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With 55 million prescriptions issued each year, bisphosphonates are the second 

most prescribed class of drug in the United States. They are widely used to treat diseases 

with excessive osteoclastic resorption, including post-menopausal osteoporosis, Paget’s 

disease, and tumor metastasis to bone.  Unfortunately, with long term intravenous 

administration of nitrogen-containing bisphosphonates some patients develop 

bisphosphonate-related osteonecrosis of the jaw (BRONJ).  This debilitating disease has 

limited treatment options once it has manifested and no mechanism for its development 

has been elucidated.   This dissertation explores the novel concept that bisphosphonates 

cause osteonecrosis of the jaw by impairing osteocyte-induced osteoclastogenesis and, 

through the physical accumulation of bisphosphonates in bone, impairing the ability of 

recruited osteoclasts to attach thereby arresting bone healing. Furthermore, it explores the 

possibility that chelating agents can be used for the removal of bisphosphonate 

attachment from bone systemically and locally during extractions, potentially leading to a 

future preventive treatment. 

 It was found that 13 weeks of 80 µg/kg intravenous tail vein injections of 

Zoledronate followed by two mandibular molar extractions caused the clinical 

presentation of BRONJ as analyzed by the gross, radiographic, and histological methods.  

Bone dynamic parameters and TRAP staining suggested an impaired ability for the bone 



 

 

to remodel and defective osteoclast attachment in treated groups that persisted eight 

weeks after the cessation of treatment.  Additionally, it was found through the use of a 

fluorescently tagged bisphosphonate, that the decalcifying agents cadmium, EDTA, and 

citric acid all had the ability to cause the significant release of bound bisphosphonate 

from bone.  Finally, this dissertation showed that the migration of monocytes treated with 

low doses of Zoledronate had increased migration, while their migration to conditioned 

media of osteocytes treated with Zoledronate was impaired.   

Collectively, these data suggest that invasive trauma by itself consistently 

precipitated massive bone necrosis in Zoledronate treated animals, possibly through a 

bisphosphonate driven alteration of monocyte migration and that the use of decalcifying 

agents could acutely remove bisphosphonate from bone both systemically and locally. 

This study establishes an effective rodent model for BRONJ and a possible preventive 

strategy for the side-effects of bisphosphonates during high-risk situations. 
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I. INTRODUCTION  
 

A. Statement of the Problem  
 

With 55 million prescriptions issued each year, bisphosphonates are the second most 

prescribed class of drug in the US
1
. They are widely used to treat diseases with excessive 

osteoclastic resorption, including post-menopausal osteoporosis, Paget’s disease, and tumor 

metastasis to bone
2
.  Bisphosphonates are effective antiresorptive agents due to their high affinity 

for bone and their ability to inhibit osteoclast function.  However, recent studies have found that 

long term, intravenous treatment with the more potent nitrogen-containing bisphosphonates has 

been linked to a condition called bisphosphonate-related osteonecrosis of the jaw (BRONJ)
3
, 

especially after invasive dental procedures.  This disfiguring and untreatable side effect has a 

seven percent incidence rate in patients receiving long-term Zolendronate (Zol) treatments
3,4

. A 

critical barrier to progress in the development of treatment for BRONJ is that the 

pathophysiological mechanism behind this malady remains to be elucidated and there is no 

reliable animal model to enable the testing and development of possible treatments.    We formed 

the following aims to address these barriers. 

 

Aim 1: To test the hypothesis that Zol treatment causes post-extraction BRONJ in a rat 

model 
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Aim 2: To test the hypothesis that decalcifying agents can remove matrix-bound 

bisphosphonate from alveolar bone 

Aim 2A: Systemic administration of cadmium releases bisphosphonate from bone 

Aim 2B: Localized administration of ethylenediaminetetraacetic acid (EDTA) and 

citric acid release bisphosphonate from an extraction site 

 

Aim 3: To test the hypothesis that Zol inhibits monocyte migration  

 Aim 3A: Zol treatment decreases osteocyte-stimulated monocyte migration under 

hypoxic conditions 

Aim 3B: Monocyte migration is inhibited after Zol treatment 

 

The purpose of these studies was to develop an improved animal model of 

bisphosphonate-related osteonecrosis of the jaw after intravenous (IV) administered 

bisphosphonate and dental extraction, to investigate possible treatment strategies, and to 

determine if bisphosphonates have an effect on monocyte migration.  A literary review of bone 

physiology, including osteoclastogenesis, wound healing and the mechanism of action of 

bisphosphonates is given below.  Additionally, the off-target effects of bisphosphonates are 

discussed and a detailed description of BRONJ and decalcifying agents is provided. 
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B. Bone physiology 
 

Bone is a highly dynamic tissue that undergoes continuous adaptation in response to 

physiological signals that preserve skeletal size, shape and structural integrity, as well as 

regulating mineral homeostasis
5-7

.  Bone is classified into two types: 1) cortical bone, also known 

as compact bone and 2) trabecular bone, also known as cancellous or spongy bone, which vary in 

their porosity and microstructure. Cortical bone forms the shaft of long bones and the outer shell 

around cancellous bone, including in the mandible, and is dense with a low porosity ranging 

between 5%-10%
8
.  In comparison, trabecular bone porosity ranges from 50%-90% and is the 

major internal component of the ribs, shoulder blades, and the flat bones on the skull, as well as 

the epiphyses of the long bones.  While cortical bone gives the skeleton its strength, trabecular 

bone allows the bones to be flexible, helps transmit mechanical loads, and has increased surface 

area that allows for increased metabolic activity.  Alveolar bone, the bone surrounding the roots 

of teeth, is unique in that it not only contains both cortical and trabecular bone, but is denser than 

most bone found within the bone in order to support the unique mechanical loading seen within 

the mandible and maxilla.   

Bone consists of inorganic (69%) and organic (22%) components, the most abundant of 

which is the inorganic mineral salt, hydroxyapatite.  Hydroxyapatite is the crystalline complex of 

calcium and phosphate that constitutes about a quarter of the volume and half the mass of a 

normal adult bone
6
. Hydroxyapatite not only gives bone its rigid structure and hardness

9
 but also 

modulates the concentration of phosphate and calcium within the blood by storing these two 

minerals while systemic factors, including parathyroid hormone (PTH) and calcitriol, modulate 

their release or reabsorption
10,11

.  The maintenance of mineral homeostasis and the structural 
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integrity of bone are achieved through the tightly regulated remodeling of bone that requires the 

synchronized activities of multiple cell types within bone: 1) osteoblasts, 2) osteocytes, and 3) 

osteoclasts.   

 Osteoblasts are differentiated mesenchymal stem cells which represent about 5% of the 

total bone resident cells
12

.  In response to factors including PTH and estrogen, osteoblasts are 

stimulated to produce bone
13

 by secreting alkaline phosphatase and type I collagen, which are 

important to the synthesis of the bone extracellular matrix, osteoid, and subsequent 

mineralization thereof
13,14

.  The mineralization of osteoid is achieved through the accumulation 

of calcium phosphate in the form of hydroxyapatite crystals
15

.  Osteoblasts are important in the 

regulation of bone remodeling through the production and presentation of receptor activator 

factor of nuclear factor kB ligand (RANKL), which is both surface bound and a secreted factor, 

and osteoprotegerin (OPG), which stimulate and inhibit osteoclast activity and subsequent 

resorption of bone, respectively.  As the matrix continues to calcify, a portion of osteoblasts that 

do not undergo apoptosis are entrapped within the bone and become osteocytes.   

 Osteocytes are a subpopulation of osteoblasts that form a network within bone, with their 

dendritic processes extending throughout mineralized bone, and account for about 93% of bone 

cells
7,16,17

. The dendrite processes interact with other osteocytes and osteoblasts on the bone 

surface
18

.  These processes permit osteocytes to respond to mechanical loading and strain 

associated with bone microdamage
16,19-21

, allowing for osteocytes to initiate and direct the 

subsequent remodeling processes
7
.  Osteocytes are able to promote bone formation through 

dentin matrix protein 1 (DMP1) and phosphate-regulating neutral endopeptidase on chromosome 

X (Phex) or inhibit bone formation with sclerostin and RANKL stimulation of osteoclasts
14,16

.   
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Osteocytes promote RANKL expression when bone is unloaded or becomes hypoxic, both of 

which are seen with injury to bone induced by tooth extractions. 

 Osteoclasts are terminally differentiated myeloid cells that have the unique ability to 

remove mineralized bone matrix
22,23

 and make up approximately 2% of bone cells
7,16,17

.  These 

multinucleated cells facilitate the resorption process by forming a ruffled border where the 

osteoclast attaches to bone
23

, generating an isolated extracellular microenvironment between 

itself and the bone surface
24

.  The resulting sealing zone is rich in filamentous actin (F-actin)
25,26

 

and proteins such as vinculin, talin, and α-actinin, which link matrix-recognizing integrins to the 

cytoskeleton
27,28

. Bone demineralization involves acidification of the isolated extracellular 

microenvironment, a process mediated by a vacuolar H
+
–adenosine triphosphatase (H

+
-ATPase) 

in the cell's ruffled membrane.  These ion pumps cause the acidification of the local 

environments, mobilizing bone mineral
24

; subsequently, the demineralized organic component of 

bone is degraded by a lysosomal protease, cathepsin K
29,30

. The degraded bone material is 

endocytosed by the osteoclast, transported and released at the cell's antiresorptive surface
31

. Once 

bone resorption has taken place, the osteoclast detaches from bone and migrates to a new site of 

bone degradation
23,25

.  Bone resorption is regulated by a number of factors that both stimulate 

[RANKL
32

, macrophage colony-stimulating factor (CSF1)
33-35

, interleukin (IL)-1
36

, 

prostaglandins
37

, IL-6
38

, tumor necrosis factor (TNF)
39

] and inhibit [OPG
40

, oncostain M
41

, 

interferon gamma (IFN-γ)
42

, IL-4, -8,  -12, and -13
22

] osteoclasts. 

C. Wound healing  
 

 Tooth extractions are a routinely performed dental treatment that can severely injure 

alveolar bone, the bone that surrounds the roots of teeth, when a difficult extraction or drilling 
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occurs
43

.  The vasculature is often disrupted, preventing blood flow and reducing nutrient and 

oxygen supply to the bundle bone in the tooth socket thereby altering cells’ physiologic 

responses
44

.  When damaged, the alveolar bone undergoes indirect (secondary) fracture healing, 

which occurs by intramembranous ossification
45-47

.  An acute inflammatory response 

immediately following the induction of trauma begins the fracture healing by creating a 

hematoma within the extraction site.  In response, proinflammatory cytokines such as TNF-α, IL-

1,-6,-11, and -18
48

 recruit inflammatory cells and promote angiogenesis
49

. This initial step peaks 

within 24 hours and is complete after 7 days
50

.  Mesenchymal stem cells are then recruited, 

proliferate and differentiate into osteogenic cells
46

.  Following the formation of the hematoma, a 

soft callus containing fibrin-rich granulation tissue forms
51

 within 7-9 days post trauma
52

.  At the 

same time, a hard callus is formed via intramembranous ossification along the edge of the 

bone
53

. Once the callus has formed revascularization takes place, regulated by angiopoietin- and 

vascular endothelial growth factor (VEGF)-dependent pathways
54

.  Without adequate blood 

flow, the damaged bone is predisposed to ischemic bone necrosis
55

 that will negatively impact 

the surrounding bone. This can lead to the expansion of bone necrosis until it either becomes 

necessary for the bone to be sequestered, or osteoclasts are recruited to the necrotic bone and 

begin the resorption process
56

.   

In order for bone regeneration to progress, CSF1, RANKL, RANKL’s decoy receptor 

OPG, and TNF-α initiate the resorption of the soft callus for its subsequent replacement by a 

hard bony callus
48,57

. The final step in the fracture healing cascade is the initiation by these 

factors to begin a second resorptive phase, this time to remodel the hard callus into lamellar 

bone.  The remodeling process is performed by a balance of hard callus resorption by osteoclasts 

and lamellar bone deposition by osteoblasts
46,48

.  Osteocytes are thought to release soluble 
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factors such as matrix metalloproteinases-13 (MMP-13), VEGF-C, RANKL, and monocyte 

chemoattractant protein-1 (MCP-1)
55,56

 to recruit osteoclastic precursors or induce their 

differentiation
58-60

 in order to promote osteoclastogenesis
61

, thereby leading to the natural 

reabsorption of the callus or damaged, necrotic bone. If an impairment of this ability to induce 

monocyte recruitment and the subsequent osteoclast differentiation occurred, it could lead to a 

reduction in the available osteoclast precursor cells and functional terminally differentiated 

osteoclasts, impairing wound healing and allowing necrotic bone to form within the injury site. 

 

D. Osteoclastogenesis 
 

 Osteoclasts are tissue-specific macrophages
62

 formed by the attraction of 

myelomonocytic precursors to resorption sites on the bone, followed by their fusion and the 

attachment of the subsequent multinucleated cell to the bone surface
12

.  The process of 

osteoclastogenesis is complex and dependent on extracellular stimuli and the activation of 

critical intracellular pathways
63

 for recruitment and differentiation of osteoclast precursor cells.   

To begin the process, pluripotent hematopoetic stem cells, which give rise to a myeloid 

stem cell, acquire the potential to differentiate along either the osteoclast or macrophage lineage 

pathway (Figure 1). The earliest identifiable precursor cell able to form osteoclasts is the 

granulocyte-macrophage colony forming unit (CFU-GM)
64

.  The principal transcription factors 

involved in the differentiation of CFU-GM along the osteoclast lineage and away from 

macrophages
65

 are PU.1
66

, microphthalmia-associated transcription factor (MITF)
67

, and the 

early response gene, c-fos
68

.  The cytokine CSF1 is also involved and stimulates the proliferation 
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and promotes cell viability of the early osteoclast precursors
69

.  The dominating pathway 

regulating osteoclast differentiation is the RANKL/OPG pathway
14

, which acts on mononuclear 

osteoclast precursors.  RANKL, secreted or surface-expressed by osteoblastic stromal cells as 

well as osteocytes, is necessary for osteoclast formation but is inhibited by its decoy receptor 

OPG, which has a widespread distribution but is mainly expressed in osteoblasts
22,62,65

.  Once 

activated by RANKL and CSF1, the pre-osteoclast cells begin to fuse to form fused polykaryon 

cells.  The continuation of RANKL stimulation subsequently leads to the maturation of the 

polykaryon cells to fully functional osteoclasts.  Once fully mature, osteoclasts have distinct 

morphological and phenotypical characteristics including multinuclearity and expression of 

tartrate-resistant acid phosphatase (TRAP) and the calcitonin receptor
7,23

.   

The strength and integrity of bone depends on the tightly regulated balance between bone 

formation by osteoblasts and bone resorption by osteoclasts.  If the balance is tipped in either 

direction it can result in loss of skeletal structure and function.  Many adult skeletal diseases are 

due to excess osteoclastic activity, leading to an imbalance in bone remodeling which favors 

resorption
70

.  

Such diseases include osteoporosis, multiple myeloma and metastatic cancers. Understanding the 

process of osteoclastogenesis and therefore osteoclast differentiation and activation has led to 

new disease treatments that have improved the quality of life for patients.   



 

9 

 

 

 
 

Figure 1: Monocyte differentiation.  Monocytes have the capacity to differentiate into osteoclasts and macrophages. The sequence of 

this differentiation involves multistep lineages controlled by growth factors and cytokines. Image modified
71,72

.



 

 

E. Bisphosphonates 
 

 With 55 million prescriptions issued each year, bisphosphonates are the second 

most prescribed class of drug in the United States
1
. They are widely used to treat diseases 

with excessive osteoclastic resorption, including post-menopausal osteoporosis, Paget’s 

disease, and tumor metastasis to bone
73,2

.  Bisphosphonates are effective antiresorptive 

agents due to their high affinity for bone and their ability to inhibit osteoclast function.  A 

unique feature of bisphosphonates compared to other anti-resorptive compounds is their 

ability to physically accumulate in the bone matrix due to their high affinity for 

hydroxyapatite crystals
74,75

.   

The core structure of bisphosphonates includes two phosphate groups flanking a 

nonhydrolyzable central carbon and a hydroxyl group in the R1 position
76-79

.  

Collectively, the phosphate and hydroxyl groups are essential for bisphosphonates’ 

affinity for the bone matrix by creating a tertiary interaction between the bisphosphonate 

and the hydroxyapatite crystals within the bone matrix, giving bisphosphonates their 

remarkable specificity for bone
76,77,80

.  Nitrogen-containing bisphosphonates have an 

additional nitrogen or amino group in the R2 position, which increases the 

bisphosphonate’s anti-resorptive potency by a factor of 10 to 10,000, relative to non–

nitrogen-containing bisphosphonates
76,81,82

.  

When delivered intravenously, sixty to eighty percent of the administered 

bisphosphonate is rapidly taken up by bone undergoing formation and resorption, and the 

remainder is excreted into the urine within 24 hours
74

.  It has been shown that 

bisphosphonates accumulate at preferential sites in bone that include the alveolar bone, 
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distal end of the femur, proximal end of the tibia, and vertebral bodies
83,84

.  Theoretically, 

bisphosphonate would continue to accumulate at these sites until it reaches a 

concentration at which point no bone resorption can occur at these sites, making them 

more susceptible to bone necrosis. While such bone necrosis has been largely limited to 

the alveolar bone in human patients, reports have emerged of atypical fractures and other 

complications at other boney sites
85,86

.  Elimination occurs almost exclusively by the 

kidney through glomerular filtration
87

.  The half-life of bisphosphonates in the circulation 

is 0.5–2 hours. After absorption by the remodeling bone, bisphosphonates are stored in 

the skeleton and are only liberated when the bone in which these molecules were  

deposited is resorbed
81,82,88

. Therefore it has been estimated that the terminal half-life of 

nitrogen-containing bisphosphonates in humans is around 10 years,
76,82,88,89

 although the 

true half-life of bisphosphonates depends largely on the rate of bone turnover, which is 

variable within a population.  Non-nitrogen containing bisphosphonates are thought to 

have a much shorter half-live of approximately 20 days. Due to the long half-life of 

bound nitrogen-containing bisphosphonates, single doses or short courses of IV injections 

have long-term effectiveness in patients with bone diseases.  

Stored bisphosphonates are believed to be on the surfaces and deep in bone but 

are inactive when bound. However, with continuous bone remodeling due to resorptive 

processes, significant amounts of bisphosphonates can be released. Thus IV 

bisphosphonates show an initial rapid disappearance from the systemic circulation with 

several short elimination phases that are followed by long elimination phases when the 

drug is released in small concentrations during resorption.  As normal remodeling of bone 
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occurs, the accumulated bisphosphonates are gradually liberated and excreted through the 

kidneys for up to eight years after the cessation of treatment
81,88

.    

The ability of bisphosphonates to bind to bone has a strong dependency on the 

pH, resulting in a 50% release of bound bisphosphonate at a pH of 3.5, seen during the 

acidification produced by osteoclasts during resorption
75

. This acidic environment is 

created through the transport of H
+ 

and Cl
-
 ions across the osteoclast ruffled border 

membrane.  The bisphosphonates undergo protonation of the phosphate groups, reducing 

their charge, under acidified conditions, which decreases their affinity for Ca
2+

 ions and 

facilitates their release from bone surfaces into solution
90

.  During the acidification and 

subsequent release of bisphosphonates, the localized concentration rises to approximately 

0.8 mM; however, as soon as acidification stops the bisphosphonates reattach to the 

hydroxyapatite and the concentration drops
75,90,91

.  

