes  

Classification of diabetes is based on the pathophysiology of hyperglycemia.  Type 

1 diabetes (T1D), which accounts for 5-10% of all diabetic cases, results from an 

autoimmune destruction of pancreatic beta cells and results in absolute insulin 

insufficiency.  It is usually diagnosed early in life with peak incidence at 10-14 years of 
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age.  Patients with Type 1 diabetes typically require daily exogenous insulin 

supplementation to sustain life.32 

Type 2 diabetes (T2D), previously known as non-insulin-dependent diabetes, 

occurs as the normal target tissues for insulin action develop resistance to insulin.  Type 

2 diabetic patients often have altered insulin production as well.  Early in the disease 

insulin production is often increased due to insufficient effect at target tissues, resulting 

in increased insulin production.  Chronic increased insulin demand leads to β cell 

dysfunction, which later leads to deficient insulin production and a relative insulin 

deficiency.  At this point exogenous insulin supplementation is often required.  However, 

complete destruction of the pancreatic β cells does not occur and the patients retain 

some ability to produce insulin.33 

Most patients with T2D are obese and have an excess of body fat in the 

abdominal region.  Adipose tissue plays a predominant role in insulin resistance.  

Elevated circulating levels of free fatty acids inhibit glucose uptake, glycogen synthesis, 

and glycolysis.34  This also increases hepatic glucose production.  The risk of 

developing T2D increases with age, obesity, previous history of gestational diabetes, 

and lack of physical activity.32 

Diagnostic Criteria for Diabetes 

 The level of blood glucose used to diagnose diabetes is based on the level of 

glucose above which microvascular complications have been shown to increase.  As an 

example, the risk for developing a retinopathy increases when the fasting plasma 

glucose concentration exceeds 108-116 mg/dL, when the 2-h postprandial (after meal 

consumption) level rises above 185 mg/dL, and when the hemoglobin A1c level is 

greater than 5.9–6.0%.32 
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 There are currently three diagnostic criteria for diagnosing diabetes, and each 

positive laboratory value must be re-tested and confirmed on a separate day.  These 

include (1) a plasma glucose concentration of ≥ 200 mg/dl at any point in the day 

without regard to last meal along with symptoms of diabetes (polyuria, polydipsia and 

unexplained weight loss)  (2) fasting plasma glucose level (fasting for 8 h) ≥ 126 mg/dL 

and (3) 2 h post load glucose level of ≥ 200 mg/dL during an oral glucose tolerance 

test.35 

 The HbA1c test measures the amount of glycated hemoglobin in the 

bloodstream.  Glycated hemoglobin forms in erythrocytes as a product of a reaction 

between hemoglobin and glucose, and remains for the lifespan of the erythrocyte, 

approximately 123 days.36  HbA1c values rise with elevated levels of plasma glucose 

concentrations and are accurate measures of glycemic control over a 1-3 month period.  

However, due to lack of standardization of the assay performed for testing it is not 

included as a diagnostic criteria for diabetes.32  A normal value for HbA1c is <6.0% and 

the recommended target values for diabetics is <7.0%. 

Clinical Presentation of Diabetes 

  Type 1 diabetes generally presents with an abrupt onset.  Due to the altered 

osmolarity caused by chronic hyperglycemia, patients will have frequent urination 

(polyuria), followed by frequent thirst (polydispia), hunger (polyphagia) and also 

unexplained weight loss.  During periods of extreme hyperglycemia, patients can 

experience ketoacidosis, causing nausea, vomiting, and various levels of altered 

consciousness.32 

 Type 2 diabetic patients can typically be asymptomatic or experience polydispia 

and polyuria. They can also present with acute skin infections such as candidiasis.  
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Type 2 patients are typically obese and their symptoms can go unnoticed for many 

years until diagnosis, at which point significant systemic complications may have 

already occurred.     

Complications of Diabetes 

 In periods of hyperglycemia the plasma glucose concentrations can exceed the 

capacity of the kidneys to recapture glucose.  Glucose excretion in the urine can lead to 

severe dehydration.  If insulin production is deficient as in T1D, ketone formation in the 

liver can lead to ketoacidosis, a potentially life-threatening condition.  Vascular 

complications as a result of narrowing of vascular lumens are commonly seen as well 

and can lead to complications of the brain, heart, and limbs. Nephropathies and 

retinopathies of the kidneys and eyes are also common.  Lastly, nerve involvement 

results in diabetic neuropathy, which commonly affects the peripheral limbs and can 

result in amputation.32 

Periodontal Effects of Diabetes 

 Diabetes has significant effects on the periodontium and renders treatment of 

periodontal disease in a diabetic patient challenging.  Cianciola et al. observed that the 

prevalence of gingivitis in T1D children was higher than age-matched non-diabetics with 

similar plaque levels.37   

 Biologic mechanisms of complications:  Several mechanisms have been 

proposed to explain the increased prevalence and severity of periodontitis in diabetic 

patients.  First, impaired neutrophil chemotaxis has been demonstrated in diabetics with 

periodontal disease.38  Other authors have shown a hyperresponsive production of 

pro-inflammatory cytokines in response to bacterial LPS, such as TNF-α and IL-1β.39, 40 

Further, the chronic state of hyperglycemia of the diabetic patient leads to the formation 
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of advanced glycated end-products (AGEs) via the non-enzymatic glycation of proteins 

and lipids.  The accumulation of these long-lived proteins also leads to a chronic hyper 

inflammatory state involving cytokines and free radicals. 

 It is known that high plasma glucose concentration leads to high glucose 

concentration in the gingival crevicular fluid and this impairs the wound healing capacity 

of fibroblasts in the periodontium, which are responsible for maintaining tissue health.  

Additionally, Frantzis et al. observed increased thickness of gingival capillaries in 

diabetics, which potentially limits oxygen and nutrient diffusion and limit the defense 

capacity of the periodontal tissues.41  Finally, impaired collagen production and 

degradation in diabetics may alter the response to microbial insult.42, 43 

  Glycemic control:  Literature has consistently shown that in regards to common 

periodontal parameters and/or response to periodontal therapy, diabetics with good 

glycemic control are similar to non-diabetics, while poorly controlled diabetics respond 

less favorably.  Cutler and colleagues showed that poorly controlled diabetics showed 

the greatest amount of gingival inflammation.44  Other studies suggest that with similar 

plaque conditions, adult subjects with long-term poorly controlled diabetes lost more 

approximal attachment and bone than the subjects with better metabolic control.45  A 

longitudinal study of diabetic Pima Indians observed that poor glycemic control of type 2 

diabetes with HbA1c ≥ 9% was associated with an 11-fold increased risk of progressive 

bone loss compared to the non-diabetic controls.  Well-controlled diabetic subjects 

(HbA1c <9%) had no significant increase in this risk.46 

Bone Metabolism in Diabetes 

 Hyperglycemia also has marked effects on bone metabolism.  This includes 

inhibition of osteoblastic cell proliferation and collagen production.47  Overall, diabetics 



 

27 

display poorer bone quality with decreased mineral content and mineralization rate.  

Also, osteoclasts show increased numbers and function, while mesencymal stromal 

cells and osteoblasts are down-regulated or diminished.  Additionally, microvasculature 

leads to poor blood flow and diminished healing.48-51 

Mouse Model for Type 2 Diabetes 

 In periodontal disease, human studies have traditionally been limited by the 

difficulty in establishing relationships between periodontal breakdown and causative 

factors.  Additionally, there are ethical limitations of inducing disease in an otherwise 

healthy individual.  Thus, animal models are often utilized in periodontal research.  

Along with testing cause-and-effect relationships, animal models can be utilized for tests 

of principle to establish advanced therapeutics.  However, no perfect animal model 

exists, as periodontal disease involves complex host factors together with complex 

pathogen mechanisms and interactions.  The selection of an animal model should 

therefore be optimized to the goals of the study and should not necessarily reflect all 

aspects of periodontal disease.52 

Rodent models have several useful features for investigating the underlying 

mechanisms involved in inflammatory diseases.  The existence of rodent strains with 

targeted genetic deletions allows investigators to isolate factors that may play a role in 

overlying diseases, such as diabetes.  The db/db murine model is a useful animal model 

for diabetes.  The db/db mouse has a point mutation in the leptin receptor gene that 

provides a deficiency in the leptin receptor.  This receptor is responsible for the 

regulation of the leptin hormone, which controls food intake and energy expenditure.  