As the osteoclasts resorb bone, the bisphosphonates get released into the local 

environment beneath the ruffled border and internalized by the osteoclast.  The nitrogen-

containing bisphosphonates inhibit the enzyme farnesyl pyrophosphate synthase (FPPS) 

and by default the formation of isopentenyl pyrophosphate (IPP), farnesyl diphosphate 

(FPP), and geranylgeranyl diphosphate (GGPP). As a result, signaling molecules like 

GTPases are not prenylated due to blocking of FPP and GGPP formation by the 

internalized bisphosphonates. Prenylation of GTPase signaling molecules regulates 

protein-protein interactions and osteoclast cell morphology via cytoskeletal arrangement, 

membrane ruffling, trafficking of vesicles, and apoptosis
92-94

.  The impairment of these 

functions disrupts the osteoclastic cytoskeleton, which destroys the ruffled border and 

osteoclasts’ resorptive action on bone
95

.  Use of bisphosphonates for more than 1 year 
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reduces serum RANKL levels, which is thought to reduce overall osteoclast numbers and 

function independent of osteoclast absorption of bisphosphonate. In addition, histological 

tissue samples have demonstrated the presence of abnormal giant hyper-nucleated, 

detached, and frequently apoptotic osteoclasts
63

. 

In the 30 years bisphosphonates have been on the market they have become the 

leading treatment for osteoporosis.  Ibandronate and Zol, the most potent 

bisphosphonates, have been approved for IV administration to treat postmenopausal 

osteoporosis quarterly and once-yearly, respectively
96

.  A recent incidence report showed 

that annual IV administration of Zol led to significant decreases in vertebral (70%), hip 

(41%), and nonvertebral (25%) fractures, with significant increases in bone mineral 

density (BMD) at the lumbar spine, hip, and femoral neck
97

.  Additionally, Zol is 

currently prescribed in more than 4.0 million patients worldwide with bone metastases
98

.  

IV Zol has been shown to relieve skeletal pain and reduce skeletal complications in breast 

cancer patients
99,100

.  It has also been found that women with clinically limited operable 

breast cancer who received clodronate for 2 years had reductions in overall mortality 

when they were followed for 6 years
101

.  While these are promising results, 

bisphosphonates have been found to have off target effects that mustbe investigated.   

 

F. Bisphosphonates’ effect on osteocytes 
 

Analysis of the biodistribution of Zol throughout the body illuminates the 

possibility that bisphosphonates have the ability to alter the function not only of 

osteoclasts, but of other off-target cell types including osteocytes. The use of a 
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fluorescent bisphosphonate has elucidated that bisphosphonates can be found within the 

osteocyte lacunocanalicular system
102-104

, deposited there by the accumulation of Zol 

along the surface of bone during the encasement of osteocytes, and via the vascular 

system as Zol is first introduced into the blood stream. It is thought that due to the ability 

of osteocytes to reshape the perilacunar matrix, they are likely to release Zol into the area 

surrounding the cell, allowing for absorption by bone encased osteocytes
103

.  

In vitro studies have revealed that bisphosphonates affect a range of osteocyte 

proteins involved in functions ranging from growth factor release to signal transduction 

control
105,106

.  High bisphosphonate concentrations have also been found to cause direct 

toxicity to osteocytes, osteoblasts, and osteogenic precursors
28,107,108

.  Therefore, local 

loss of osteocytes and canaliculi network
109,110

 can promote accumulation of regions of 

dead osteocytes and non-viable bone over time
111

. In a contradictory study, it was found 

that bisphosphonates preserve osteocyte viability by inducing the activation of the ERKs, 

survival kinases
112

.  Damaged and dying osteocytes promote differentiation of osteoclast 

precursors driven by the secretion of CSF1 and RANKL
14

, but if their death is prevented 

by bisphosphonates, the initiation of necessary osteoclastic resorption is impaired, which 

could cause diminished bone healing when trauma is incurred.   

 

G. Bisphosphonates’ effect on monocytes 
 

The use of a fluorescent bisphosphonate has elucidated that highly endocytic 

cells, such as CD14
+
 monocytes, have the ability to take up the drug via fluid-phase 

endocytosis
77,90,102

. Concentrations of fluorescent bisphosphonate ranging from 10 nM to 
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1 µM induced increased fluorescent signals over controls in CD14
high 

monocytes and 

remained detectable at similar levels seven days after administration
113

.  This suggests 

that Zol has prolonged effects on monocytes and that monocytes within the bone marrow 

may continuously take up the drug
114

.  The absorption of Zol is thought to take place 

either within the first 24 hours of the injection, when the plasma concentration of Zol 

starts at 1uM and declines to 0.1μM
59

, or as osteoclast resorption releases Zol into the 

surrounding area, creating a soluble pool of Zol
90

. It has been shown that, when 

monocytes ingest bisphosphonates, an accumulation of cellular IPP occurs and then is 

presented to Vγ9Vδ2 T-cells, which leads to the unintentional chronic stimulation of 

these cells, causing an immune response and flu-like symptoms
115,116

.  Monocyte 

internalization of Zol leads to a decreased ability of the monocytes to produce a 

physiological inflammatory response
117

, differentiate
58,79

, or be recruited to sites of 

injury
118

. This disruption of normal function greatly impairs the monocyte’s ability to 

produce an “immune-modulating” effect
117

 necessary to begin and end the pro-

inflammatory phase of the healing process. Monocyte loss of function also impairs bone 

remodeling by undermining the differentiation pathway of osteoclasts. 

  Under normal circumstances, infection, inflammation, or injury would trigger 

the recruitment of monocytes out of circulation and into the affected area, where they 

differentiate into a variety of cell types (i.e. osteoclasts, M1 macrophages, and M2 

macrophages)
119

.  However, after exposure to bisphosphonates, monocytes show an 

increased ability to differentiate into M1 macrophages, suggesting the development of a 

more prolonged inflammatory state which would cause a delay in healing that could lead 

to the development of BRONJ through enhanced IL-17 activation pathways 
120

.  



 

16 

 

Unfortunately, while it is well documented that monocytes are capable of internalizing 

bisphosphonates and some downstream effects on their function have been explored, the 

full extent of bisphosphonates’ effect on monocytes and the cells within this lineage is 

not well characterized. 

 

H. BRONJ 
 

 According to the American Association of Oral and Maxillofacial Surgeons 

(AAOMS), the definition of BRONJ involves the following three characteristics: 1) 

current or previous treatment with a bisphosphonate; 2) exposed, necrotic bone in the 

maxillofacial region that has persisted for more than eight weeks; and 3) no history of 

radiation therapy to the jaws
121

.  To date, no direct causal link has been established 

between bisphosphonate treatment and the occurrence of BRONJ. Spontaneous 

osteonecrosis of the jaw still occurs in patients who are not receiving bisphosphonates
122

; 

and there is an ongoing debate on whether the rate of BRONJ with oral bisphosphonates 

is lower than that of spontaneous osteonecrosis of the jaw in the same population
123

.  

However, it is now widely accepted that long-term IV bisphosphonate therapy carries a 

much higher risk of osteonecrosis of the jaw; and that such risk is highest after dental 

extraction
123

.   

Zol, as the most potent bisphosphonate,
124

 carries the highest incidence of 

BRONJ,
123

 varying from 0.72 %  in cancer patients to 9.9% patients with multiple 

myeloma
4,125,126

.   In contrast, osteoporosis patients using oral bisphosphonates have a 

BRONJ incidence of  < 1 case per 100,000 person-years of exposure
126

.  Given that 
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patients with multiple myeloma have the highest incidence of BRONJ among all 

oncology patients receiving bisphosphonate therapy, the use of bisphosphonate is 

suggested to be limited to a monthly infusion of pamidronate, in lieu of the more potent 

Zol, with discontinuation after 2 years if patients achieve remission and require no further 

myeloma treatment
96

. It has been found that the overall prevalence of BRONJ with IV 

administered Zol increased with the duration of treatment
4,123

.  The mean time to BRONJ 

development after the start of IV Zol treatment was 1.8 years (minimum 10 months) with 

a minimum cumulative doge of 49 mg
127

.  The overall prevalence of BRONJ with IV Zol 

is around 7.7%, if the therapy continues for 37 to 48 months
4,123

 and is expected to 

increase as more long-term results emerge.   

Osteonecrosis developed within the mandible in 65%, the maxilla in 26%, and 

both sites in 9% of the reported cases
123

. Sixty-seven percent of BRONJ cases were 

preceded by tooth extractions, 7% by wearing dentures and the remaining 26% had no 

predisposing factor, and yet little progress has been made in understanding the 

pathophysiology of this disease or relating tooth extractions to its manifestation
3,79

.  Due 

to this increased occurrence after dental extractions, AAOMS advises against performing 

these procedures in patients receiving long-term IV bisphosphonates.
122

 Although the 

majority of BRONJ cases develop after the use of bisphosphonates, similar occurrences 

have been reported with other anti-resorptive and anti-angiogenic drugs, prompting a 

change in terminology to antiresorptive-related osteonecrosis of the jaw (ARONJ) and 

then again to medication-related osteonecrosis of the jaw (MRONJ)
122,128

.   

There are various presentations for BRONJ, ranging from jaw pain without bone 

exposure to overt bone necrosis with exposure of the bone and osteomyelitis
3
.  Once a 
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patient presents with BRONJ, there are very limited management options.  Thus far, 

stopping bisphosphonate treatment has not been shown to ameliorate the condition, most 

likely due to the accumulation of the bisphosphonate in bone over the course of 

treatment
121

. Despite the debilitating nature of BRONJ, no effective treatment strategies 

have been developed to date. The only effective prevention strategy seems to be to avoid 

dental procedures in patients on long-term intravenous bisphosphonates altogether.
122

 

As such, AAMOS has emphasized the need for reliable animal models that can be 

utilized to test potential treatment and prevention protocols.
122

  Studies to date have yet to 

demonstrate a reliable model that consistently induces BRONJ in animals. In our 

previous studies, even though clear differences in bone vitality were evident between 

treated and untreated groups, only 30% - 60% of treated animals fulfilled the BRONJ 

definition
129,130

.  While multiple studies introduced and validated several rodent models 

for BRONJ, most models involved either a pre-existing infection or inflammation, such 

as periodontitis
131,132

, or periapical disease
133,134

, or a systemic comorbidity, such as 

vitamin D deficiency
135

, or dexamethasone therapy
136

. These models are useful for 

studying BRONJ in the context of the pre-existing conditions, but clinical evidence 

suggests that BRONJ generally occurs following invasive dental procedures
3,137

, 

suggesting that a key trigger of BRONJ likely involves a drug-induced compromise in 

bone healing after invasive trauma. Even though the underlying indication for dental 

extraction in these patients may have been infection, BRONJ did not manifest until after 

extraction
137

.  

For a direct in vivo mechanism to be identified, it is necessary to test whether 

invasive trauma by itself is sufficient to precipitate BRONJ in bisphosphonate-treated 
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individuals. Previous studies of trauma as the sole comorbidity utilized very high doses of 

bisphosphonates that were outside the therapeutic margin for humans
138,3,79

.  Even though 

other anti-resorptive medications, such as RANKL antibodies, have also been associated 

with similar side effects, these drugs do not accumulate in the bone matrix and their 

effect can therefore be reversed by the cessation of treatment. Thus far, stopping the 

intravenous treatment of bisphosphonates has not been shown to ameliorate the condition, 

because it does not remove the drug that has already accumulated in bone
122,139,140

. 

 

I. Decalcifying Agents 
 

With no known mechanism for the development of BRONJ, possible prevention 

strategies have turned to studying the effect of releasing bisphosphonates from bone on 

the manifestation of this disease.  A reliable method to induce targeted, acute removal of 

bisphosphonates from bone to improve bone remodeling and healing in alveolar bone 

whenever early signs of BRONJ manifest or before invasive dental treatments are 

attempted, would lead to a possible prevention strategy.  Previous studies showed that ex-

vivo demineralization of bone samples decreased their bisphosphonate content
83

.  Studies 

in animals have shown transient stimulation of bone turnover after a single oral 

administration of cadmium
141,142

 in addition to stimulation of osteoclasts in both organ 

and cell culture systems
142,143

.  The administration of a single dose of cadmium has been 

shown to stimulate a reversible, short-term calcium mobilization from bone spanning 48 

hours
144

, with no corresponding hypercalcemia or increased PTH levels
145,146

.  Evidence 
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suggests that cadmium’s effect on the jaw could bypass a pre-existing osteoclast 

deficiency, a finding important in the case of long-term bisphosphonate treatment
145,146

.   

Due to the toxicity of cadmium, other chelating agents such as EDTA, at a 

concentration of 17% weight by volume, and 10% citric acid, which are already in use 

within the dental field as a conditioning agent for dental hard tissues,
147-150

 are possible 

alternatives to achieve the same required decalcification.  Chelating agents use a physico-

chemical process that prompts the uptake of calcium ions within the hydroxyapatite 

crystals and to cause changes in the microstructure of bone by changing the calcium: 

phosphate ratio
151

.  Both EDTA and citric acid act to remove calcium from bone
152

 while 

also containing anti-microbial effects against facultative and obligative anaerobes
153

, but 

while EDTA as the ability to be introduced systemically, longer application times are 

needed for local administration compared to citric acid.  In dental clinics, these agents are 

used to remove smear layers, a layer of microcrystalline and organic particle debris found 

on root canal walls that would prevent the tight binding of root canal sealers to the walls 

of the tooth.  The combined decalcifying and anti-microbial effects of EDTA and citric 

acid, coupled with the fact that these agents are already in use in dental clinics, makes 

them ideal candidates for use as locally administrated chelating agents within extraction 

sites to release bisphosphonates from socket walls, thereby reducing the risk of 

bisphosphonate-impaired wound healing. 

Using EDTA and citric acid to remove bisphosphonates from the healing surfaces 

of bone could allow for normal osteoclast attachment and function.  These demineralizing 

agents are known to remove smear layers and exert a broad antimicrobial activity to 

prevent infection after the completion of the procedure.
154

 Furthermore, EDTA and citric 
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acid react with dentin’s primary inorganic element, hydroxyapatite crystals, to remove 

the calcium ions from the bone, causing changes in the microstructure of the dentin, 

decreasing microhardness and increasing permeability and solubility
148,155

.  Reports on 

the ability of these agents to remove calcium ions have been variable, with some studies 

indicating that EDTA removes more calcium than citric acid,
154

 while other studies prove 

the opposite
156

. Such conflicting results could be attributed to differences in irrigation 

methods
148

.  The innovative use of these chelating agents as a possible prevention 

strategy would allow patients undergoing bisphosphonate treatment to receive dental care 

with a lowered risk of developing BRONJ, thereby increasing their quality of life.  
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II.    MATERIALS AND METHODS 
 

 

A. In vivo studies – BRONJ Animal Model 
 

Animals 

 

Sprague-Dawley female rats were purchased from Harlan Laboratories 

(Indianapolis, IN, USA) and maintained at the Laboratory Animal Services Research 

Facility at Georgia Regents University. The experimental procedures were reviewed and 

approved by the Institutional Animal Care and Use Committee (IACUC) at Georgia 

Regents University (Protocol #2012-0496; Date: 10/25/2012). 

 

Experimental design  

 

Eighty, 10-12 month old, retired breeder, Sprague-Dawley rats weighing 

approximately 300 g, were housed two per cage and provided with regular animal chow 

and water ad libitum.  After an acclimation period of one week, each animal received a 

weekly 0.3 mL bolus, IV injection via the tail vein of either Zol (treated animals, n=40: 

Enzo LifeSciences, Farmingdale, NY, USA; 80 μg/kg body weight in PBS) or phosphate-

buffered saline (PBS; control animals, n=40) for 13 consecutive weeks under 2 % 

isoflurane anesthesia.  Both groups were analyzed at 3 time points: 1- and 2-weeks post 

left, first mandibular molar extraction and 8-weeks post left, second mandibular molar 

extraction (Figure 2).  
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Figure 2. BRONJ animal model experimental timeline and design for the 1-, 2-, and 8-week timepoints.  A: 1-week timepoint 

(n=10 per group) analysis of early response to extraction and treatment. B:  2-week timepoint (n=10 per group) for bone 

remodeling analysis. C. 8-week timepoint (n=20 per group) characterizing the clinical manifestation of BRONJ. Red arrows 

indicate date of sacrifice. 

C. 1-week Timepoint 

B. 2-week Timepoint 

A. 8-week Timepoint 

80 µg/kg Zol 

80 µg/kg Zol 

80 µg/kg Zol 

Calcein 
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Extractions 

 

At the time of the 13
th

 injection, animals were anesthetized with an intraperitoneal 

(IP) injection of a ketamine (100 mg/mL)/xylazine (20 mg/mL) cocktail at a dosage of 

0.1 mL/kg. Once anesthetized, the animal was positioned on a specially designed board 

that utilized rubber bands attached to the dam frame that were then positioned around the 

upper and lower incisors to hold the jaws apart for the duration of the extraction and an 

attachment of the limbs to the frame to stabilize the animal during surgery.  Two 

experienced surgeons, blinded to the treatment groups, performed the surgical extractions 

using Adson surgical forceps to remove the first left, mandibular molar and sterilized 

gauze to staunch bleeding.  After molar removal the extraction socket was cleaned using 

a handheld 1.0 mm round burr at 15,000 revolutions per minute (RPM; Stryker, 

Kalamzaoo, MI, USA) to remove any remaining root fragments. At week 14, the left, 

second mandibular molar was extracted in the same manner for the 8-week group only 

(40 animals).  Animals were closely observed for signs of bleeding, discomfort, or lack of 

food intake, and were fed crushed pellets for 3 days after extractions.  Intraoral 

photographs of the extraction site were taken at weeks 5-8 in the 8-week group.  Weights 

were recorded at first injection, first extraction, and at time of sacrifice for all groups. 

Euthanasia was carried out by an overdose of CO2 in a closed plastic chamber, 

followed by exsanguination. Blood was drawn for serum analysis via an intracardiac 

cannula (BD Vacutainer, Porter Ranch, CA, USA) and divided into two aliquots, one into 

a lithium heparin (BD Vacutainer, Porter Ranch, CA, USA) collection vial and the 

second into a glass vial.  Immediately following euthanasia, the animals were carefully 

dissected to collect the mandible, liver, and kidneys.  The spleen, cervical lymph nodes, 
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femora, tibiae, maxillae, and vertebrae were also collected and either frozen or placed in 

10% phosphate-buffered formalin (1:10 by volume) for future analysis.  All samples were 

coded for subsequent blinded analysis. 

 

Micro-computed tomography (𝜇CT) 

The mandibles from the  8-week group were scanned by µCT as described 

previously
157

.  In brief, specimens were scanned using an ex vivo µCT system (Skyscan 

1174; Skyscan, Aartlesaar, Belgium) equipped with a 50kV, 800µA X-ray tube and a 1.3 

megapixel CCD coupled to a scintillator.  Each sample was scanned in air using a 0.25-

mm aluminum filter, 15.9μm isotropic voxels, 1600ms integration time, 0.5° rotation 

step, and frame averaging of 3. For three-dimensional reconstruction (NRecon software, 

Skyscan), the grey scale was set from 80 to 200.  The reconstructed images were then 

analyzed to identify evidence for the extent of three-dimensional sequestration of the 

alveolar bone in all 3 µCT planes: sagittal, coronal, and trans-axial. Sequestered bone 

was differentiated from root tips and chipped bone by size and shape of the bone 

fragments, whether the pulp spaces could be identified, and if the extraction sites could 

be seen within the bone fragments (Figure 3). 
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Figure 3. µCT analysis of sequestered bone. A representative µCT sagittal image of an 

extraction site that contains root tips with visible pulp areas (white arrows), bone 

fragments (yellow arrows), and sequestered bone that contains the extraction site (red 

rectangle) used to analyze the extent of sequestration. All three image planes were used 

to differentiate the type of damage seen. 