Knockouts for this receptor gene lead to an increase in appetite and consequently 

obesity and rapid development of type 2 diabetes.  The mice develop significant obesity 
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at 6 weeks of age and are hyperglycemic and hyperinsulinemic at fasting.53  The aim of 

this study is to use a murine model of T2D to test for alterations in osteoclast 

differentiation and function in a bacterial LPS-induced and non-induced state.   
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CHAPTER 3 
MATERIALS AND METHODS 

Mouse Models 

The test group for this study included db/db (type 2 diabetic) mice on a 

C57BL/KSJ background.  The control mice consisted of C57BL/6 (B6 - normoglycemic) 

mice, all purchased from the Jackson Laboratory (Bar Harbor, Maine).  Experiments 

were initiated when the mice were 10–11 weeks old and diabetic for approximately 20 

days. The degree of hyperglycemia was similar among mice in the diabetic group 

typically having plasma glucose concentrations of 400–450 mg per dL. Glycated 

hemoglobin levels were 10%–15% for db/db mice and under 5% for normoglycemic 

littermates. 

All mice were maintained in a specific pathogen-free (SPF) environment at the 

breeding facilities of the University of Florida.  Blood glucose levels were measured at 

time of sacrifice with the Ascensia Contour Blood Glucose Meter (Bayer).  Bone marrow 

and pancreata were harvested from female mice aged 10-12 weeks of age. All 

experimental procedures were approved and conducted in accordance with the 

guidelines of the University of Florida Institutional Animal Care and Use Committee 

(IACUC).  

Osteoclast Differentiation 

The isolation and differentiation of murine osteoclasts first involved harvesting 

bone marrow from the specimens.  Upon euthanasia, femora and tibiae were surgically 

isolated, excess tissue removed, and marrow expelled from bones using a syringe with 

α-MEM complete media (Sigma-Aldrich) [10% fetal bovine serum (Mediatech), 1% L-

glutamine (Thermo Scientific), 1% penicillin/streptomycin/amphotericin B (Fisher)]. In 
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order to induce differentiation into osteoclasts, cells were seeded in T75 flasks at a 

concentration of 1.5 x 106 cells/mL supplemented with 5 ng/mL recombinant murine 

macrophage colony stimulating factor (rmM-CSF) (Peprotech, Rocky Hill, NJ). Cells 

were allowed to culture for 24 h at 37oC in a 5% CO2 incubator.  Non-adherent cells 

were removed and 5.9 x 105 cells/mL of adherent cells were seeded in 24-well plates on 

either UpCell tissue culture plastic (Nunc, Rochester, NY), glass coverslips (Fisher 

Scientific, Waltham, MA), or 1 cm2 bovine bone slices cut with an Isomet Low Speed 

Saw (Buehler, Lake Bluff, IL). All cultures were supplemented with 10 ng/mL rmM-CSF 

and 50 ng/mL recombinant murine soluble receptor activator of nuclear factor kappa-B 

ligand (rmsRANK-L) (Peprotech) and allowed to culture for 6 days with complete media 

refreshed every 3 days.  

Tartrate-resistant Acid Phosphatase Staining 

After 6 days of differentiation, cells underwent a staining process for tartrate-

resistant acid phosphatase (TRAP) in order to determine the quantity and variety of 

cells that were obtained.  Cells plated on glass coverslips were fixed with 2% 

paraformaldehyde/PBS (Fisher Scientific) for 15 min.  Cells were washed 2 times with 

PBS and permeablized for 10 minutes in 0.5% Triton X-100/PBS (Fisher Scientific).  

The cells were then washed and probed for TRAP [1:1:1:2:4 Fast Garnet GBC Base 

Solution:Sodium Nitrite Solution:Napthol AS-BI Phosphate Solution:Tartrate 

Solution:Acetate Solution] (Sigma Aldrich, St. Louis, MO) for 1 hour in the dark at 37oC.  

The cells were washed with de-ionized H2O and covered with glass coverslips mounted 

on glass slides with MOWIOL 4-88 solution (Calbiochem, San Diego, CA).  The TRAP 

positive cells (purple in color) were counted according to number of nuclei present: pre-
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osteoclasts (1 nucleus), multinucleated osteoclasts (2-10 nuclei), and giant osteoclasts 

(11+ nuclei) using light microscopy at 40x magnification. 

Osteoclast Stimulation 

Osteoclast function was examined under normal conditions and under 

lipopolysaccharide (LPS) stimulation.  To do this, media was refreshed with α-MEM 

complete media supplemented with 10 ng/mL rmM-CSF and 50 ng/mL rmsRANKL.  