 

  



 

27 

 

Intraoral and µCT analysis 

 For each animal in the 8-week group (n=40), the incidence and severity of 

BRONJ was characterized by analyzing the intraoral photographs taken at the time of 

sacrifice for mucosal coverage of the extraction site and if exposed bone was evident.  

Additionally, µCT scans of the extraction sites were examined for evidence and severity 

of sequestration.  Based on the combined scoring of these two factors a 0-4 BRONJ 

severity scale was developed.   All scoring was conducted by a single investigator, 

blinded to each specimen’s treatment group.  Grade 0 represented complete coverage of 

the mucosa at the extraction site and normal healing patterns in µCT; grade 1 had bone 

exposure at the extraction site as evident by gross examination, without µCT evidence of 

sequestration; grade 2 showed bone exposure plus evidence of sequestration in two µCT 

planes; grade 3 samples had bone exposure plus evidence of complete sequestration of 

bone at the extraction site in all three µCT planes;  finally, a grade of 4 was assigned if 

the samples had bone exposure plus µCT evidence of complete sequestration of the entire 

alveolar ridge.  

 

Histological preparation and analysis - Hematoxylin & Eosin (H&E) bone staining 

Mandibles from the 1-week and 8-week timepoints were separated from soft 

tissue and preserved in 10% phosphate-buffered formalin for 48 hours. Specimens were 

then decalcified in 5.5% ethylenediaminetetraacetic acid (EDTA) at pH 7.4 for 21 days at 

4ºC with changes of the EDTA solution every other day.  Demineralization was 

confirmed by Faxitron series soft x-ray, 12 seconds, 2.5 KvP, 35 MA, (Hewlett Packard, 

Palo Alto, CA, USA); samples were subsequently processed overnight using a semi-
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enclosed Bench-top Tissue Processor (Leica Microsystems, Buffalo Grove, IL, USA).  

Specimens were washed, dehydrated in a graded series of ethanol (70-100%), cleared in 

xylene, and, immediately before embedding in paraffin, each sample was sectioned in a 

coronal plane through the extraction site (Figure 4).  Samples were sectioned at 5-μm 

thickness using a microtome (Leica Microsystems Inc., Buffalo Grove, IL, USA) prior to 

mounting on Frost Plus glass slides for histology. Sections were stained with standard 

H&E for histologic analysis. Briefly, slides were taken through decreasing concentrations 

of ethanol, placed in hematoxylin for 5 minutes, washed for 20 minutes in water, stained 

in eosin for 2 minutes, washed in water, dehydrated and cover slipped.  Light microscopy 

images were captured using a Carl Zeiss microscope (Carl Zeiss Inc., Thornwood, NY, 

USA) with AxioVision Image Analysis software (Zeiss AxioImager M2, Carl Zeiss 

Microscopy GmbH, Jena, Germany).  Three 20X fields were examined in each section 

focusing on the intact buccal, lingual, and basal walls of the socket.  The degree of 

alveolar bone necrosis was quantified as the ratio between empty osteocyte lacunae and 

the total number of lacunae in the field for the 1-week (n=10 per group) and 8-week 

(n=20 per group) timepoints. The extraction sites were compared between the control and 

ZOL-treated animals. Sequestrated and separated bone or root fragments were not 

included in the analysis.   
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A 

                    

 

Figure 4. Preparation of mandible for histological analysis. A) Mandibles were sectioned along the lines A and B and the 

resulting sections were laid face down so that serial coronal cross sections were obtained that contained all three resulting 

mandibular depths (posterior to extraction site, extraction site, and anterior to extraction site). Excised 1
st
 and 2

nd
 mandibular 

molars are outlined in red. B) 2.5X Images of H&E stained section of the three mandibular depths.  Black arrow indicates the 

third remaining molar while the black box outlines the extraction site containing sequestered bone.
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Histological preparation and analysis – TRAP staining  

Mandibles from the 1 and 8-week time points were prepared as stated above.  

Coded slides were deparaffinized in xylene, hydrated in serial concentrations of ethanol, 

and incubated in a solution containing diazotized fast garnet, napthol AS-BI phosphate, 

acetate, and tartrate solution from the Acid Phosphatase, Leukocyte TRAP kit (Sigma-

Aldrich, St. Louis, MO, USA) as described previously
158

.  Light microscopy images were 

captured using a Carl Zeiss microscope with AxioVision Image Analysis software (Carl 

Zeiss). All slides were evaluated by a single investigator blinded to the treatment groups.  

Osteoclasts were identified as TRAP-positive cells that contained 3 or more nuclei and 

were analyzed utilizing Image-J software (http://imagej.nih.gov/ij/). Osteoclasts were 

counted at the extraction site in 3 randomly chosen fields at 20X from 1-week (n=10 per 

group) and 8-week (n=20 per group) time points and analyzed for osteoclast number per 

bone surface perimeter (N.Oc/B.Pm, μ
-1

) and osteoclast surface (Oc.Pm/B.Pm, %; 

calculated as a percentage of osteoclast perimeter (Oc.Pm, μ) to bone surface perimeter 

(B.Pm, μ)).  The nomenclature used follows the 2012 Update of the Report of the 

ASBMR Histomorphometry Nomenclature Committee
159

. 

  

Histological preparation and analysis - calcein 

Each animal in the 2-week time point (n=10 per group) received IP injections of 

calcein (Sigma Aldrich, Inc.; Catalog #: C0875 20mg calcein/Kg in saline solution; 6mg 

in 0.2 ml/ rat) 8 days following the left, first mandibular molar extraction.  A second 

calcein injection was administered 3 days following the first calcein injection.  The 

animals were sacrificed 48 hours later.  The bone segments containing the extraction sites 
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were preserved in 70% ethanol. Samples were dehydrated in a graded series of ethanol 

(70-100%), followed by xylene, and then embedded in methylmethacrylate resin. After 

complete polymerization, the area of interest was brought closer to the surface by 

preliminary grinding, and the opposite side of the block was mounted on a slide using 

Technovit 4000 (Exakt Technologies, Inc., Oklahoma City, OK, USA).  One sagittally-

oriented section (about 100 µm thick) per animal was cut from each specimen using the 

water-cooled Exakt Diamond Saw (Exakt Technologies, Inc., Oklahoma City, OK, USA).  

The sections were ground to about 20-30µm with the Exakt Grinding System (Exakt 

Technologies, Inc., Oklahoma City, OK, USA) and polished with 4000 grit sandpaper 

and Novus Polish. Fluorescent microscopy images were captured using a Carl Zeiss 

microscope with AxioVision Image Analysis software (Carl Zeiss). Three fields were 

analyzed at 20X in each section.  The mineral apposition rate (MAR, µ/day), defined as 

the distance between the midpoints of the double label (dL) divided by the number of 

days between calcein injections, was measured. The mineral formation rate (MFR/B.Pm, 

µ
3
/µ

2
/day) was calculated as an indication of the amount of newly mineralized bone MFR 

= MAR*((dL.Pm+sL.Pm/2)*B.Pm)/B.Pm), where dL.Pm is the double label perimeter, 

sL.Pm is the single label perimeter, and B.Pm is the entire bone perimeter
159

. 

Measurements were taken at three different locations within a slide and averaged to give 

a mean measurement per sample. 

 

Histological preparation and analysis - H&E soft tissue staining 

Kidney and liver samples were collected at the time of sacrifice and fixed in 10% 

phosphate-buffered formalin.   Specimens were prepared as previously described. 
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Sections were stained with standard H&E for histologic analysis.  Light microscopy 

images were captured using a Carl Zeiss microscope with AxioVision Image Analysis 

software (Carl Zeiss). An experienced pathologist, blinded to the treatments, assessed the 

liver and kidney sections for evidence of drug toxicity. Kidneys were assessed at 1-, 2- 

and 8-weeks after dental extractions (n = 5 samples per group).  Livers were similarly 

assessed at 2-weeks post extraction.  

 

Quantification of alanine aminotransferase (ALT) activity, blood urea nitrogen (BUN) 

and parathyroid hormone (PTH) levels 

 Blood was collected for serum analysis via an intracardiac cannula into a glass 

collection vial at the time of sacrifice 1, 2, and 8-weeks post extractions and stored at 4ºC 

overnight.  The samples were spun at 493*gravity for 10 minutes and the serum collected 

and analyzed for ALT activity (Sigma-Aldrich, St. Louis, MO, USA) and BUN serum 

levels (Abcam, Cambridge, MA, USA) using colorimetric assay kits.  Serum levels of 

PTH were analyzed using rat intact PTH ELISA kits (Immutoics, Inc. San Clemente, CA, 

USA).  Data were calculated using respective standard curves as per the manufacturer’s 

instructions.   

 

Isolation of peripheral blood monocytes (PBM) 

 Blood was collected for PBM isolation via an intracardiac cannula into a lithium 

heparin collection vial at the time of sacrifice 1, 2, and 8-weeks post extractions and 

allowed to reach room temperature.  Blood samples were transferred into a standard 15 

mL centrifuge tube and mixed at a ratio of 1:1 with hanks balanced salt solution (HBSS) 
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without calcium or magnesium (Lonza, Walkersville, MD, USA).  In a second 15 mL 

centrifuge tube, the 1:1 mixture was slowly added on top of 2mL of 10.83 Ficoll (Sigma-

Aldrich, St. Louis, MO, USA) to ensure that no mixing occurred.  Samples were spun at 

493*gravity for 30 minutes at 25ºC with no brakes applied.  After centrifugation plasma 

was collected and frozen for future use.  The buffy coat and two-thirds of the Ficoll layer, 

which contained the white blood cells, were collected and placed in a third 15 mL 

centrifuge tube.  Samples were washed with 10 mL HBSS and spun at 932*gravity for 10 

minutes before removing the HBSS.  The washing procedure was repeated: however, 

samples were spun at 493*gravity for 10 minutes.  One mL of 50% Dulbecco’s 

Modification of Eagle’s Medium with 4.5g/L glucose, L-glutamine and sodium pyruvate 

(DMEM media: Cellgro, Corning, NY, USA), 40% fetal bovine serum (FBS, Atlanta 

biologics, Atlanta, Ga, USA), and 10% dimethyl sulfoxide (DMSO: Fisher, Pittsburgh, 

PA, USA) was added and two aliquots cryopreserved in liquid nitrogen for future use.  

 

 

Isolation of primary osteocytes 

The right femur, mandible, and lumbar vertebra from the 1-week time point (n=5 

per group) were cleaned of soft tissue and placed into warm 60% media and 40% FBS at 

the time of sacrifice.  Excess tissue was removed from each bone: (1) mandibles had all 

molars, incisors and the ramus removed, (2) femora had the ends of the bone cut off and 

the marrow removed by cutting the tip of a micro-centrifuge tube, inserting the bone 

longitudinally, placing the tube into a second intact micro-centrifuge tube, and spinning 

at 193*gravity for 1 minute, and (3) the vertebrae had the spinal cord removed.  After 

excess tissue removal, the bones were cut into small pieces with bone shears, placed into 
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a 6-well plate and washed with PBS until the solution ran clear. Seventy percent ethanol 

was added to each well for 15-20 seconds to lyse cells in any remaining soft tissue. The 

bone fragments were washed with PBS and a 1X tryspin/EDTA (Life Technologies, 

Grand Island, NY, USA):PBS 1:100 solution was added, and the samples placed on a 

shaker at 37ºC for 10 minutes.  Fragments were washed with PBS, and collagenase 

solution (Life Technologies, Grand Island, NY, USA) was added to the wells at 37ºC for 

20 minutes.  This was repeated 4 times with the bone fragments crushed after the second 

collagenase step.  A final PBS wash was performed for 3 minutes on a shaker, and the 

remaining bone fragments were plated in a petri dish and left to dry for 1 minute to 

promote cell attachment prior to slowly adding DMEM media with 10% FBS, 10% calf 

serum (CS, HyClone, South Loan, UT, USA), and 0.5% fungizone (Omega Scientific, 

Torzana, CA, USA).  Additional plates of the fourth fraction of collagenase solution were 

plated for additional primary osteocyte cell growth.  Once confluent the cells were frozen 

in 50% media, 40% FBS, and 10% DMSO and placed in liquid nitrogen for future use.  

 

 

B. In vivo studies – Systemic Removal of Far-Red Fluorescent 
Pamidronate (FRFP) 

 

Cadmium gavage 

Twenty-two, 190 g Sprague Dawley rats were given an injection of 0.16 nmol/g 

OsteoSense 750 EX, FRFP (PerkinElmer, Santa Clara, CA, USA) after a 1-week baseline 

urine collection period, while under 2% isoflurane anesthesia.  The dosage of FRFP given 

was calculated based on the recommended dosage for mice (4 nmol/100 µL purified 



 

35 

 

buffered saline for a 25 g mouse) scaled to the weight of the 190 g rats (30.4 nmol/100 

µL PBS). Eighteen animals received IV tail vein injections, while 4 received IP injections 

to determine the best delivery method.  One and 2 weeks post FRFP injection, the 2% 

isoflurane anesthetized animals were given a gavage of 2 mL of either sterile water 

(control; n=11) or 8.9 µmol/mL of 1.0 M cadmium chloride (Hampton Research, Aliso 

Viejo, CA, USA), which is equivalent to a 2 mg dose of cadmium chloride per animal 

(systemic treatment; n=11) using 15 gauge feeding tubes (Instech Solomon, Plymouth 

Meeting, PA, USA).   Weights were recorded at the time of anesthesia.  One-week 

following the second gavage administration the animals were sacrificed using CO2 

overdose followed by thoracotomy.  At the time of sacrifice, the mandible, femora, tibiae, 

vertebrae, kidneys and liver were collected and fixed in 10% phosphate-buffered 

formalin.  Blood samples were drawn for serum analyses as described on page 32.  

 

Fluorescent imaging 

Animals were imaged 12 hours before and after FRFP injection, 12 hours pre 

gavage, 1 and 3 days after each gavage (Figure 5) and ex vivo on the collected bones  

using the VivoVision Ivis Lumina small-animal imaging system (Xenogen Corp; 

Alameda, CA, USA) with excitation and emission ICG filters, a f stop of 2, and binning 

at medium. Fluorescent images were taken 12 hours before the FRFP injection to verify 

the absence of auto-fluorescence or background at the 750 nm excitation wavelength, and 

again 12 hours after FRFP injection to ensure a signal could be detected.  Images taken 

12 hours prior to the first cadmium administration were used to normalize for the loss of 

fluorescence due to normal decay.  In vivo imaging required the removal of hair from the 
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region surrounding the mandible to prevent the scattering of light and to minimize 

background auto-fluorescence.  Ouadritop [Butler Schein; Dublin, OH, USA] was 

applied topically to ease irritation caused by the regrowth of the hair.  The animals were 

anesthetized using a continuous administration of 2% isoflurane to prevent motion during 

the collection of the fluorescent images.    The fluorescence intensity was measured in 

maximum radiant efficiency for the regions of interest that included: the mandibles (in 

vivo), tibial plateau, 3 vertebrae, femoral epicondyles, and the alveolar bone of the 

mandible (ex vivo).  Animals/ex vivo bone specimens were positioned and standardized 

mandibular regions of interest were identified for analysis before the application of the 

fluorescent signal to prevent observational bias.  
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Figure 5. Experimental design for the systemic release of FRFP. Experimental design and timeline for the systemic release of 

the FRFP.  Control animals received a gavage of sterile water (n=11) while treatment animals received 2mg of cadmium 

(n=11) at 7 and 14 days.  Fluorescent images were collected at indicated time points and used for validating the absence of 

autofluorescenc) and verification that the injected FRFP could be detected (green lines), pre-treatment signal measurement 

used to normalize data to account for the natural decay of the signal due to time (blue line), and to monitor the effect of 

gavage treatment on fluorescent intensity (red lines).
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Total protein and fluorescent analysis - urine 

 All animals were placed into metabolic cages and fed standard powdered diet 

(Mod TestDiet AIN-76a; St. Louis, MO, USA) containing 0.53% calcium. After a 1-

week acclimation period, urine samples were collected every 12 hours (7am-7pm; 7pm-

7am) for a total of 7 days to establish a baseline and continued to be collected every 12 

hours for the duration of the experiment.  Total 12-hour urine volumes were collected and 

then the urine separated into aliquots and stored at -80ºC. The total urine protein levels 

were analyzed using the Pierce BCA Protein (Thermo Scientific, Rockford, IL, USA) 

assay kit, as per the manufacturer’s instructions, for a span of 10 days starting 5 days 

prior to the second control or cadmium gavage. The collected urine was imaged using the 

VivoVision Ivis Lumina system as previously described to determine the amount of 

FRFP eliminated by the kidneys.  Particles of the powdered diet that fell into the 

collected urine were also analyzed to determine if they contained residual amounts of 

FRFP.  

 

Dual energy X-ray absorptiometry (DEXA) 

 Dual Energy X-Ray Absorptiometry (DEXA) scans using the Lunar PISImus2 

2.10 (Inside Outside Sales, LLC, Fitchburg, WI, USA) were performed on the harvested 

mandibles to determine bone mineral density.  During scanning, the mandibles were 

oriented such that X-rays penetrated the mandibles in a bucco-lingual direction after 

placement in the specimen sticky tray (Inside Outside Sales, LLC, Fitchburg, WI, USA). 

Three parameters were measured for a region of interest that contained the entire 

mandible: (1) the bone mineral content (BMC), which is the total mass of bone mineral 
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content expressed in grams (g), (2) the area of the bone (B.Ar) which is determined by 

edge detection algorithms in the software and expressed in cm
2
, and (3) the bone mineral 

density (BMD) which is the quotient of the BMC and area expressed in g/cm
2
. 

 

 Quantification of serum blood urea nitrogen (BUN) and parathyroid hormone (PTH) 

levels 

 Blood was collected for serum analysis via an intracardiac cannula into a glass 

collection vial at the time of sacrifice and stored at 4ºC overnight.  The serum was then 

separated, as previously described, to determine BUN levels using a colorimetric urea 

assay kit (Abcam, Cambridge, MA, USA).  Serum levels of PTH were analyzed using the 

rat intact PTH ELISA kit (Immutoics, Inc. San Clemente, CA, USA).  Data were 

calculated using the appropriate standard curves. 

 

Quantification of serum creatinine levels 

 Serum creatinine levels were analyzed by adding 50 µL of the serum to 200 µL of 

a solution containing 1g NaOH dissolved in 90mL dH2O and 10mL picric acid.  After an 

incubation of 15 minutes, sample absorbance was read at 490nm.  Data were calculated 

using a standard curve created by serially diluting a creatinine concentration of 20mg/dL, 

produced by dissolving 2mg of creatinine in 10mL H2O.   
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Quantification of serum calcium levels 

 Serum calcium levels were analyzed by adding 50 µL of the serum samples to 

4mL of potassium chloride (KCl; 5 g/L).  Signals were read by flame Atomic Absorption 

Spectroscopy (SpectraAA, Varian, Palo Alto, CA, USA) using a calcium lamp.  Data 

were calculated using a standard curve.  

 

C. In vivo studies – Local Removal of FRFP 
 

Extraction 

After a 1-week acclimation period, 10 Sprague Dawley rats (190 g) were given an 

injection of 0.16 nmol/g OsteoSense 750 EX, FRFP (PerkinElmer, Santa Clara, CA, 

USA), while under 2% isoflurane anesthesia.  Twenty-four hours post FRFP injection, 

the animals were anesthetized with an IP injection of a ketamine (100 mg/mL)/xylazine 

(20 mg/mL) cocktail at a dosage of 0.1 mL/kg and the first and second molars on the left 

(treatment) and right (control) mandibles were extracted as previously described on page 

25.  After extraction, a standardized Q-tip cotton swabs soaked in 17% EDTA (n=5) or 

10% citric acid (n=5) was placed in the left mandibular extraction site for 10 or 3 

minutes, respectively, with freshly soaked swabs being used every 2 minutes.  An 

identical extraction protocol was utilized on the right mandible, with the extraction site 

being rinsed with sterile water as control.  Animals were sacrificed 24 hours later using 

CO2 overdose.  At time of sacrifice the mandibles were collected and a second treatment 

of EDTA, citric acid or sterile water was applied on the mandibles ex vivo, in the same 
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manner as the in vivo treatment.  The mandibles were then embedded in methyl 

methacrylate plastic as previously described on page 32 for histological analysis. Tibiae 

and femora were placed in buffered formalin for future use. 

 

Fluorescent imaging 

Animals were imaged 12 hours post-FRFP injection and immediately after 

extraction and treatment application using VivoVision Ivis Lumina small-animal imaging 

system (Xenogen Corp) with excitation and emission ICG filters, a f stop of 2, and 

binning at medium.  Ex vivo images of the mandibles were also taken after the second 

treatment.  The fluorescence intensity was measured in maximum radiant efficiency for 

the regions of interest that included: the left and right mandibles (in vivo) and the 

extraction site (ex vivo).  Animals/ex vivo bone specimens were positioned and 

standardized mandibular regions of interest were identified for analysis before the 

application of the fluorescent signal to prevent observational bias.  The smallest 

concentration of fluorescence decetable by the machine is 0.237 nmol/100µL. 

 

Histology – fluorescence  

 The mandibles were dehydrated and embedded in methyl methacrylate plastic and 

sectioned with an isomet low speed saw with a diamond wafering blade (Buehler, Lake 

Bluff, IL, USA). Sections containing the extraction site were mounted on histology slides 

and fluorescent images taken using a Zeiss LSM 510 Meta Inverted Confocal microscope 

(Carl Zeiss) mounted on an Axiovert 200m base stand using AIM 3.2 SP2 software.  The 

samples were excited with a 633 nm laser at 50% of the maximum, with the pinhole set at 
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713 at a magnification of 10X.  A region of interest (400 µm wide; 600 µm high) was 

positioned within the basal bone below the extraction site and the integrated density was 

measured using ImageJ software (http://imagej.nih.gov/ij/). 

 

Histology – measurement of decalcification depth 

 Additional sections of the extraction site were deplasticized in acetone, hydrated 

in a ethanol series, stained with silver nitrate for 10 minutes, sodium carbonate-

formaldehyde for 2 minutes, farmer’s diminisher for 30 seconds, and MacNeal’s 

tetrachrome for 5 minutes.  After staining the slides were dehydrated and cover-slipped.  

Three randomly chosen 20X fields within the extraction site were examined and the 

depth of the surface demineralized bone area was measured at 3 random points, allowing 

for a total of 9 measurements per sample.    

 

D. In vitro studies  
 

Culture of cell lines 

 Osteocytes: MLO-Y4, an osteocyte cell line provided by Dr. Linda Bonewald, 

was incubated under standard conditions (37ºC in 5% CO2) in DMEM media, 5% FBS, 

5% CS, 1% penicillin streptomycin (PenStrep:Cellgro, Corning, NY, USA), and 0.5% 

fungizone until 90-95% confluent.  Media were changed every 3 to 4 days as needed.  

Once confluent the cells were washed with PBS and lifted with 1% trypsin/EDTA for 

sub-culturing.  Cells were then cryopreserved in DMEM containing 40% FBS and 10% 

DMSOat -80ºC for 24 hours and then moved to liquid nitrogen for long term storage.   
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Monocytes: RAW 264.7(ATCC, Manassas, VA, USA), an adherent monocyte cell 

line, was incubated at standard conditions in DMEM, 10% heat inactivated FBS (Atlanta 

biologicals; lot L12163), and 1% PenStrep until 90% confluent with media changes every 

3 to 4 days as needed.  The cells were lifted using cell scrapers and cryopreserved as 

previously stated.  It was found that certain batches of FBS encouraged cell growth over 

others; therefore utilizing the same batch of FBS was practiced and is suggested.  

 

Transwell migration assay  

 The Fluorometric CytoSelect 96-well Cell Migration Assay Kit plate with a 5-μm 

pore size (Cell Biolabs, San Diego, CA, USA) used in the following experiments 

consisted of two trays.  The upper tray contained seeded migratory cells and allowed the 

cells to migrate through the porous membrane inserted into the lower tray upon 

stimulation with conditioned media or factors that stimulated cell migration found in the 

lower tray.   

Medium from Zol-Treated Osteocytes: Conditioned media from the treated groups 

under either normoxic or hypoxic culture conditions (Table 1) were collected and stored 

at -80ºC until ready for use.  Freshly cultured RAW cells were lifted by scraping and 

resuspended at a density of 3.0x10
6
 cells/ml in serum-free media, as per the 

manufacturer’s recommendations. One hundred µL of the cell suspension was added to 

each of the upper wells of the transwell plate and exposed to conditioned media in the 

lower wells from the Zol-treated and control osteocyte cultures for 24 hours to allow 

migration across the porous membrane.  After 24 hours, migratory cells were then 

detached from the lower surface of the transwell membrane utilizing a detachment buffer 
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contained within the migration kit, and lysed. Total DNA in the cell lysates was stained 

with CyQuant® GR Dye and fluorescence was read at 480/520nm, as per the 

manufacturer’s instructions.   

Zol-Treated Monocytes: DMEM medium supplemented with 1000ng/mL soluble 

RANKL (Abcam, Cambridge, MA, USA) was added to the lower wells of the transwell 

plate. Freshly cultured RAW cells were serum-starved overnight and then collected by 

scraping and placed into the separate flasks which were subsequently treated (Table 2).  

At the conclusion of the 3-hour treatment the cells were collected with the media, 

centrifuged for 4 minutes at 932*gravity, and the supernatant removed.  Each group was 

resuspended in serum-free media at a density of 3.0x10
6
 cells/ml and 100µL of the cell 

suspension added to the upper wells.  The RAW cells were allowed to migrate for 24 

hours and analyzed as stated previously.  
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Table I. MLO-Y4 Osteocyte Treatment Groups 

  

         3 hour Pretreatments (Zol) 

            

____________________________________________________________________________________ 

Normoxia (21% O2)  Serum Free* 10
-14

 M Zol 10
-12

 M Zol 10
-10

 M Zol 10
-8

 M Zol 10
-6

 M Zol* 10
-4

 M  

Hypoxia    (1% O2)  Serum Free* 10
-14

 M Zol 10
-12

 M Zol 10
-10

 M Zol 10
-8

 M Zol 10
-6

 M Zol* 10
-4

 M  

 

Osteocytes were pretreated with concentrations of Zol (10
-4

, 10
-6

, 10
-8

, 10
-10

, 10
-12

, and 10
-14

 M) for 3 hours under normoxic 

conditions, after which the Zol treatment for all groups was replaced with serum-free media and the cells incubated for 24 

hours in either normoxic (21% O2) or hypoxic (1% O2) conditions.  Groups involved in different assays are indicated by the 

gray shading and stars (*).  
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Table II. RAW 264.7 Monocyte Treatment Groups 

  

         3 hour Pretreatments 

          

____________________________________________________________________________________ 

Normoxia (21% O2)  Serum Free 10
-14

 M Zol 10
-12

 M Zol 10
-10

 M Zol 10
-8

 M Zol 10
-6

 M Zol 10
-4

 M  

 

Monocytes pretreated with concentrations of Zol (10
-4

, 10
-6

, 10
-8

, 10
-10

, 10
-12

, and 10
-14

 M) for 3 hours under normoxic 

conditions, then the treatment for all groups was replaced with serum-free media.  Groups involved in different assays are 

indicated by the gray shading.  Physiologically monocytes are thought to be exposed to concentrations ranging from 10
-6 

–10
-10 

M Zol.  
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RNA isolation and reverse transcription (RT) 

 RNA was isolated from sample populations using the RNeasy Mini Kit for 

purification of total RNA according to the manufacturer’s protocol (Qiagen). Reverse 

transcription of the isolated total RNA was conducted using an Applied Biosytems™ 

High Capacity cDNA Reverse Transcription kit, with a random primer scheme, according 

to the manufacturer’s protocol. This kit was selected based on its ability to amplify 

targets linearly for real-time PCR. cDNA was amplified using an Applied Biosystems 

Gene Amp PCR System 9700 thermal cycler (25⁰C for 10 minutes, 37⁰C for 120 

minutes, 85⁰C for 5 sec, 4⁰C indefinitely). cDNA products were then diluted and aliquots 

equivalent to 10 ng of total RNA were used for a PCR array and quantitative real-time 

PCR (qRT-PCR). 

 

Polymerase chain reaction (PCR) array 

  cDNA samples were arrayed in a 96-well plate.  Taqman Gene Expression 

Assays (Table 3) were obtained from Applied Biosystems™ for each gene of interest, in 

addition to housekeeping genes. Reaction mixtures were prepared for each plate and then 

distributed to each of the 96 wells using a multi-channel 10 µl pipette. Plates were sealed 

with MicroAmp 96-Well Optical Adhesive Film and centrifuged. Plates were then run on 

a 7900HT Fast Real-Time PCR System using standard thermal cycling conditions (10 

minutes at 95⁰C, 40 cycles for 15 seconds at 95⁰C, 1 minute at 60⁰C). Additional plates 

prepared were stored at 4⁰C until ready to be run. Cycle threshold values (CT) and delta 

CT values were obtained for each gene using the SDS2.3 software and were calculated 

based on the standard curve. mRNA levels were normalized to endogenous gene 
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expression values of the housekeeping gene Rpl32, a housekeeping gene known to 

remain unchanged under normoxic and hypoxic conditions, and gene expression was 

calculated as fold change using the comparative CT method
160

.  Other housekeeping 

genes tested were 18S, Rn18s, B2m, and Polr2b. 

 

Multipotency assay – quantitative reverse transcription-polymerase chain reaction (qRT-

PCR)  

Total RNA isolation of osteocyte groups treated with serum free media or -6 M Zol 

using Buffer RLT and qRT-PCR using qScript One-Step Fast qRT-PCR Kit, Rox with 

Taqman primers (Abcam) was performed in the same manner as described previously.  

Target genes are highlighted in Table 3 for osteocytes.  The reaction protocol was as 

follows: cDNA synthesis at 50ºC for 5 minutes, initial denaturation at 95ºC for 30 

seconds, PCR cycling at 95ºC for 3 seconds, then primer annealing at 60ºC for 30 

seconds for a total of 40 cycles.   
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Table III Mouse Primers for Treated Osteocytes 

 

Symbol Gene Name        Cellular Function   Accession  

Rpl32  Ribosomal protein L32     Housekeeping    NM_172086.2 

Rn18s  18S Ribosomal RNA      Housekeeping    NR_003278.3 

B2m  Beta-2 microglobulin      Housekeeping    NM_004048 

Polr2b  Polymerase (RNA) II (DNA Directed) polypeptide B Housekeeping    NM_000938.1 

18S  Eukaryotic 18S rRNA      Housekeeping    X03205.1 

Tnfsf11 Tumor necrosis factor (ligand) superfamily, RANKL Ocl differentiation and activation NM_011613.3 

Gdf15  Growth differentiation factor 15    Differentiation    NM_011819.2 

Csf1  Colony stimulating factor 1 (macrophage)   Ocl differ. and proliferation          NM_001113529 

Csf2  Colony stimulating factor 2 (granulocyte-macrophage) Macrophage differentiation  NM_009969.4 

Ccl2/MCP1 Monocyte chemotactic protein 1    Recruits monocytes   NM_011333.3 

Tnfsf11b Tumor necrosis factor (ligand) superfamily, OPG  Ocl differentiation and activation NM_002546 

Tnf  Tumor necrosis factor      Inflammation, recruits monocytes NM_012675.3 

Tgfβ1  Transforming growth factor, beta 1    Monocyte differentiation  NM_011577 

IL-1β  Interleukin 1 beta      Inflammation    NM_008361 

IL-6  Interleukin 6       Monocyte diff. to macrophages  NM_031168 

IL-17a  Interleukin 17a      Inflammation    NM_010552 

 

Taqman PCR primers used to determine gene regulation in treated osteocytes.   Gray shading indicates genes whose expression 

levels were verified by qRT-PCR.  Osteoclast (Ocl)



 

 

Analysis of cell proliferation 

 MLO-Y4 and RAW cells were plated in a 96-well plate and allowed to reach 90% 

confluence.  The cells were then treated in the sequence found in Tables 1 and 2, 

respectively.  Proliferation of the cells was then analyzed using 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide assay (MTT;Sigma, St. Louis, MO, USA).   At the 

completion of the treatment sequence, cells were washed in PBS and incubated with 100 

µL/well of MTT for 30 minutes.  Next, 100 µL/well of TRIS-buffered saline (Lonza, 

Walkersville, MD, USA) was added for 5 minutes at room temperature and then 

removed.  The wells were washed with dH2O before adding 100 µL/well of DMSO and 

incubated for 1 minute under shaking.  A spectrophotometer (BioTek, Columbia, SC, 

USA) was used to read absorbance at 562nm.   

 

Measure of cell viability 

 MLO-Y4 and RAW cells were plated in a 96-well plate and allowed to reach 90% 

confluence.  The cells were then treated in the sequence found in Tables 1 and 2, 

respectively.  Cell viability after treatment was analyzed using a standard trypan blue 

exclusion protocol. Cells were washed with PBS, lifted with trypsin/EDTA, and 

resuspended in 100 µL DMEM media. Cell suspensions were mixed with an equal 

volume of 0.4% trypan blue staining solution (Gibco, Invitrogen) and counted in the 4 

outer squares using a hemacytometer with a cover slip (Hausser Scientific, Horsham, PA, 

USA). 
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Statistics 

 Statistical analysis was done using SPSS Statistics® software for Windows (v. 20; 

IBM,Corp, New York, USA).  Values were represented as mean±SD.  Normality and 

equal variances assumptions were evaluated for every data set using the Shapiro-Wilk 

and Levene’s test, respectively.  Significance was defined as p < 0.05.   
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III. RESULTS 
 

 

As the number of prescriptions for bisphosphonates continuously increases, a 

corresponding rise in BRONJ incidents is expected.  Currently there is no reliable animal 

model for BRONJ and no mechanism for its development has been elucidated.  We 

hypothesized that bisphosphonates cause osteonecrosis through the physical 

accumulation of bisphosphonates in bone, impairing the ability of recruited osteoclasts to 

attach thereby arresting bone healing when coupled with trauma.  Furthermore, we 

suggest that chelating agents could be used for the removal of bisphosphonate attachment 

from bone both systemically and locally to prevent the onset of BRONJ. We further 

hypothesized that bisphosphonates cause osteonecrosis of the jaw by impairing 

osteoclastogenesis. 

To test these hypotheses, three specific aims were proposed.  In Aim 1, the 

correlative role of Zol treatment, coupled with dental extractions, in the manifestation of 

BRONJ was investigated by developing a reliable animal model that mimics the clinical 

presentation of BRONJ.  In Aim 2, the ability of chelating agents to remove matrix-

bound bisphosphonate from alveolar bone was used to examine the therapeutic potential 

of these agents.   Finally in Aim 3, the role of Zol treatment on the inhibition of monocyte 

recruitment and differentiation into osteoclasts was investigated in vitro.  
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A. Aim 1: To test the hypothesis that Zol treatment causes post-extraction 

BRONJ in a rat model. 

 The initial aim of the study was designed to firmly establish whether Zol 

treatment coupled with dental extractions, as a source of trauma, can cause the 

development of clinical BRONJ in a rodent model.  The experimental procedure 

comprised of 13 consecutive weeks of IV injections of either Zol treatment or PBS as a 

control, followed by molar extractions.  The animals were evaluated at 1-week post-

extractions for early cellular and systemic response, 2-weeks for effects on bone 

remodeling, and 8-weeks to characterize the development of osteonecrosis. 

 

Characterization of the development of BRONJ 

 Following the 13 week treatment sequence and molar extractions, the 8-week 

animals were monitored for the progression of wound healing.  Intraoral images were 

taken at 5-8 weeks post-extractions for both PBS control (n=19) and 80 µg/kg Zol-treated 

animals (n=20) (Figure 6A).  One control animal died because of anesthesia-related 

complications during the week 2 follow up examination and was therefore removed from 

the study.  At week 5, both groups were found to have remaining root tips and bone 

fragments, reminiscent of the damage induced by extractions that are uncovered by 

mucosa and left exposed.  In the following weeks, 14 of the control animals excised the 

remaining debris and had full mucosal coverage of the area with no inflammation or 

infection evident.  The remaining 5 control animals had exposed bone remaining within 

the extraction site but the bone was not discolored or necrotic and had soft tissue 

completely surrounding the fragment, indicative of a lack of soft tissue necrosis.  In 
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contrast, the Zol-treated animals were found to have large areas of bone exposed at week 

5 that persisted to the 8-week timepoint for all 20 animals.  From week 5 to week 8, an 

expansion of the exposed bone with accompanying retraction of the mucosal tissue 

occurred in the treated animals.  The exposed bone became discolored and necrotic.  No 

inflammation or infection was observed in the surrounding soft tissues but the tissue did 

show an increased tendency to bleed when the extraction site was examined.  µCT 

images of the extraction site 1-, 2-, and 8-weeks post-extraction revealed no differences 

in the extraction sites between control and treated animals containing fragmented bone 

and root tips at weeks 1 and 2 (Figure 6B).  At week 8 the control animals showed 

completely healed bone indicated by smooth edges of the bone surrounding the extraction 

site with no sequestered bone.  In contrast, all treated animals not only had sequestered 

bone within the extraction site, but 19 out of 20 animals showed extensive damage to the 

entire alveolar ridge.   

Representative three-dimensional reconstructed µCT images of the extraction site 

illustrate the healed bone in the controls and the fragmented bone and damage to the bone 

surrounding the extraction site in the treatment animals.  Figure 7 shows the intraoral and 

µCT images of all 8-week animals to illustrate the consistency of the clinical presentation 

of BRONJ in the treated group (7B) and complete lack of BRONJ in the control animals 

(7A), validating our model.  To further quantify the severity of the osteonecrosis, the 8-

week intraoral and µCT images were analyzed and used to grade each animal (Figure 

8A). A grade of 0, indicating full mucosal coverage with no exposed bone and a complete 

lack of sequestered bone within the extraction site, was given to 14 control animals; 5 

control animals received grade 1, having no sequestered bone but exposed bone evident 
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in the intraoral pictures; 1 treated animal was assigned a grade of 2 because of exposed 

bone in the intraoral picture and sequestered bone evident in the sagittal and coronal 

planes of the µCT images; 19 treated animals had exposed bone and full sequestration in 

all 3 µCT planes (sagittal, coronal, and trans axial) with additional damage to the alveolar 

ridge, indicated by either the absence of or fractures in the alveolar ridge, and therefore 

received a grade of 4.  No animals were assigned a grade of 3. A chi
2
 analysis with a 

Fisher’s exact correction applied was used for analysis of the graded scale and confirmed 

the significant difference (p<0.001) between the control (0.26±0.44, n=19) and treatment 

groups (3.9±0.435, n=20) (Figure 8B).
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Figure 6.  Progression of healing. A) Intraoral pictures of the extraction site in a control and a 80µg/kg Zol-treated animal.  Images 

were taken at 5-8 weeks after the second left, mandibular molar extraction for each animal.  B) µCT images of the extraction site at 1-

, 2-, and 8-weeks after extractions.  The top right corner is the sagittal plane, bottom left is coronal and bottom right is the trans axial 

plane.  Sequestered bone was seen in the 3D reconstruction image of the treated animal at 8-weeks post-extraction, but was absent in 

the control animal.  
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Figure 7. Scale of osteonecrosis severity.  A) Analysis of intraoral pictures for mucosal coverage (black arrows) and exposed bone 

(orange arrows), µCT images revealing evidence of bone sequestration (red arrows) and damage to the alveolar ridge (yellow 

arrows) were used to grade the severity of the osteonecrosis for each animal.  B) 5 control animals received a score of 1; the 

remaining 14 animals received a zero.  19 treatment animals scored a 4, while 1 received a score of 2. Control: 0.26±0.44, n=19 and 

treatment: 3.9±0.435, n=20; p<0.001.  No animals received a grade of 3.  Blue arrow indicates food particles.
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Figure 8.  Clinical Assessment of BRONJ. Intraoral pictures and µCT images of A) Control and B) 80µg/kg Zol-treated 8-week 

animals.  Mucosal coverage and healed bone was evident in all control animals while uncovered necrotic bone with seqestra was 

observed in all treated animals.  Food particles were found within some of the extraction sites.