Cells were allowed to resorb bovine bone for 72 h in the presence or absence of 

1ug/mL Escherichia coli LPS (Sigma Aldrich).  Cultures were permeabalized with 1% 

Triton X-100 for 10 min.  Supernatants were stored at -80oC until cathepsin K ELISA, 

collagen type I telopeptide ELISA, and Luminex cyto/chemokine analyses were 

performed.  Bone was made devoid of cells with 10% sodium hypochlorite/PBS for 10 

min after which they were washed with PBS and stored in Trump’s fixative (Fisher 

Scientific) at 4oC until SEM could be performed.   

Scanning Electron Microscopy 

SEM was utilized to identify the bone resorption process on bovine slices.  As 

each osteoclast resorbs bone it leaves pits that are visible under SEM, which can then 

be counted.  Bone slices were sputter-coated with gold and visualized with S-4000 FE-

SEM scanning electron microscope (Hitachi, Santa Clara, CA).  Three random scanning 

electron micrographs (8-bit grayscale) of bone slices were acquired at 40x magnification 

with a 2048 x 1594 resolution and pits were defined as “scalloped” areas with clearly 

identifiable borders.  Identical procedures were applied to every image from all 

experimental groups utilizing NIH ImageJ software to quantify the surface area 

resorbed.  Prominent repeating elements in the frequency domain were identified and 

removed after which the inverse fast Fourier transformation was applied yielding the 
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original image with reduced saw marks.  The CLAHE algorithm was used to increase 

contrast (block size: 256, histogram bins: 255, maximum slope: 8), and a Gaussian blur 

(σ: 8 pixels) was applied to the result. The rolling ball algorithm was applied (radius: 100 

pixels) to achieve background intensity equalization. A threshold value was used to 

convert the result to a 1-bit image (0: normal bone, 1: region of resorption) used for 

quantitative analysis.  Images which contained prominent artifacts spanning 5% or more 

of the total area were not included for data analysis.   

Collagen Telopeptide Enzyme-linked Immunosorbant Assay 

The collagen telopeptide ELISA measures an end-point of bone resorption and 

was therefore used to determine bone resorption activity quantitatively from each 

sample.  Collagen carboxy-terminal telopeptides were detected using an ELISA 

according to manufacturer instructions (Immunodiagnostic Systems, Scottsdale, AZ).  

Supernatants were pre-incubated with both a biotin-conjugated anti-telopeptide and a 

horseradish-peroxidase (HRP) conjugated anti-telopeptide and incubated 2 h in an 

ELISA plate coated with streptavidin (SAV).  Following five washes, a 

tetramethylbenzidine (TMB) substrate was used to develop for 1 hr followed by 

quenching with H2SO4.   Colorimetric reactions were then detected using a Benchmark 

Microplate Reader spectrophotometer (Bio-Rad, Hercules, CA) set at a dual wavelength 

reading of 450 nm with a reference of 655 nm to quantify the results.  Microplate 

Manager Software (Bio-Rad) and a standard curve were used to determine nM 

concentrations. 

Cathepsin K ELISA 

Cathepsin K is a protease enzyme expressed by osteoclasts with the ability to 

catabolize elastin, gelatin, and collagen, allowing it to break down bone and cartilage.  
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Active cathepsin K was thus targeted quantitatively in all samples and was detected 

using an ELISA according to manufacturer instructions (Alpco, Salem, NH).  

Supernatants pre-incubated with HRP-conjugated anti-cathepsin K were added to an 

ELISA plate pre-coated with polyclonal sheep anti-cathepsin K and allowed to incubate 

overnight.  Following five washes, a TMB substrate was used to develop for 30 minutes 

followed by quenching with STOP solution (Cell Signaling Technology, Danvers, MA).  

Colorimetric reactions were detected using a Benchmark Microplate Reader 

spectrophotometer (Bio-Rad) set at a dual wavelength reading of 450 nm with a 

reference of 655 nm.   Microplate Manager Software (Bio-Rad) and a standard curve 

were used to determine pM/L concentrations of active cathepsin K. 

Soluble Mediator Analysis 

Cytokines and chemokines from resorption supernatants were detected and 

quantified in order to observe any possible differences in signaling pathways between 

the type 2 diabetic and normoglycemic mice.  This was done using a mouse 22-

cyto/chemokine multiplex (Millipore, Billerica, MA).  Supernatant and antibody-coated 

beads were allowed to incubate overnight at 4o C in a 96-well primed plate.  Following 

three washes, biotinylated detection antibodies were allowed to incubate for 1 h, after 

which SAV-phycoerythrin (PE) was allowed to incubate for 30 min.  All incubations 

occurred while gently shaking.  Following three washes, beads were resuspended in 

sheath fluid and reactivity acquired using a Luminex 200 IS system with Xponent 

software (Millipore).  Milliplex analyst software (Viagene Tech, Carlisle, MA), 5-

parameter logistics and a standard curve were used to determine pg/ml concentrations. 
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Figure 3-1.  Example of a db/db mouse.  Deficient leptin receptors rendered the mice 

obese and development of T2D ensued.  Mice were sacrificed at 10-11 weeks 
old. 
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3-2.  Example of TRAP staining.  TRAP staining revealed A) Pre-osteoclasts 
(1 nucleus), B) Multi-nucleated osteoclasts (2-10 nuclei), and C) Giant 
osteoclasts (11+ nuclei) 
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3-3.  Cathepsin K ELISA.  ELISA was performed according to manufacturer instructions 
(Alpco).  Colorimetric readings were then taken using a Benchmark 
Microplate Reader spectrophotometer (Bio-Rad) set at a dual wavelength 
reading of 450 nm with a reference of 655 nm. 
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CHAPTER 4 
RESULTS 

Diabetic Mice Had Higher Plasma Glucose Concentrations 

Eleven db/db mice were included in the test group and 8 B6 mice were included in 

the control group.  In order to identify hyperglycemic status in the experimental and 

control groups, we measured blood glucose concentrations just before animal sacrifice.  

Db/db mice exhibited significantly higher (p <0.05) plasma glucose concentrations 

compared to the control B6 mice (Figure 4-1). 

More Osteoclasts Derived From T2D Bone Marrow 

In order to induce differentiation of the bone marrow isolates into osteoclasts, cells 

were supplemented with rmM-CSF and RANK-L for 6 days.  TRAP staining and 

subsequent cell counting under microscopic examination revealed significantly higher 

counts of differentiated multinucleated osteoclasts in the db/db group compared to the 

B6 group (Figure 4-1).  Db/db mice also showed significantly more formation of giant 

osteoclasts than the B6 controls. 

T2D-derived OCs Secrete More Cathepsin K and Degrade More Collagen 

 In order to determine if osteoclasts from the T2D mice secrete more cathepsin K 

and degrade more collagen than the normoglycemic mice, we plated the cells onto bone 

slices and allowed them to resorb bone under induction and non-induction from E. coli 

LPS.  Figure 4-2 reveals that osteoclasts derived from the T2D group secreted more 

cathepsin K than those derived from the B6 mice.  The difference was statistically 

significant (p <0.05).  Diabetic mice also degraded significantly more collagen than the 

controls. 
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T2D-derived Osteoclasts Are Less Responsive to LPS-induced Deactivation 

Under direct stimulation from LPS, we observed a decrease in cathepsin K 

expression in normoglycemic mice, but no reduction in expression from db/db 

osteoclasts (figure 4-4).  This difference in reduction was statistically significant (p 

<0.05).  Additionally, significantly more reduction in collagen production from 

osteoclastic bone resorption was seen in the test group compared to the B6 group, 

which had no reduction in degradation. 

T2D Cultures Secrete Elevated Levels of Pro-Inflammatory/Pro-Osteoclastic 
Mediators 

 In order to observe differences in secretion levels of pro-inflammatory and pro-

osteoclastic mediators, soluble mediator analysis was performed via Luminex 

technology.  Significantly higher levels of several pro-inflammatory and pro-osteoclastic 

mediators were produced by the db/db mice (p <0.05) (figure 4-3).  These include G-

CSF, IL-1α, IL-6, IP-10, TNF-α, RANTES, and MIP-1α.  Under stimulatory conditions 

with E. coli LPS, we observed significantly higher secretory levels of CSF, IL-1α, MCP-

1, IP-10 and MIP-1α in diabetic mice, when compared to the B6 group (p <0.05) 