B continued 
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Histological evaluation of bone healing 

 Evaluation of H&E-stained sections of the extraction site was performed 

at 1 and 8 weeks after extraction.  Three 20X fields were examined in each slide focusing 

on the intact buccal, lingual, and basal walls of the socket (Figure 9A).  The degree of 

alveolar bone necrosis was quantified as the ratio between empty osteocyte lacunae and 

the total number of lacunae in the field for the 1-week (n=10 per group) and 8-week 

(n=20 per group) timepoints. The extraction sites were compared between the control and 

ZOL-treated animals.  Sequestrated and separated bone or root fragments were not 

included so that the viability of the remaining mandibular bone could be assessed.  

Additionally sequestered bone is by definition dead bone and would therefore skew any 

results obtained.  Analysis of the percentage of empty osteocyte lacunae within the 

alveolar bone (1) anterior to the extraction site, (2) within the extraction site, and (3) 

posterior to the extraction site at 1- and 8-weeks post-extraction was completed to 

characterize the amount of initial (1 week) bone death that occurred, whether the health 

of the bone improved or worsened by the 8-week timepoint, and if enhancement of 

osteocyte cell death occurred.   A natural log transformation and Welch correction was 

applied to the data to correct for violation of the normality and equal variances 

assumptions, respectively.  

At 1-week, the control group had a higher percentage of empty lacunae anterior to 

the extraction site (24.5±12.4%, n=5), followed by the extraction site (18.3±1.0%, n=5), 

with the area posterior to the extraction site having the lowest percentage of empty 

lacunae (9.2±3.9%, n=5) (Figure 9B).  The treatment group showed a slightly different 

trend with the extraction site having more empty lacunae which is indicative of increased 
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osteocyte cell death (46.5±52.0%, n=5), followed by anterior and posterior to the 

extraction site (39.4±21.0% and 21.2±19.4%, respectively, n=5).  No significant 

differences were found between sites (2-way ANOVA) or between the control and 

treatment groups (2-tailed students t-test).  At 8-weeks, the percentage of empty lacunae 

for the controls was consistent throughout the mandible (anterior: 14.3±6.9%; extraction 

site: 12.6±2.8%; and posterior 12.5±4.7%, n=10).  The treatment animals had a slightly 

higher percentage of osteocyte cell death posterior to the extraction site (35.0±31.7 %, 

n=10) compared to the anterior and extraction site locations (23.67±8.68% and 

26.7±8.2%, respectively, n=10). A significant difference was found between control and 

treated animals at the anterior location (p=0.021) and extraction site (p<0.001) with the 

treatment animals having a higher percentage of empty lacunae at both sites.  These 

results suggest that the initial bone death, indicated by the percentage of empty osteocyte 

lacunae, 1 week after extractions was greatest in the Zol-treated animals and not only 

persisted through the 8 week timepoint, but also seemed to expand to the anterior and 

posterior aspects of the mandible.  The percentage of osteocyte death in the control 

animals remained relatively constant across the mandible for the entire healing process 

with a difference of only 15.2% between the highest and lowest percent of empty 

lacunae, compared to a 25.2% difference occurring in the treated animals.  Collectively, 

our data indicated Zol treatment not only caused increased osteocyte cell death as an 

initial response to trauma, but that the resulting necrosis persisted and actually expanded 

beyond the extraction site to affect the surrounding bone.   
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Figure 9. Empty Osteocyte Lacunae.  A) H&E images within the extraction site of 1- and 

8-week mandibles.  The number of filled (black arrows) and empty lacunae (green 

arrows)were counted at three locations within the mandibles of the animals 1) anterior to 

the extraction site 2) within the extraction site (9A) and 3) posterior to the extraction site.  

B) 80µg/kg Zol-treated animals were seen to have a higher percentage of empty osteocyte 

lacunae at all locations within the jaw at both the 1- and 8-week timepoints.  A 

significant difference between control (14.3±6.9% and 12.6±2.8%, n=10) and treated 

animals (23.67±8.68% and 26.7±8.2%, n=10) was found at week 8 anteriorly (p=0.021) 

and within the extraction site (p<0.001), respectively.  Sequestered bone was excluded 

from the analysis to avoid skewed results due to including dead sequestered bone. 

Percentage of Empty Osteocyte Lacunae 

A 
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  TRAP-stained sections of the extraction site were evaluated at 1 and 8 weeks after 

extraction to characterize osteoclast function (Figure 10A); (1) percent of attached to 

unattached osteoclasts (Figure 10B), (2) number of attached osteoclasts normalized to 

bone surface (N.Oc/B.Pm; Figure 10C), and (3) osteoclast surface normalized to bone 

surface (Oc.Pm/B.Pm; Figure 10D) was analyzed at both timepoints. At 1-week, no 

significant difference in the percentage of attached osteoclasts was observed between 

control and treated animals (74.8±14.1% and 72.0±17.8%, respectively, n=5) but a 

smaller percentage of osteoclasts were attached in the treatment group at week 8 

(48.3±30.0%, n=10) compared to controls (88.0±19.8%, n=10).  After a rank 

transformation and a 1-way ANOVA analysis, it was found that the percentage of 

attached osteoclasts showed a strong, but not statistically significant (p=0.068), decline in 

the treatment group between 1 and 8 weeks, compared to the control.  Interesting, these 

same groups did show a significant increase in attached osteoclasts between 1 and 8 

weeks (p=0.003).  At 1-week, the osteoclast number (N.Oc/B.Pm) was significantly 

lower by 4.5-fold in the treatment group (1.39E-3±1.47-3μ
-1

, n=5) than the control 

(6.26E-3±3.18E-3 μ
-1

, n=5) (p=0.015), while at 8 weeks, no difference was found 

between the groups (3.63E-3±2.52E-3 μ
-1

 and 1.84E-3±1.11E μ
-1

, respectively, n=10; 

p=0.565). Osteoclast surface, analyzed using 1-way ANOVA with a Welch correction, 

was lower, albeit not significantly, in the treated (3.4±3.8%, n=5) than the control group 

(12.06±6.2%, n=5) at week 1, and significantly lower by 4.0-fold in the treated group 

(2.66±1.6%, n=10) compared to the controls (10.6±7.6 %, n=10) at week 8 (p=0.006).   



 

66 

 

 
 

Figure 10. TRAP analysis of extraction site.  A) TRAP images of extraction site in control and 80 µg/kg Zol-treated animals at 

1- and 8- weeks post-molar extractions. B) Percent of total number of osteoclasts attached to the bone. C) Number of attached 

osteoclasts normalized to the amount of bone surface available for resorption; * significant difference between control (6.26E-

3±3.18E-3 μ
-1

, n=5) and treated animals (1.39E-3±1.47-3μ
-
1, n=5) at 1-week post extraction (p=0.015).  D) The osteoclasts’ 

surface normalized to bone surface; * significant difference at 8 weeks (control: 10.6±7.6% and treatment: 2.66±1.6%, n=10; 

p=0.006).
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Taken together, osteoclast recruitment, as evident by the number of cells attached, 

was reduced in the treated animals at 1-week, while at 8-weeks, osteoclast recruitment 

partially recovered; however, osteoclasts failed to attach to the bone surface or became 

detached after initial attachment.  Furthermore, osteoclasts in the Zol-treated animals 

were of a smaller size than their control counterparts, occupying fewer surfaces. 

Dynamic bone remodeling parameters were measured using double labeling with 

calcein, administered 3 days apart, starting 8 days following the left, first mandibular 

molar extraction (Figure 11A).  The mineral apposition rate (MAR) was significantly 

impaired in the treatment group (2.40±0.39μm/day, n=10) compared to the control group 

(4.13±0.60μm/day, n=10), analyzed using 2-tailed Student’s t-test (p<0.001; Figure 11B).  

Mineral formation rate (MFR), which normalized the both the single and double labeled 

surfaces to the total surface of the bone, was significantly impaired in the treated group 

(0.79E-3±0.24E-3 µm
3
/μm

2
/day, n=10) compared to the controls (2.36E-3±0.80E-3 

µm
3
/μm

2
/day, n=10) (p<0.001; Figure 11C).  The significant reduction in MAR and MFR 

indicate that Zol-treated animals have an impaired ability to form new bone after the 

induction of trauma.  It was observed that the treatment animals had a marked decrease 

not only in the distance between labels but in the amount of labeled surface altogether.  

This result further illustrates the overall lack of normal remodeling that occurs within 

extraction sites when animals are treated with a 80 µg/kg dose of Zol. 
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Figure 11.  Calcein measurements within the extraction site.  A) Images of the double 

(red arrow) and single calcein labelling (yellow arrow) along the bone surface (white 

arrow) within the extraction sites of 2-week control and 80µg/kg Zol-treated animals.  

Measurements were taken from midline to midline of the calcein lines.  B) MAR (control: 

4.13±0.60μm/day and treatment: 2.40±0.39μm/day, n=10; * p<0.001) and C) MFR rates 

(control: 2.36E-3±0.80E-3 µm
3
/μm

2
/day and treatment: 0.79E-3±0.24E-3 µm

3
/μm

2
/day, 

n=10, * p<0.001) were significantly impaired in the treated animals for both 

measurements.   

* 
* 
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Kidney and liver histopathology and function 

 To evaluate the systemic effects and evidence of possible toxicity of Zol 

treatment, kidney and liver histology (Figure 12) was analyzed by an experienced 

pathologist.  Kidney sections exhibited mostly intact glomeruli, and scattered swelling, 

occasional apoptosis and sloughing of tubular cells, observations that were similar in the 

control and treatment groups. Scattered inflammatory infiltrates were sometimes present 

in both groups.  Liver sections exhibited normal architecture. There were mild 

perivascular infiltrates of chronic inflammatory cells, scattered apoptotic cells, and 

dilated sinusoids, irrespective of the group.   

Kidney and liver function tests were also performed to evaluate systemic toxicity.  

Serum was collected 1-, 2-, and 8-weeks post-extraction to analyze systemic effects.  No 

differences were detected in BUN levels between control (1 week: 11.2±3.96 mg/dL; 2 

weeks: 16.62±4.89 mg/dL; 8 weeks: 17.24±8.47 mg/dL, n=5 for all timepoints) and 

treatment groups (1 week: 11.51±2.8 mg/dL, n=5: 2 weeks: 18.94±5.31 mg/dL, n=4; 8 

weeks: 15.78±3.4 mg/dL, n=5; Figure 13).  The normal physiological range of rat BUN is 

between 15 and 21 mg/dL.  The BUN levels at the 2- and 8-week timepoints for both 

control and treatment animals fell within this range, but the 1-week timepoint had low 

levels in both control and treated animals.  This suggests that, while there may have been 

some experimental factor that affected kidney function, the low 1-week BUN levels in 

both groups was not due to Zol-treatment.  Similar findings were evident for the ALT 

levels, used to test liver function at each of the time points (control 1 week: 30.10±7.92 

mU/mL; control 2 weeks: 39.11±9.78 mU/mL; control 8 weeks: 32.57±16.94 mU/mL, 

n=5 for all timepoints; treatment 1 week: 19.64±5.61 mU/mL, n=5; treatment 2 weeks: 
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29.15±9.21 mU/mL, n=4; treatment 8 weeks: 25.25±6.80 mU/mL, n=5; Figure 14). 

Control and treatment animals fell within the normal rat ALT activity range of 17.5 to 

30.2 mU/mL at all timepoints, indicating that liver function was unaffected by the 

treatment.  Collectively, our results suggest that the 80µg/kg dose of Zol treatment had no 

effect on kidney or liver histology or function. 
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Figure 12.  Kidney and liver H&E.  H&E images taken at magnifications of 10X and 20X 

were used to analyze the kidney and liver health to assess if the Zol treatment caused 

systemic toxicity.  No differences in the morphology could be identified.   
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Figure 13. Blood urea nitrogen levels.  BUN levels were used to determine if kidney 

function was impaired in the treatment animals at the 1-, 2-, and 8-week timepoints.  No 

differences were found; both control (1 week: 11.2±3.96 mg/dL; 2 weeks: 16.62±4.89 

mg/dL; 8 weeks: 17.24±8.47 mg/dL, n=5 for all timepoints) and 80µg/kg Zol-treated 

animals (1 week: 11.51±2.8 mg/dL, n=5: 2 weeks: 18.94±5.31 mg/dL, n=4; 8 weeks: 

15.78±3.4 mg/dL, n=5) had slightly low BUN levels at 1 week but levels returned to 

normal at the later timepoints. Dashed lines represent normal rat BUN levels. 

Serum BUN Levels 
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PTH and weight measurements 

 Quantitative analysis of PTH serum levels was employed to determine if Zol 

treatment caused a decline in the normal calcium levels in the blood through its 

mechanism of preventing bone resorption, resulting in a potential increase in PTH levels.  

No significant differences were detected in PTH levels between control (1 week: 

226.16±136.26 pg/dL; 2 weeks: 262.51±137.49 pg/dL; 8 weeks: 193.67±82.65 pg/dL, 

n=5 for all timepoints) and treatment groups (1 week: 145.81±98.42 pg/dL, n=5; 2 

weeks: 220.29±83.40 pg/dL, n=4; 8 weeks: 214.15±165.99 pg/dL, n=5; Figure 15).  

Animal weights were also recorded at the time of first injection (n=20 per group), 

extraction (n=20 per group), and sacrifice (n=29 control and n=30 treatment; control 

injection: 325±22.63 g; control extraction: 334±25.58 g; control sacrifice: 335±32.24 g; 

treatment injection: 321±20.8 g; treatment extraction: 329±29.39 g; treatment sacrifice: 

331.89±31.95 g; Figure 16).  Animals in both the control and treatment groups gained 

weight throughout the duration of the experiment, with no difference observed between 

the groups, confirmed by repeated-measures ANOVA.  These data show that the 

treatment had no systemic effects on serum PTH levels or the weights of the animals.  

Furthermore, the extractions had no negative effect on the appetite of the animals as 

indicated by the slight increase in weights of both groups between extraction and 

sacrifice.  

 In summary, our data indicate that a dosage of 80 µg/kg Zol coupled with 

mandibular molar extractions results in consistent presentation of BRONJ through 

mechanisms that involve a decline in bone health, osteoclast function, and bone 

remodeling, without causing systemic complications in the liver or kidneys.   
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Figure 14. ALT activity.  ALT activity was used to determine if liver function was 

impaired in the treatment animals at the 1-, 2-, and 8-week timepoints.  No significant 

differences were found between the groups at any of the timepoints. Normal rat ATL 

levels were observed in both groups at all timepoints as observed by the dashed lines. 

Control 1 week: 30.10±7.92 mU/mL; control 2 weeks: 39.11±9.78 mU/mL; control 8 

weeks: 32.57±16.94 mU/mL, n=5 for all timepoints. Treatment 1 week: 19.64±5.61 

mU/mL, n=5; treatment 2 weeks: 29.15±9.21 mU/mL, n=4; treatment 8 weeks: 

25.25±6.80 mU/mL, n=5. 

Serum ALT Levels 
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Figure 15. Serum PTH levels.  No significant differences were detected in PTH levels 

between control (1 week: 226.16±136.26 pg/dL; 2 weeks: 262.51±137.49 pg/dL; 8 weeks: 

193.67±82.65 pg/dL, n=5 for all timepoints) and treatment groups (1 week: 

145.81±98.42 pg/dL, n=5; 2 weeks: 220.29±83.40 pg/dL, n=4; 8 weeks: 214.15±165.99 

pg/dL, n=5).  

Serum PTH Levels 
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Figure 16. Animal Weights.  Weights were recorded at the time of first injection (n=20), 

extraction (n=20), and sacrifice (n=29 for control and 30 for treatment).  No differences 

were found between groups. Control injection: 325±22.63 g; control extraction: 

334±25.58 g; control sacrifice: 335±32.24 g; treatment injection: 321±20.8 g; treatment 

extraction: 329±29.39 g; treatment sacrifice: 331.89±31.95 g. 

Animal Weights 
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B. Aim 2: To test the hypothesis that decalcifying agents can remove matrix-

bound bisphosphonate from alveolar bone 

 The second aim of the study was designed to investigate the therapeutic potential 

of systemically and locally administered decalcifying agents to promote the release of 

bisphosphonates from bone in a rat model.  The experimental procedure involves 

injecting FRFP and using in vivo fluorescence imaging to monitor changes in 

fluorescence intensity after administering various treatments.   

C. Aim 2A: Systemic administration of cadmium releases bisphosphonate from 

bone 

FRFP distribution 

All animals were imaged at multiple time points including: 12 hours before and 

after FRFP injection, 12 hours pre gavage, and 1 day and 3 days after each gavage to 

monitor the transient release of FRFP due to the treatment.  To evaluate the systemic 

distribution of FRFP after injection, the long bones, vertebrae, and alveolar bone in the 

mandible were evaluated for FRFP signal by measuring the radiant efficacy of each of the 

bones following their dissection from rats sacrificed at 21 days.  These fluorescence 

measurements were taken ex vivo; therefore, the radiant efficacy of each bone was 

normalized to the in vivo average of the fluorescence measurements of the mandibles 12 

hours post-FRFP injection and 12 hours pre-gavage administration.  This approach 

normalized for any differences in pre-treatment FRFP fluorescence in each animal.  It 

was found that the femoral epicondyles showed the highest normalized radiant efficacy 

(4.01±0.28 NFU, n=11) followed by the tibial plateau (3.18±0.32 NFU, n=11), alveolar 

bone in the mandible (2.75±0.17 NFU, n=11) and finally the lumbar vertebrae (2.54±0.21 
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NFU, n=11).  A 1-way ANOVA indicated a significantly higher amount of FRFP 

deposited in the tibial plateau than the lumbar vertebrae (p=0.001) or the alveolar bone 

for all animals (p=0.006; Figure 17).  
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Figure 17.  Systemic FRFP distribution.  FRFP was found within all bones of the body, 

with the long bones having a greater amount of FRFP signal.  Fluorescent signals were 

measured ex vivo on dissected bones taken from rats sacrificed at 21 days (n=11).  The 

ex vivo value for each bone of a given rat was normalized to the in vivo value of the 

mandible for that rat.  This approach normalized for any differences between animals in 

pre-treatment FRFP values. The femoral epicondyles showed the highest normalized 

radiant efficacy (4.01±0.28 NFU), but was not significantly different from the other 

locations, followed by the tibial plateau (3.18±0.32 NFU), alveolar bone in the mandible 

(2.75±0.17 NFU) and finally the lumbar vertebrae (2.54±0.21 NFU).  It was found that 

the FRFP signal within the tibial plateau was significantly different from that of the 

lumbar vertebrae, # p=0.001, and the alveolar bone, * p=0.006. 

Systemic FRFP Distribution 



 

80 

 

Systemic release of FRFP 

Quantitative analysis of the systemic decline in the radiant efficiency in response 

to the administration of cadmium showed that while the FRFP localized predominantly to 

the long bones, the cadmium-induced removal of FRFP was highest in the alveolar bone 

and the femoral epicondyles, with a 21% and 22% decline, respectively, compared to 

19% in the lumbar vertebrae and only a 12% decline in the tibial plateau (Figure 18). 

Interestingly, the mandibles saw the most significant FRFP signal reduction due to 

cadmium, with a significant decline of p=0.008 (control: 2.75±0.55; treatment: 

2.18±0.41), followed by the femurs (p=0.028; control: 4.02±0.87; treatment: 3.17±0.99), 

vertebrae (p=0.046; control: 2.54±0.66; treatment: 2.06±0.54) and finally the tibias where 

no significant difference was found between groups (p=0.17; control: 3.18±1.02; 

treatment: 2.83±0.56).  A 1-tailed student’s t-test was used with an n of 11 per group.  

This skewed removal of bisphosphonate from the mandible is extremely promising in the 

development of a preventative treatment for BRONJ.   

The in vivo time course of reduction in FRFP fluorescence was evaluated in the 

rat mandibles, normalized to the 12 hour pre-gavage time point of each animal (n=11 per 

group; Figure 19).   After 24 hours, both the control and treatment groups showed a 

similar decline in FRFP of -13.3±1.9 and -14.4±2.6%, respectively.  A 1-tailed student’s 

t-test conducted at each time point indicated that while the first time point showed no 

significant differences (p=0.38), the 3-day post-cadmium administration showed a drastic 

decline (p=0.031; control: -18.4±7.7%; treatment: -26.1±9.7%) in the fluorescence signal 

of the treatment group when compared to the control, which continued for the day 8 

(p=0.001; control: -17±7.2%; treatment: -29.1±7.8%) and 11 (p=0.019; control: -
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15.3±10.6%; treatment: -28.7±6.4%, n=6 per group) time points.  Continued declines in 

FRFP signal were seen when additional cadmium treatments were administered, 

although, by the 11-day time point, the reduction in FRFP levels reached a baseline, with 

a slight increase in the control.  Collectively, our data show that treatment with cadmium 

caused the systemic release of FRFP from bone, with one of the largest declines in 

fluorescence occurring within the mandible.  
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Figure 18. Systemic decrease in FRFP signal.  A) Normalized fluorescence signal for control (n=11) and 2 mg cadmium-treated 

(n=11) animals in the alveolar bone (* p=0.008; control: 2.75±0.55; treatment: 2.18±0.41), lumbar vertebrae (# p=0.046; control: 

2.54±0.66; treatment: 2.06±0.54), femoral epicondyles (+ p=0.028; control: 4.02±0.87; treatment: 3.17±0.99), and tibial plateau 

(p=0.17; control: 3.18±1.02; treatment: 2.83±0.56). Cadmium caused a systemic release of FRFP from all bones. B) Fluorescent 

images of the regions of interest, found in white, for both groups. 
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Figure 19.  Cadmium-induced decrease in FRFP within the mandible.  A) Time course of the percent of FRFP signal decline 

for control and 2 mg cadmium-treated animals (n=11 per group) 1 and 3 days post each gavage (red arrows).  FRFP signals 

were normalized to the 12 hour pre-treatment measurement.  A 1-tailed student’s t-test conducted at each timepoint indicated 

that while the first time point showed no significant differences (p=0.38; control: 13.3±1.9%; treatment: 14.4±2.6%,), the 3-

day post cadmium administration showed a drastic decline (p=0.031; control: -18.4±7.7%; treatment: -26.1±9.7%) in the 

fluorescence signal of the treatment group when compared to the control, which continued for the day 8 (p=0.001; control: -

17±7.2%; treatment: -29.1±7.8%) and 11 (p=0.019; control: -15.3±10.6%; treatment: -28.7±6.4%, n=6 per group) time 

points. B) Fluorescent images of the reduced FRFP signal in the cadmium animals compared to the controls after the second 

gavage. Region of interest indicated by the white oval and higher FRFP signal radiant efficiency is indicated by the yellow 

coloring, while lower efficiencies are dark red. 
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Analysis of excreted FRFP 

 To determine if the released FRFP was excreted into the urine after cadmium 

treatment and if the amount of FRFP could be determined, a serial dilution of 30.4 

nmol/100 µL FRFP was analyzed with the in vivo imaging system for the radiant 

efficiency to create a standard curve (Figure 20).  It was found that the imaging system 

was only sensitive enough to detect the FRFP signal at a minimum concentration of 0.237 

nmol/100µL.  Urine samples were collected every 12 hours for a total of 7 days to 

establish a baseline and continued to be collected every 12 hours for the duration of the 

experiment.  Samples of the collected urine were analyzed for FRFP signal, but no signal 

was detected (Figure 21A).  Due to the use of a powdered diet and the tendency of the 

rats to dig in their food, food particles fell into the urine collection tubes and were also 

collected.  It was thought that the FRFP could attach itself to the calcium contained 

within the food samples, so fluorescent analysis of the food particles was conducted 

(Figure 21B).  While the food particles had a slight autofluorescence, the excreted FRFP 

did attach itself to elements within the food particles and could be detected using the in 

vivo imaging system.  One day following the injection of the FRFP, the collected food 

particles contained a high enough concentration of excreted FRFP to be detected.  

Unfortunately, if the cadmium treatment caused the released FRFP to be excreted through 

the kidneys, it was at sufficiently low concentrations that no signal could be detected.  It 

is possible that the initially released FRFP reattached to the bone at a different location 

within the skeleton due to its high affinity for bone and was never excreted into the urine.   
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Figure 20. Serial Dilution of FRFP.  A) Fluorescent image of a plate containing: 1) a 

serial dilution of 30.4 nmol/100µL FRFP to determine the sensitivity of the system (Row 

A), 2)  Urine (Row B) and 3) the powdered diet the animals were fed (Row D/E, Column 

6/7). Neither urine nor the diet were found to have autofluorescence at the 750nm 

excitation wavelength B) Standard curve for the 8 concentrations the system was able to 

detect.  The smallest concentration capable of being detected was 0.237 nmol/100µL.

A 

B 
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E 

6     7 
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Figure 21. Measurement of excreted FRFP.  A) Urine was collected every 12 hours and analyzed for FRFP signal to 

determine if the excreted amounts of drug could be detected.  No signal was found within the urine.  B) Food particles that 

contaminated the urine samples were tested and found to contain small levels of FRFP signal.  C) Measurement of the 

fluorescence found in the collected food particles showed an increase of FRFP signal on the day of injection (black arrow) and 

for the following 2 days.  No increase in FRFP signal over control was found for the animals that received cadmium by gavage 

(red arrows).
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Systemic effects of cadmium treatment 

To determine if cadmium adversely affected the BMD of the mandible through 

excessive demineralization, the BMD was compared between groups by DEXA (Figure 

22).  A 2-tailed student’s t-test found that there was no difference, p=0.16, in the BMD of 

the control (0.13±0.00512 g/cm
2
, n=11) and treatment (0.13±0.00642 g/cm

2
, n=11) 

groups.  Although the cadmium treatment group did show slightly lower levels of serum 

calcium (control: 10.37±0.76 mg/dL; treatment: 9.88±0.68 mg/dL, n=11 per group) and 

PTH levels (control: 423.92±81.16 mg/dL, n=5; treatment: 379.12±186.8 mg/dL, n=4); 

however, the difference was not significant (p =0.576 and p=0.21, respectively; Figure 

23). The serum calcium levels for both groups fell within the normal range of 5.5-10.5 

mg/dL.  These results indicated that while the cadmium was at a sufficiently high 

concentration to facilitate the removal of FRFP from the bone, it did not cause pathologic 

decalcification or adversely affect the integrity of the bone within the mandible.  

 To ensure the absence of kidney and liver toxicity due to cadmium, histology was 

performed on both tissues (Figure 24).  Proximal tubular epithelium from both control 

and cadmium treated kidney tissues exhibited cuboidal shapes, well-defined nuclei, and a 

uniform cytoplasm, with no spaces or gaps between the cells and without evidence of 

tubular necrosis. In addition, no difference was noted between groups in either the kidney 

or livers regarding morphology or the number of necrotic or apoptotic nuclei.  To 

examine the possible adverse side effects of systemic cadmium treatment, the blood urea 

nitrogen (BUN) and creatinine levels were evaluated as indicators of kidney damage.  No 

differences were found in either the BUN (17.5±0.42 mg/dL control and 17.09±0.053 

mg/dL, n=4 per group) or creatinine (0.26±0.013 mg/dL control and 0.28±0.009 mg/dL, 
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n=5 per group) levels (p=0.17 and p=0.139, respectively; Figure 25).  Both the BUN and 

creatinine levels for each group were well within the normal ranges found in rats, 15-21 

mg/dL BUN and 0.2-0.8 mg/dL creatinine.  

The rat’s diurnal urinary volume and weights were also monitored to determine if 

the treatment caused polyuria or weight loss.   Diurnal urinary output levels for the rats 

were normal with a higher volume being collected during the morning time point, which 

was expected due to the rat’s overnight active period (Figure 26). Total protein levels 

within the urine were analyzed daily starting 5 days prior to the second gavage and 

continuing through 5 days post-gavage.  A repeated measures analysis was applied and 

no significant difference between groups (n=11 per group) was found, p=0.916 (Figure 

27). Figure 28 shows that, while the treatment group did have a more pronounced decline 

in their weights as compared to the control, both groups of animals experienced weight 

loss, suggesting that the weight loss may have been due to stress associated with the 

metabolism cage environment.  In summary, cadmium treatment induced a significant 

release of the FRFP from its attachment to bone without causing adverse systemic affects.   
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Figure 22.  BMD of mandibles.  A) The BMD of the mandible was measured by DEXA.  No difference was found between 

control (0.13±0.00512 g/cm
2
, n=11) and 2mg cadmium-treated animals (0.13±0.00642 g/cm

2
, n=11; p=0.16).  B) Image of a 

mandible analyzed by DEXA.  Mandibles were taken from rats sacrificed at day 21, two weeks after the second gavage.
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Figure 23. Serum calcium and PTH levels.  Serum was collected at the time of sacrifice, 

2 weeks after the second gavage, and analyzed for A) Calcium levels control: 10.37±0.76 

mg/dL; treatment: 9.88±0.68 mg/dL, n=11 per group; p=0.57.  Values fell within the 

normal rat serum calcium level ranging from 5.5-10.5 mg/dL.  B) PTH levels control: 

423.92±81.16 mg/dL, n=5; treatment: 379.12±186.8 mg/dL, n=4; p=0.21.  No 

differences were found between groups for either analysis.   

Serum Calcium Levels 

Serum PTH Levels 
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Figure 24.  Kidney and liver H&E.  H&E images taken at magnifications of 10X and 20X 

were used to analyze kidney and liver health following systemic cadmium administration 

to assess whether cadmium caused systemic toxicity.  No differences in the morphology 

could be identified.   
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Figure 25.  Serum BUN and creatinine levels.  A) BUN levels (17.5±0.42 mg/dL control 

and 17.09±0.053 mg/dL, n=4 per group) and B) creatinine levels (0.26±0.013 mg/dL 

control and 0.28±0.009 mg/dL, n=5 per group) within the serum were used to determine 

if kidney function was impaired in the treatment animals. No differences were found 

(p=0.17 and p=0.139, respectively) and both groups fell within the normal ranges found 

in rats, 15-21 mg/dL BUN and 0.2-0.8 mg/dL creatinine.

Serum Creatinine Levels 

Serum BUN Levels 
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Figure 26.  Urinary Output.  Urine was collected every 12 hours to monitor kidney output and determine if cadmium caused 

polyuria.  The alternate high and low urine volumes reflected the rat’s diurnal activity cycle; as expected, higher urine 

volumes were obtained for the samples collected in the morning, after the rat’s nocturnal period of active eating and drinking.  

No differences were found between groups either before or after gavage (red arrows).

Urinary Output 
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Figure 27. Urine Total Protein.  Total Protein levels within urine samples collected daily 

for 10 days starting 5 days prior to the second gavage (black arrow).  No significant 

differences were found between control and 2 mg cadmium-treated animals. 

Total Protein Levels in Urine 
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Figure 28. Animal Weights.  Weights were collected at the time of injection (day 0), 

gavage (red arrows), and sacrifice.  No significant differences were found between 

groups.  

Animal Weights 
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D. Aim 2B: Localized administration of ethylenediaminetetraacetic acid 

(EDTA) and citric acid release bisphosphonate from an extraction site 

 To investigate the ability of chelating agents currently used in dental clinics to 

release FRFP from bone to allow its subsequent removal from an extraction site, animals 

were injected with FRFP, mandibular molars extracted, citric acid and EDTA treatments 

placed within the extraction site and changes in FRFP signal monitored.  Extraction sites 

washed in sterile water served as controls.   

 

FRFP Distribution 

To evaluate the systemic distribution of FRFP after injection, the long bones and 

mandible were evaluated for FRFP signal by measuring the maximum radiant efficiency 

of each of the bones dissected from rats 48 hours after iv injection of FRFP (Figure 29).  

The maximum radiant efficiency was found to be highest in the femoral epicondyles 

(1.42E10±0.365E10 (p/sec/cm
2
/sr)/(µW/cm

2
), n=10) followed by the tibial plateau 

(9.11E9±0.347E10 (p/sec/cm
2
/sr)/(µW/cm

2
), n=10) and finally, the alveolar bone in the 

mandible (7.30E9±0.999E9 (p/sec/cm
2
/sr)/(µW/cm

2
), n=10).  A 1-way ANOVA 

indicated a significantly higher amount of FRFP deposited in the femoral epicondyles 

than the alveolar bone (p<0.001) and the tibial plateau (p=0.004).  The increased 

accumulation of FRFP within the long bones follows the expected trend seen in our 

previous FRFP study.  It is thought that the femoral epicondyles contained more of the 

FRFP due to bisphosphonates affinity to attach to bone that is actively turning over, as 

would be found within the femoral epicondyles. 
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Figure 29.  FRFP distribution.  FRFP was found within all bones of the body with the 

long bones having a greater amount of FRFP signal.  This mimics the same trend found 

in our previous study (alveolar bone 7.30E9±0.999E9 (p/sec/cm
2
/sr)/(µW/cm

2
); femoral 

epicondyles: 1.42E10±0.365E10 (p/sec/cm
2
/sr)/(µW/cm

2
); tibial plateau: 

9.11E9±0.347E10 (p/sec/cm
2
/sr)/(µW/cm

2
), n=10). * Significantly higher signal in the 

femoral epicondyles than the alveolar bone (p<0.001) and the tibial plateau (p=0.004). 
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Local release of FRFP 

A quantitative analysis of the decline in the percentage change in maximum 

radiant efficiency of the mandible immediately after the administration of citric acid and 

EDTA within the extraction sites was completed using the in vivo imaging system.  Using 

a 1-tailed, paired student’s t-test it was found that citric acid caused a significant decline 

in in vivo mandibular FRFP signal (control: -8.7±10.7 %; citric acid: -20±5.8 %, n=5 per 

group; p=0.048) while EDTA treatment had a similar, albeit non-significant, decline in 

FRFP signal (control -18.7±13.7 %; EDTA treatment: -23.1±14.56, n=5 per group; 

p=0.143; Figure 30).  To determine if an additional treatment would cause an increased 

release in FRFP, the extraction site was treated a second time ex vivo using the same 

treatment protocol and reimaged.  Analysis of the fluorescent signal within a region of 

interest that was limited to the extraction site, excluding the surrounding basal bone, was 

used to determine if the treatments caused the local release of FRFP.  No differences 

were found between the groups including the previously significantly different citric acid 

group (citric acid control: 7.75E9±1.01E9; citric acid treatment: 6.88E9±1.06E9; EDTA 

control: 6.84E9±0.744E9; EDTA treatment: 6.44E9±0.9466E9, (p/sec/cm
2
/sr)/(µW/cm

2
), 

n=5 per group; Figure 31).   

The lack of significant differences in the FRFP intensity between the citric acid 

control and treatment extraction sites, led us to believe that the sensitivity of the in vivo 

imaging was not sufficient to detect differences between groups.  To further assess the 

mandibles, they were embedded in plastic and sectioned to perform histological analysis 

of the alveolar bone within the extraction site.  A region of interest (400 µm wide and 

600 µm high), placed within the basal bone below the extraction site due to the lack of 
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side walls in some of the samples, was used to analyze the fluorescent integrated density 

in each sample.  Using this method it was found that both the citric acid and the EDTA 

treatments caused a significant decline in the FRFP signal when compared to their 

controls (p=0.025; citric acid control: 4.62E6±1.47E6; citric acid treatment: 

2.27E6±4.21E6; p=0.031; EDTA control: 3.49E6±1.58E6; EDTA treatment: 

2.09E6±7.94E5; Figure 32A).  It was observed that FRFP signal remained within the 

bone but further into the basal bone than that of the controls.  This coincides with the ex 

vivo fluorescent images seen in Figure 32B that show a lack of fluorescence within the 

extraction site but a large amount still evident in other regions of the mandible.  These 

data indicate that the treatments were indeed localized to the extraction site and did not 

affect the ability of FRFP to remain attached to the surrounding bone.  



 

100 

 

 

 

 

Figure 30.  Treatment-induced in vivo decrease in FRFP.  A) The percentage decline of FRFP signal from pre-treatment 

values in the in vivo mandibular FRFP signal (citric acid control: -8.7±10.7 %; citric acid: -20±5.8 %; p=0.048 and EDTA 

control -18.7±13.7 %; EDTA treatment: -23.1±14.56, n=5 per group; p=0.143).  B) Fluorescent images of the reduced FRFP 

signal for the citric acid- and EDTA-treated mandible (patient left or the right side in the pictures) compared to the internal 

controls. Blue ovals are the measured region of interest used to measure the fluorescent signal. 

Treatment-induced Decrease in FRFP in vivo 
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Figure 31.  Treatment-induced decreases in FRFP ex vivo.   A) After a second ex vivo 

treatment, the FRFP signal was measured again. No differences were found between 

treated and control mandibles.  Citric acid control: 7.75E9±1.01E9; citric acid treatment: 

6.88E9±1.06E9; EDTA control: 6.84E9±0.744E9; EDTA treatment: 6.44E9±0.9466E9, 

(p/sec/cm
2
/sr)/(µW/cm

2
), n=5 per group  B) ex vivo fluorescent images of treated and 

internal control extraction sites with the region of interest indicated in white.

Treatment-induced Decrease in FRFP ex vivo 
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Decalcification of extraction site 

Histological analysis of the depth of decalcification due to each of the treatments 

was also analyzed to determine if there was a direct correlation between the amount of 

decalcification occurring and the reduction in FRFP fluorescence.  It was found that citric 

acid significantly increased the depth of the decalcification found within the socket walls 

from 0.153±0.53µm for the controls to 5.21±1.20µm within the treated socket (p<0.001). 

The same significant difference (p<0.001) was found with the EDTA treatment with the 

control side showing only a decalcification depth of 0.831±1.15µm while the treatment 

caused 6.23±2.51µm of decalcification in the socket wall to occur (Figure 33).  In 

summary, our data supports the idea that the chelating agents, citric acid and EDTA, 

cause the decalcification of bone, releasing bisphosphonate from its attachment, allowing 

for its subsequent removal from the extraction site.  
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Figure 32.  Histological analysis of FRFP fluorescence.  A) Measurement of the integrated density of the FRFP signal found 

within the alveolar bone analyzed at 10X.  Significant differences were found between the internal controls and citric acid- 

(p=0.025) and EDTA- (p=0.031) treated mandibles.  Citric acid control: 4.62E6±1.47E6; citric acid treatment: 

2.27E6±4.21E6; p=0.031; EDTA control: 3.49E6±1.58E6; EDTA treatment: 2.09E6±7.94E5, n=5 per group. B) Images of the 

FRFP signal within the extraction site with the region of interest shown in white. 