(figure 4-5). 
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4-1.  Differentiation of osteoclast precursor cells.  Db/db mice produced more A) 

multinucleated osteoclasts, B) giant osteoclasts, and C) had higher plasma 
glucose concentrations before sacrifice.  *p < 0.05 
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4-2.  Diabetic mice displayed more bone resorption.  A) Bone degradation in db/db 
group produced significantly more collagen.  B) Db/db mice secreted more 
cathepsin K enzyme.  C) Plasma glucose levels for db/db mice were well 
above the 250 mg/dL threshold.  *p < 0.05 
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4-3.  Soluble mediator analysis, non-LPS-induced.  Db/db mice secreted more A) G-
CSF, B) IL-1α, C) IL-6, D) IP-10, E) TNF-α, F) RANTES, and G) MIP-1α.  No 
significant differences in secretory levels of H) KC, and I) MCP-1.  *p < 0.05 
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4-4.  Change in bone degradation after LPS induction.  Production of A) Collagen and, 
B) Cathepsin K decreased in the B6 control group in response to E. coli LPS, 
while the db/db group did not respond. 
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4-5.  LPS-induced changes in soluble mediators.  Db/db subjects continued to secrete 

high levels of A) G-CSF, B) 1L-1α, C) MIP-1α, and D) MCP-1.  E) B6 mice 
secreted higher levels of IP-10 when compared to the db/db group.  No 
difference was seen in levels of G) KC, H) RANTES, and I) TNF-α.  *p<0.05 
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CHAPTER 5 
DISCUSSION 

 In the present study, leptin receptor-deficient mice developed overt 

hyperglycemia and subsequent type II diabetes mellitus.  When bone marrow derived 

osteoclast (BMOC) precursor cells were allowed to differentiate under induction from 

RANKL, a significantly higher volume of osteoclasts were produced when compared to 

normoglycemic mice.  We believe that the increased differentiation of osteoclasts 

accounts for the significantly elevated production of the cathepsin K enzyme, which is 

then responsible for the increased rate of bone degradation into collagen, as observed 

in the present data. 

One possible explanation for increased BMOC differentiation is that the db/db 

osteoclastic precursor cells are potentially more sensitive to RANK-L and thus under the 

same levels of available RANK-L, more db/db-derived cells differentiate into 

osteoclasts.  

 In periodontal disease, destruction of the periodontal attachment apparatus and 

alveolar bone commonly occurs on a site-specific basis.  Socransky and colleagues  

postulated a “burst theory” in which they hypothesized that periodontal destruction 

occurs rapidly at some points in time with intermittent periods of relative latency.54  The 

established periodontal lesion involves a complex interaction of inflammatory cells, 

including plasma cells, polymorphonuclear cells (PMNs), macrophages, and dendritic 

cells, to name a few.55  If these served as alternative sources for low-level secretion of 

RANKL and diabetic osteoclastic precursors were indeed more sensitive to RANKL, 

they would potentially be induced to form more osteoclasts in the site of active 

inflammation.  Increased presence of osteoclasts would then shift the homeostatic 
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regulation of bone metabolism towards greater destruction and loss of supporting bone.  

The combination of RANK-L sensitive osteoclast precursors and low-level secretion of 

RANK-L from the periodontal lesion would explain the site specificity of bone loss to the 

periodontium.  

In this study, diabetic mice secreted elevated levels of pro-inflammatory 

chemokines and cytokines.  Additionally, when compared to the B6 control mice, they 

secreted more soluble mediators that promote osteoclastogenesis.  This is consistent 

with previous literature in which diabetic patients exhibit hyper-expression of pro-

inflammatory soluble mediators.40, 56, 57 

 A recent study by Liu et al. indicated that LPS induction deactivates osteoclastic 

bone resorption.58  In contrast, db/db osteoclasts in the present study did not show an 

LPS-induced deactivation.  The OCs effectively overcame the tolerance to LPS and 

continued to resorb significantly more bone than the control mice, while also secreting 

higher levels of pro-inflammatory and pro-osteoclastogenetic cytokines and 

chemokines.  This vicious cycle of increased bone resorption may in fact account for the 

increased rate of alveolar destruction seen in diabetics with periodontal disease. 

 The question exists as to whether increased expression of osteoclasts in the 

db/db mice is a result of their genetic background or of their severe hyperglycemic state.  

If the latter is true, it would account for the fact that periodontitis is more manageable 

and less severe in well-controlled diabetics.  Well-controlled diabetics respond as well to 

periodontal therapy as normoglycemic patients do.59, 60  Furthur studies are needed to 

determine if db/db mice produce similar amounts of osteoclasts in less extreme 
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hyperglycemic conditions.  This would involve testing the same db/db mice against a 

control group before the db/db mice develop overt hyperglycemia.
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