Histological Decrease of FRFP Fluorescence 
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Figure 33.  Treatment-induced decalcification.   A) Measurement of the depth of decalcification by citric acid and EDTA 

compared to their internal controls.  Both treatments were found to have a significant (p<0.001) amount of decalcification 

after treatment.  Citric acid control: 0.153±0.53µm; citric acid treatment: 5.21±1.20µm; EDTA control: 0.831±1.15µm; 

EDTA treatment: 6.23±2.51µm, n=5 per group B) Images of the decalcified bone (blue stain). Depth measurements were made 

from the outer border of the decalcified tissue (blue) to the outer border of the calcified bone (black).

Treatment-induced Decalcification 
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E. Aim 3: To test the hypothesis that Zol inhibits monocyte migration 

 The third aim of this study was designed to investigate the possible mechanism by 

which Zol treatment causes BRONJ.  The effect of Zol on osteocytes, exposed to both 

normoxic and hypoxic conditions, and monocytes was evaluated by studying if the 

migration and differentiation of monocytes was altered given the treatment of these two 

cell types with Zol.   

 

F. Aim 3A: Zol treatment decreases osteocyte-stimulated monocyte migration 

under hypoxic conditions 

 

Osteocyte gene regulation after Zol treatment  

 To investigate the specific contribution of factors released by osteocytes on the 

migration of monocytes, osteocytes pre-treated with 10
-4

, 10
-6

, 10
-8

, 10
-10

, 10
-12

, and 10
-14

 

M Zol, or serum-free media as control, were placed in either normoxia (21% O2) or 

hypoxia (1% O2) conditions for 24 hours, after which the conditioned media and cells 

were then collected for further analysis.  Utilizing the 10
-6

 M Zol concentration found in 

other studies, osteocytes were treated for 3 hours and then subjected to transcript analysis 

using a PCR array of select markers indicative of osteoclast differentiation, monocyte 

migration, and inflammatory responses.  Genes involved in osteoclast differentiation 

were GDF 15, CSF1, CSF2, RANKL, and OPG, monocyte recruitment, CCL2, and 

inflammatory markers, TNF, TFGβ1, and IL-6.  Group means of mRNA fold-changes in 

control vs. treated cells given the change from normoxic to hypoxic conditions were 

compared using a 2-tailed Student’s t test on the ddCT between groups.   
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 After treatment, hypoxic cells showed a significant down-regulation of the 

osteoclast differentiation markers compared to untreated hypoxic cells: RANKL (control: 

-0.056±1.18 fold; treatment: -1.87±0.053 fold, n=3; p=0.004), OPG (control: 

28.52±10.035 fold; treatment: -1.248±0.145 fold, n=3; p<0.001), Csf1 (control: 

5.80±0.242 fold; treatment: -0.35±1.11 fold, n=3; p=0.039), and GDF15 (control: -

9.57±3.96 fold; treatment: 0.66±1.24 fold, n=3; p=0.002).  In contrast, an up-regulation 

of Csf2, a macrophage-stimulating factor occurred (control: 2.82±1.25 fold; treatment: 

5.01±1.21 fold, n=3; p=0.008).   Results show that the monocyte chemoattractant CCL2 

had a slight decrease in expression in the controls upon change to hypoxia while treated 

cells had no change (control: -1.396±0.28 fold; treatment: 0.0639±1.58 fold, n=3; 

p=0.167; Figure 34A). Inflammatory genes TGFβ1 and TNF exhibited a down-regulation 

(TGFβ1 control: 2.65±0.42 fold; TGFβ1 treatment: 0.31±1.1 fold, n=3; p=0.023; TNF 

control: 6.34±0.146 fold; TNF treatment: 1.299±0.265 fold, n=3; p=0.015), while no 

change in IL-6 expression was seen (control: 1.86±0.34 fold; treatment: 2.16±0.33 fold, 

n=3; p=0.490) (Figure 34B).  Interestingly, the significant down-regulation of RANKL 

and the subsequent up-regulation of CSF2 in the PCR array results indicated that Zol-

treated osteocytes exposed to hypoxia could transition from an osteoclastogenesis 

pathway to one that leads to the increased differentiation of macrophages.   

 qRT-PCR was utilized to verify the PCR array results given the pre-treatment of 

osteocytes with the same 10
-6

 M Zol concentration.  The qRT-PCR transcript analysis 

varied greatly from the array results, especially in the control cells.  RANKL and GDF15 

were found to have a reduction in the down-regulation fold change (RANKL control: -

3.73±2.68; RANKL treatment: -2.26±0.752, n=6; p=0.364; GDF15 control: -2.46±0.95, 
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n=4; GDF15 treatment: -0.42±1.46, n=3; p=0.016).  Csf1 was down-regulated but no 

difference between groups was observed (control: -2.27±0.88; treatment: -2.79±0.86, 

n=3; p=0.188).  Finally, CSF2 was shown to be up-regulated under hypoxic treatment 

although no difference between groups was found (control: 2.13±0.49; treatment: 

2.56±1.24, n=3; p=0.381) (Figure 35).  Differences in the PCR array and qRT-PCR gene 

expression results were thought to be due to the use of a freshly prepared 10
-6

 M Zol 

treatment used for the qRT-PCR.     
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Figure 34.  PCR array for 10
-6

 M Zol treated osteocytes.  Comparison of control and 

treated cell gene regulation after being exposed to hypoxic conditions A) General down-

regulation in genes involved in osteoclast differentiation, RANKL (p=0.004), OPG 

(p<0.001), and CSF1 (p=0.039), after treated cells are exposed to hypoxic conditions.  

Expression of CSF2 and GDF15 (p=0.002), related to macrophage differentiation was 

up-regulated (p=0.008).  No difference in a agent involved in the recruitment of 

monocytes was seen (CCL2; p=0167) B) Inflammation genes, TNF (p=0.015) and 

TGFB1 (p=0.023), were down-regulated in treated cells under hypoxic conditions while 

no change in IL-6 (p=0.490) expression was seen. 
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Migration – in response to osteocyte-conditioned media 

 In order to determine if there was any functional difference associated with the 

down-regulation of CSF1 and subsequent up-regulation of CSF2 in treated osteocytes, a 

migration functional assay was performed.  Due to the discrepancies between the PCR 

array and qRT-PCR results, a range of Zol dosages was used in the migration assay.  In 

brief, osteocytes were pre-treated with 10
-4

, 10
-6

, and 10
-8 

M Zol, or serum-free media for 

3 hours, then treatment was removed, fresh serum-free medium added and the cells were 

placed into either normoxic or hypoxic conditions for 24 hours.  At the completion of the 

24 hours, the conditioned media was collected and used in a migration assay.  Untreated 

RAW 267.4 monocyte cells were seeded in the upper tray of the transwell assay and 

allowed to migrate towards the osteocyte-conditioned media for 6 hours; a positive 

control of medium containing 10% FBS was used to encourage monocyte migration.  

After 6 hours fluorometric analysis of the migrated monocytes in the lower wells of the 

transwell plate revealed that the positive control utilized in this migration assay was only 

significantly different from the osteocyte groups exposed to normoxia, p=0.01 (1-way 

ANOVA, Bonferroni post hoc).  The hypoxic groups were shown to induce slightly more 

migration but none of the experimental groups was found to be different (Positive 

control: 18388±2530 RFU; Normoxic control: 15991±654 RFU; Normoxic 10
-8

 M: 

14966±454 RFU; Normoxic 10
-6

 M: 14677±452 RFU; Normoxic 10
-4

 M: 14271±860 

RFU; Hypoxic control: 16449±879 RFU; Hypoxic 10
-8

 M: 15669±673 RFU; Hypoxic 10
-

6
 M: 16504±443 RFU; Hypoxic 10

-4
 M: 16247±665 RFU, n=8 per group) (Figure 36).   
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Figure 35.  qRT-PCR validation of array for 10
-6

 M Zol-treated osteocytes.  Comparison 

of control and treated cell gene regulation after being exposed to hypoxic conditions. 

GDF15 expression levels were confirmed while different expression patterns were found 

for RANKL, CSF1, and CSF2.

RANKL GDF15 

CSF1 CSF2 
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Although not significant, it was observed that there was a slight inverse dose response 

with higher concentrations of Zol treatment leading to decreased monocyte cell 

migration.  The trend was more pronounced in the normoxic-conditioned osteocyte cell 

groups. 

 Due to the lack of significant differences between any of the experimental groups, 

the assay was repeated, and the cells allowed to migrate for 24 hours.  The positive 

control was also changed from 10% FBS enriched media to seru-free medium 

supplemented with 1000 ng/mL sRANKL.  The fluorometric analysis of the second 

migratory study showed that the positive control significantly varied from all groups 

(p<0.001; 1-way ANOVA, Bonferroni post hoc), but again no significant differences 

between experimental groups could be found.  The inverse dose response was still 

evident and more pronounced given the extended migration time (Figure 37).   

 To investigate the effect of Zol treatment under normoxic and hypoxic conditions 

on cell proliferation, we cultured osteocytes in the treatment sequence previously 

mentioned and measured the absorbance of DMSO-solubilized MTT at 562 nm.  Groups 

were compared using a 1-way ANOVA.  No differences in cell proliferation were found 

between groups, suggesting that Zol treatment did not confer measureable effects on cell 

proliferation (Figure 38).  Next, we evaluated the potential role of Zol in inducing 

osteocyte cell death.  An expanded number of Zol dosages were used and can be found in 

Table 1.  Quantification of the total number of dead cells using a standard trypan blue 

staining protocol was completed with groups being compared using a 1-way ANOVA 

followed by Bonferroni post hoc test.  We found that 10
-4

 M Zol treatment caused a 

significant increase in the percentage of dead osteocytes, under both normoxic and 
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hypoxic conditions (p<0.001) (Figure 39).  While not significant, it was noted that 10
-6

 M 

Zol also caused a higher amount of cell death compared to the other groups.  As such, the 

migration transwell assay was repeated using a lower dose of Zol (Figure 40).   
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Figure 36.  6-hour migration of RAW cells in response to osteocyte-conditioned media.  Migration of RAW cells in response to 

conditioned media of osteocytes treated with serum-free media, 10
-8

 M, 10
-6

 M, or 10
-4

 M Zol for 3 hours and then placed in 

either normoxic or hypoxic conditions for 24 hours.  No significant differences were found between any of the experimental 

groups although the positive control did significantly differ from all treated normoxic cells. 

6-Hour Migration of RAW Cells in Response 

to Osteocyte-Conditioned Media 
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Figure 37.  24-hour migration of RAW cells in response to osteocyte-conditioned media.  24 hour migration of RAW cells in 

response to conditioned media of osteocytes treated with serum-free media, 10
-8

 M, 10
-6

 M, or 10
-4

 M Zol for 3 hours and then 

placed in either normoxic or hypoxic conditions for 24 hours.  No significant differences were found between any of the 

experimental groups although the use of 1000ng/mL sRANKL as the positive control did cause the number of migrated RAW 

cells to significantly differ from all other groups.  

24-Hour Migration of RAW Cells in 

Response to Osteocyte-Conditioned Media 
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Figure 38. MTT measurement of osteocyte proliferation.  The proliferation of osteocytes treated with serum-free media, 10
-8

 

M, 10
-6

 M, or 10
-4

 M Zol for 3 hours and then subjected to either normoxic or hypoxic conditions for 24 hours.  No differences 

were found between groups. 

MTT Measurement of Osteocyte Proliferation 
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 Conditioned media of osteocytes treated with serum-free media, 10
-12

 M, 10
-10

 M, 

or 10
-8

 M Zol for 3 hours and then placed in either normoxic or hypoxic conditions for 24 

hours, was used to induce the migration of monocytes.  The positive control, 1000 ng/mL 

sRANKL in serum-free media, was significantly different from all groups (p<0.001; 1-

way ANOVA, Bonferroni post hoc).  Treated osteocytes exposed to hypoxia showed an 

inverse-dose response decline in the migration of monocytes.  The hypoxic control was 

significantly different from the hypoxic 10
-8

 M Zol (p<0.001) and hypoxic 10
-10

 M Zol 

(p=0.005), but was not significantly different from hypoxic 10
-12

 M Zol (p=0.411) group.  

These results suggest that Zol-treated osteocytes, subsequently cultured under hypoxic 

conditions, produce conditioned medium that inhibits a migratory response of monocytes 

in an inverse-dose dependent manner at very low concentrations of Zol (10
-12

 M, 10
-10

 M, 

or 10
-8

 M Zol).  

 

G. Aim 3B: Monocyte migration is inhibited after Zol treatment 

 

 Zol is known to be internalized by monocytes, altering normal inflammatory 

responses and affecting overall cell function.  Hence, we investigated the role of Zol 

treatment on the migratory ability of monocytes.  RAW 267.4 monocytes were serum-

starved overnight, treated with 10
-14

 M, 10
-12

 M, or 10
-10

 M Zol, and serum-free media 

(control) for 3 hours, then re-suspended in serum-free media and seeded in the upper tray 

of a transwell plate.  Serum-free medium or 1000 ng/mL sRANKL were plated in the 

lower tray to induce migration of the treated monocytes.  The serum-free medium was 
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used to establish a baseline migration for the treated monocytes, to determine if the 

stimulatory effect of the sRANKL overpowered any differences between groups.   
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Figure 39.  Trypan Blue Measurement of osteocyte cell viability.  The percentage of dead osteocytes treated with serum free 

media, 10
-4

, 10
-6

, 10
-8

, 10
-10

, 10
-12

, and 10
-14

 M Zol for 3 hours and then  subjected to either normoxic or hypoxic conditions for 

24 hours.  No differences were found between groups except for the 10
-4

 M Zol, concentration which has a significantly higher 

percentage of death when compared to all other groups (p<0.001). 10
-6

 M Zol treatment also showed a slight, if not 

significant, increase in the percentage of dead osteocytes. 

Trypan Blue Measurement of Osteocyte 

Cell Viability 
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Figure 40. 24-hour migration of RAW cells in response to low dose Zol treated osteocyte-conditioned media.  24-hour 

migration of RAW cells in response to conditioned media of osteocytes treated for 3 hours with serum-free media, 10
-12 

M, 10
-

10
 M, or 10

-8
 M Zol and then placed in either normoxic or hypoxic conditions for 24 hours.  The positive control and hypoxic 

osteocytes treated with 10
-8

 M Zol were significantly different from all other groups (** p<0.001).  Treated osteocytes exposed 

to hypoxia showed a dose response decline in the number of RAW cells that migrated.  # p=0.005

24-Hour Migration of RAW Cells in Response to 

Low Dose Zol-Treated Osteocyte-Conditioned Media 



 

 

The groups were evaluated using a 1-way ANOVA.  As seen in Figure 41, the serum-free 

medium treated positive control monocytes had a high level of migration to medium 

containing 1000 ng/mL RANKL, significantly different from all other groups (p<0.001).  

All other groups showed no significant differences.  Due to the uniformly low level of 

migration in the Zol treated groups, a standard trypan blue staining protocol was used to 

verify the viability of the monocytes at different Zol concentrations (Figure 42).  A 1-way 

ANOVA with a Bonferroni post hoc was used to compare groups.  Increasing 

concentrations of Zol caused an increasing percentage of cell death within the monocytes 

indicating that monocytes are more sensitive to Zol toxicity than osteocytes (control: 

8.14±2.3%; 10
-14

 M Zol: 8.30±1.34%; 10
-12

 M Zol: 13.59±1.54%; 10
-10

 M Zol: 

16.6±0.91%; 10
-8

 M Zol: 14.35±4.33%; 10
-6

 M Zol: 21.99±2.15%, p=0.004; 10
-4

 M Zol: 

34.51±4.67%, n=8 per group; p<0.001).   

Based on these findings we repeated the migration assay utilizing Zol 

concentrations of 10
-14

 M, 10
-12

 M, 10
-10

 M and serum-free medium as control.  The 

treated monocytes were allowed to migrate toward serum free media supplemented with 

1000 ng/mL sRANKL for 24 hours (Figure 43).  A 1-way ANOVA with a Bonferroni 

post hoc test was used to compare groups.  A dose-response curve was seen with 

increasing concentrations of Zol inducing an increasing number of monocytes to cross the 

porous membrane (control: 5941±243 RFU; 10
-14

 M Zol: 5102±107 RFU; 10
-12

 M Zol: 

5225±177 RFU; 10
-10

 M Zol: 5462±430 RFU, n=8 per group).  The control group 

differed significantly from the 10
-14

 M Zol and 10
-12

 M Zol groups (p<0.001) but was not 

significantly different from the 10
-10

 M Zol treatment group (p=0.147).  Taken together, 

our data suggests that monocytes are induced to migrate with sub-lethal, low-dose Zol 
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treatment in a dose-dependent response manner, although it is not clear whether the 

increased migration is biologically important. 
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Figure 41.  24-hour migration of high dose Zol-treated RAW cells.  24-hour migration of RAW cells treated with 10
-8

 M, 10
-6

 M, or 10
-

4
 M Zol to media containing either serum free media or 1000ng/mL sRANKL.  No significant differences were found between any of 

the experimental groups but the positive control was significantly different from all groups.   

 

Positive Control: 1000ng/mL sRANKL 

-8M Zol to 1000ng/mL sRANKL 

-8M Zol to Serum-free Medium 

-6M Zol to 1000ng/mL sRANKL 

-6M Zol to Serum-free Medium 

-4M Zol to 1000ng/mL sRANKL 

-4M Zol to Serum-free Medium 

24-Hour Migration of High Dose Zol-

Treated RAW Cells 
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Figure 42.  Trypan Blue Measurement of Monocyte Cell Viability.  The percentage of dead RAW cells treated with serum-free 

medium, 10
-14

 M, 10
-12

 M, 10
-10

 M, 10
-8

 M, 10
-6

 M, or 10
-4

 M Zol.  10
-6

 M and 10
-4

 M Zol treatment caused significant increases in the 

percentage of dead cells, #p=0045 and **p<0.001, respectively.  

Trypan Blue Measurement of Monocyte 

Cell Viability 
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Figure 43.  24-hour migration of low dose Zol-treated RAW cells.  24 hour migration of RAW cells treated with 10
-14

 M, 10
-12

 

M, or 10
-10

 M Zol to mediaum containing 1000ng/mL sRANKL.  A dose response was seen with increasing concentrations of Zol 

inducting increased migration of the cells. Positive control shows significantly (p<0.001) increased migration relative to the cells 

treated with 10
-14 

M and 10
-12

 M Zol. 

24-Hour Migration of Low Dose Zol-

Treated RAW Cells 
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IV. DISCUSSION 

 

The purpose of the experiments undertaken for this dissertation was to investigate the 

role of Zol in the manifestation of BRONJ through the creation of an animal model and 

by investigating its in vitro effects on osteocytes and monocytes.  We utilized both in vivo 

and in vitro methods to test the hypothesis that Zol treatment coupled with tooth 

extraction induces BRONJ, that decalcifying agents are capable of the transient release of 

bisphosphonates both systemically and locally, and that Zol treatment alters the 

recruitment of monocytes.  To address these hypotheses, three aims were developed: 

 

Aim 1: Test the hypothesis that Zol treatment causes post-extraction BRONJ in a rat 

model.   

 

Aim 2: To test the hypothesis that decalcifying agents can remove matrix-bound 

bisphosphonate from alveolar bone 

 2A: Systemic administration of cadmium releases bisphosphonate from bone

 2B: Localized administration of ethylenediaminetetraacetic acid (EDTA) and 

citric acid release bisphosphonate from an extraction site 

 

Aim 3: To test the hypothesis that Zol inhibits monocyte migration 

3A: Zol treatment decreases osteocyte-stimulated monocyte migration under 

hypoxic conditions 

 3B: Zol treatment decreases monocyte migration  
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A. Aim 1: Test the hypothesis that Zol treatment causes post-extraction BRONJ 

in a rat model.   

 

The aim of this study was to create a reproducible rat model for BRONJ that can 

be used to study the pathophysiology of the condition and test possible prevention 

strategies. The majority of human BRONJ cases are reported to occur following invasive 

dental trauma in patients receiving long-term Zol treatment
122,123

. In our previous studies, 

however, the rate of developing BRONJ in Zol-treated animals after dental extraction did 

not exceed 60% of animals
130,161

. We therefore, hypothesized that repeated dental 

extraction would be sufficient to induce a consistent and severe form of BRONJ in rats 

on long-term higher dose Zol therapy.   

To date, no direct causal link has been established between bisphosphonate 

treatment and the occurrence of BRONJ, which has led to multiple name changes 

including MRONJ. Additionally, spontaneous osteonecrosis of the jaw still occurs in 

patients who are not receiving bisphosphonates
122

; and there is an ongoing debate on 

whether the rate of BRONJ with oral bisphosphonates is lower than that of spontaneous 

osteonecrosis of the jaw in the same population
123

. However, it is now widely accepted 

that long-term IV bisphosphonate therapy carries a much higher risk of osteonecrosis of 

the jaw, and that such risk is highest after dental extraction
123

. Therefore, to elucidate if a 

causal relationship exists between Zol, tooth extractions and the development of BRONJ, 

it is necessary to model these conditions in a reproducible animal model.   

Although multiple studies reported the occurrence of BRONJ features in animal 

models, success rates and reproducibility have been highly variable (Table 4).  Multiple 
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studies used supra-therapeutic dose regimens 
138,162-165

 or massive oral trauma 
166-169

 to 

elicit the condition. For example, while Pautke and co-investigators observed a 80% 

incidence rate of BRONJ in the treatment group, it was only inducible after extracting 

three maxillary and three mandibular molars in a single surgical setting
166

.
 
Others 

demonstrated osteonecrosis at earlier time points than the 8-week cut-off outlined for the 

clinical definition of BRONJ
138,164,167,168,170,171

, or restricted the evidence of BRONJ to its 

clinical presentation of exposed bone, without radiographic or histological evidence of 

osteonecrosis
130,131,165,171

.  

Other reports demonstrated that BRONJ-like lesions developed in vitamin D-

deficient rats
172

 or rats on dexamethasone
169

.  In these studies, however, rats treated with 

bisphosphonates alone did not develop the disease, suggesting that the BRONJ features in 

these animals were induced via mechanisms related to the pre-existing comorbidity. The 

most promising results were produced using periodontitis and periapical lesions
131,132

.  It 

may be true that in human patients who undergo dental extraction, the procedure may 

have been indicated by an active infection. However, in these cases, BRONJ only 

manifested after surgery. It was important to test whether trauma without pre-existing 

inflammation and/or infection would be sufficient to induce BRONJ.  
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Table IV: Summary of Previous BRONJ Animal Models 

Study (year) Species Drug Dose Inducing Factor(s) Comments  

Ersan et al. 

(2014)  
162

 

Rat  0.2 mg/kg 

Zol 

3 per week 

for 6 weeks 

1
st
 mandibular 

molar extracted 

0% clinical 

presentation of 

BRONJ 

Aghaloo et 

al. (2014)
133

  

Mouse 10 mg/kg 

RANKL-Fc 

3 per week 

for 3 weeks 

1
st
 and 2

nd
 

mandibular 

molars extracted 

coupled with 

drilling 

30% 

clinical/radiogr

aphic incidence 

rate 

Guevarra et 

al. 2013
161

 

Rat 20 µg/kg Zol 2 doses, 4 

weeks 

apart 

1
st
 mandibular 

molar extracted 

30% clinical 

incidence rate  

Kang et al. 

(2013)  
165

 

Mouse 200 µg/kg 

Zol 

3 times Periapical lesion 30% clinical 

presentation; no 

radiographic 

evidence 

Conte Neto 

et al. 

(2013)
138

 

Rat 1.0 mg/kg 

Aln 

1 per day 

for 60 days 

1
st
 mandibular 

molar extracted 

Sacrificed at 4 

weeks with 

evidence of 

necrosis 

Abtahi et al. 

(2013)
164,170

 

Rat 200 µg/kg 

Zol 

200 µg/kg 

Aln 

Daily for 14 

days 

Implant or 1
st
 

maxillary molar 

extracted 

Sacrificed at 2 

weeks  

Pautke et al. 

(2012)
166

 

Minipig 0.05 mg/kg 

Zol 

1 per week 

for 10 

weeks 

3 maxillary and 3 

mandibular 

molars extracted 

80% incidence 

rate with a 

massive 

traumatic injury 

induced 

Marino et al. 

(2012)
130

 

Rat 20 µg/kg Zol 2 doses, 4 

weeks 

apart 

1
st
 mandibular 

molar extracted 

60% clinical 

incidence rate 

but with no 

radiographic or 

histological 

evidence 

Aguirre et al. Rat 15 µg/kg Aln 1 per month Periodontitis 11% clinical 
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(2012)
131

 
8 µg/kg Zol 

80 µg/kg Zol 

for 6, 12, 

or 18 

weeks 

incidence rate 

in controls with 

no radiographic 

or histological 

evidence 

Allen et al. 

(2011)
173

 

Dog 0.06 mg/kg 

Zol 

Every 2 

weeks for 8 

months 

2 mandibular 

extractions 1 

month apart 

0% clinical, 

radiographic, or 

histological 

incidence rate 

Cankaya et 

al. (2011)
167

 

Rat 0.1 mg/kg 

Zol 

3 per week 

for 10 

weeks 

All left mandibular 

molars or all left 

maxillary molars 

extracted 

Sacrificed at 4 

weeks with 

evidence of 

necrosis 

Ali-Erdem et 

al. (2011)
168

 

Rat 7.5 µg/kg 

Zol 

1 per week 

for 4 weeks 

1
st
 and 2

nd
 

maxillary and 

mandibular 

molars extracted 

60% incidence 

rate in 

treatment 

group; 30% in 

control group. 

Sacrificed at 4 

weeks 

Aghaloo et 

al. (2011)
132

  

Rat 66 µg/kg Zol 3 per week 

for 15 

weeks 

Periodontal 

disease 

0% clinical 

presentation; 

32% 

radiographic 

incidence rate; 

50% treatment 

histological 

incidence rate, 

10% in control 

Kikuiri et al. 

(2010)
171

 

Mouse 125 µg/ka 

Zol 

2 per week 

for 2 weeks 

1
st
 maxillary molar 

extracted 

Sacrificed at 7 

weeks and only 

had a 10% 

incidence rate 

Biasotto et 

al. (2010)
174

 

Rat 0.04 mg/kg 

Zol  

1 per week 

for 5 weeks 

Maxillary molar 

extraction 

100% incidence 

rate but in a 

small sample 

size (5 animals) 

Sonis et al. 

(2009)
169

 

Rat 7.5 µg/kg 

Zol 

1, 2, or 3 

doses 

1
st
 and 2

nd
 

maxillary and 

mandibular 

molars extracted 

60% incidence 

rate 

 



 

 

130 

 

 

Alendronate (Aln) 

  

Howie et al 

(2014) 

Rat 80 µg/kg Zol 1 per week 

for 13 

weeks 

1
st
 and 2

nd
 

mandibular 

molars extracted a 

week apart 

100% incidence 

rate in 

treatment group 

with 

radiographic 

and histological 

evidence of 

necrosis 
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In the present study, we modified the treatment regimen by using a dose and 

duration of IV Zol treatment comparable to that used in oncologic patients; and we 

performed two dental extractions, one week-apart, instead of one, increasing initial 

trauma.  The use of a rotating burr at 15k RPM to clean the socket also makes the trauma 

more severe than a simple extraction. These factors seemed to push the healing ability of 

the jaw over the limit in the treatment group, which showed a 100% rate of severe 

BRONJ (all animals scored between 2 and 4 on a 4-scale severity score). The scoring 

system that we established will ensure objectivity and consistency in the model 

evaluation for future studies. It can be argued, however, that the first extraction is a pre-

existing comorbidity at the time of the second extraction. Nonetheless, the inducing 

factor for BRONJ remains the repeated surgical procedure with no need to use an 

independent pathology that could be difficult to calibrate or reproduce. We have observed 

no sign of active infection at the previous extraction site at the time of the second 

extraction.  

Overall, the rate of induction of BRONJ in previous studies varied from 0%
162,173

 

to 100%, making it very difficult to use these models to establish causality
174

.  At least 

some of this variability could be due to the difficulty in calibrating the inducible factors, 

such as periodontitis and peri-apical lesions, or the variability in dose regimens of 

bisphosphonates.  The dose we used in this study was 21% higher than the clinical dose 

(80 μg/kg versus 66 μg/kg body weight for clinical dosing).  However, it remained well 

within the safety margin of Zol
74

.  In our previously published
161

 and unpublished 

studies, lower doses and durations of Zol treatment did not show consistent BRONJ 

parameters in every animal.  In human patients, the overall prevalence of BRONJ with 
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Zol increased with the duration of treatment
4,123

.  The mean time to BRONJ development 

after the start of Zol treatment was 1.8 years (minimum 10 months)
127

.  The remodeling 

cycle in rats is 20 times shorter than humans
175

.  Accordingly, the 13-week treatment is 

comparable to 4.6 years in humans.  Previous studies indicate that a rat is a poor choice 

for an animal model of BRONJ, due to the differences in rodent and human bone healing 

that is alleviated with larger animal models, such as dog or pig
166,176

.  However, due to 

the higher costs of larger animal models and the necessity for any therapy to be proven in 

two animal models, one of which being a rodent model
177

, before being tested in humans, 

it is necessary and more cost effective to develop a reliable rodent model for BRONJ.  

In our rat model, the increased dosage and initial trauma led to all of the Zol-

treated animals developing the gross, radiologic, and histological features of severe 

BRONJ 8 weeks after extraction, fulfilling the clinical definition of BRONJ
121

.  Most 

treated animals (19/20) were classified as grade 4-severity on a 0 – 4 scale.  Our analysis 

excluded any Zol-related organ toxicity or disturbance of kidney or liver functions that 

could have aggravated the bone pathology.  It was shown that as wound healing 

progressed, the control animals excised the remaining root fragments and bone chips 

created at the time of extraction, which subsequently allowed for full mucosal coverage 

of the extraction site in 14/19 animals.  Five of the 19 animals did still contain exposed 

bone within the extraction site at 8 weeks; however, the bone was not necrotic and the 

mucosa completely surrounded the tissue allowing the conclusion that the exposed bone 

was in completely excised fragments and that given a longer healing period the bone 

would have been completely expelled from the site and full soft tissue coverage would 

have followed.  In contrast, the Zol-treated animals had no evidence of mucosal healing 
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and coverage but instead had exposed necrotic bone within the extraction site.  Whether 

the lack of soft tissue coverage was due to the presence of dead bone within the exposure 

site
178

 or Zol toxic effects on the soft tissue itself
179,180

 is still undetermined.   

Our histomorphometric findings confirmed the osteonecrosis observed clinically 

and radiographically in Zol-treated animals. Excluding the sequestered bone, the 

remaining (intermediate) areas still showed decreased vitality in Zol-treated animals. At 

1-week post extraction the Zol-treated animals showed increased osteocyte death, which 

persisted to the 8 week timepoint.  The expansion of the necrosis was also evident by the 

increased osteocyte cell death in anterior and posterior portions of the extraction site.  

Despite evidence that Zol treatment inhibits apoptosis in vitro
112,181

, these findings show 

that long-term Zol treatment coupled with extraction cause increased osteocyte cell death.  

Dynamic bone analysis confirmed a diminished bone healing response within the socket. 

The contralateral (un-operated) side in Zol-treated animals did not show any 

osteonecrosis, confirming that, in this model, dental trauma was a necessary triggering 

event. Based on these findings, invasive dental trauma by itself can be sufficient to 

consistently induce BRONJ in rats. Further studies are underway to explore the role of 

oral microorganisms in the induction and progress of BRONJ in this model. 

At 1-week, osteoclast number was lower in the Zol-treated animals, which 

signifies defective osteoclast recruitment and attachment. Such an effect on osteoclasts is 

shared with other anti-resorptive drugs. After 8-weeks of termination of the treatment, 

osteoclast recruitment (number) partially improved.  However, osteoclast attachment 

continued to be severely defective in the treated group. Such a sustained effect on 

osteoclast attachment can be explained by the presence of Zol in the matrix, even after 
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the superficial bone has been sequestered. Even at the intermediate zone, which remained 

relatively viable, osteoclasts failed to attach to the surface, and bone remodeling 

continued to be deficient. Unless the existing Zol in the matrix is removed, bone necrosis 

is expected to continue to spread. 

Our findings regarding osteoclasts can be explained by the fact that, unlike other 

anti-resorptive drugs, bisphosphonates physically accumulate in alveolar bone.
84

  This 

unique characteristic underlies the possible involvement of local mechanisms in BRONJ 

induction, in addition to the short-term systemic effect on osteoclasts, which is common 

to all anti-resorptive drugs. As the treatment continues, both larger amounts of Zol 

accumulate and larger areas of bone matrix become involved.  When dental extraction 

occurs, the first-responding osteoclasts internalize Zol, leading to their detachment and 

apoptosis, halting the healing process, with subsequent bacterial colonization and 

progressive osteonecrosis.  Healing would not effectively start except at an intermediate 

zone, where enough Zol-free surfaces are available for osteoclasts to attach and start 

separating the viable bone from the dead (sequestration). 

   Despite the debilitating nature of BRONJ, no effective treatment strategies have 

been developed to date. The only effective prevention strategy seems to be to avoid 

dental procedures in patients on long-term IV bisphosphonates altogether
122

.  Our model 

is unique because it fulfilled the following three necessary requirements for a 

translational model suitable for prevention or therapeutic studies: first, it demonstrated 

consistent and reproducible occurrence of the full characteristics of BRONJ in treated 

animals using an easily calibrated factor, dental extraction; second, it excluded the 

systemic toxic effects of the Zol regimen that could confound the bone effect; and third, 
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the BRONJ characteristics could be quantified into stages. Our results provide the basis 

for subsequent studies isolating the primary mechanism of BRONJ as well as testing 

methods for preventing BRONJ.   

 

 

B. Aim 2A: Systemic administration of cadmium releases bisphosphonate from 

bone 

 

A unique feature of bisphosphonates compared to other anti-resorptive 

compounds is their ability to physically accumulate in the bone matrix due to their high 

affinity to bind for hydroxyapatite crystals
74,75

.  Bisphosphonates accumulate until they 

reach a concentration that impairs bone resorption, increasing the susceptibility of bone 

to necrosis and possibly leading to the manifestation of BRONJ.  Thus far, stopping the 

IV treatment of bisphosphonates has not been shown to ameliorate the condition, because 

it does not remove the drug that has already accumulated in bone
122,139,140

.  The aim of 

this study was to test the feasibility and dynamics of acute, targeted removal of 

bisphosphonates from bone in vivo using a systemic decalcifying agent, cadmium.   

Previous studies showed that ex-vivo demineralization of bone samples decreased their 

bisphosphonate content
83

, but to date, this is the first study that proved this principle in 

live animals.  Our results showed significant reductions in FRFP content in alveolar bone. 

Such reduction was not part of a toxic reaction to the decalcifying agent but rather 

through a direct demineralizing effect on bone.  

The delivery of FRFP to the skeleton rapidly occurred within 24 hours of 
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administration and its distribution within the skeleton was consistent with previous 

studies, with the long bones containing higher levels of attached bisphosphonate than the 

mandibles or vertebrae
84

.  The subsequent systemic removal of the bound FRFP with 

cadmium administration resulted in a greater effect in the mandibles, which experienced 

one of the largest declines in bisphosphonate content. In vivo monitoring of the reduction 

in FRFP signal in the mandible due to the systemic administration of cadmium indicated 

that the effect of the systemic decalcifying agent was most evident 3 days after systemic 

chelation, in concordance with previous results that showed that calcium release from 

bone after cadmium exposure reached a maximum during the third day
144

.  Interestingly, 

we observed that while a continued reduction of FRFP signal could be seen after the 

second administration, the signal reached a plateau where no further decline was 

achieved. However, this observation can be due to sensitivity limitations of the imaging 

equipment.  At day 11, the control group experienced an insignificant increase in the 

fluorescent signal.  This increase in the maximum radiant efficiency was most likely 

caused by the redistribution of bisphosphonate to this area of the mandible, during the 

natural remodeling cycle of bone
3
. 

Given that bisphosphonates are not metabolized once released from the bone, but 

are instead eliminated from the body through glomerular filtration and tubular secretion 

into the urine
182

, we investigated the amount of FRFP signal detectable within the 

collected urine samples.  While the urine contained no FRFP signal, the food particles 

that contaminated the urine samples contained enough calcium to bind the eliminated 

FRFP.  In accordance with the pharmacokinetic properties of bisphosphonates that show 

that 40% of the injected bisphosphonate will be eliminated into the urine within 24 
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hours
183

, the FRFP signal could be detected in the food particles found within the urine 

24 hours after injection. No measurable changes in the FRFP signal could be found 

before or after the gavage administrations in either the control or cadmium animals, but it 

is not clear if this was due to the concentration of the released FRFP being below the 

measured 0.237 nmol/100uL sensitivity of the in vivo imaging machine or if the released 

bisphosphonate was recycled and rebound to available hydroxyapatite crystals within the 

bone at another location
113,183,184

.   

 Cadmium is a known toxin in humans, affecting both the kidney and the liver. 

Therefore, it was necessary to ensure that the bone effect was not confounded by any 

impairment in kidney or liver functions.  In this experiment, the gavage dose of 200 μg 

cadmium should produce a bone response starting at 2-5 ng cadmium/mL blood, a 

concentration range that is below the OSHA standard of 5 ng/ml for industrial exposures 

(USOSHA92) and is at the upper end of blood cadmium concentrations reported for 

smokers.
185,186

 While we did find that the treatment group lost weight during the course 

of the experiment, the control group also experienced weight loss, albeit slightly less than 

the treatment group.  The declining weights observed in the animals were most likely due 

to stress from being held in metabolic cages for a period of 1 month, as well as being fed 

a powdered diet and handled almost daily, which created a stressful environment.  

We found that the diurnal urinary cycle was preserved in both groups, although 

some significant differences between groups were found.  These differences were always 

within 48 hours of either the FRFP injections or cadmium administration, which can be 

explained by the increased fluid intake, either through the IV injections or the 2 mL 

gavage, in addition to the fact that the animals were removed from the metabolic cages 
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for a period of time to be imaged and frequently urinated in their temporary cages, 

skewing the results.  Blinded histological examination by an independent pathologist 

showed no pathological changes in the animals’ kidneys and liver suggestive of tissue 

damage.  There were no differences between the groups in BUN, creatinine, total protein, 

or calcium levels, all of which were within normal range (15-21 mg/dL, creatinine levels 

0.2-0.8 mg/dL, and calcium 9.5-10.5 mg/dL).  

There were no differences in the mandibular BMD or serum PTH levels between 

groups, indicating that the systemic cadmium dosage used, while sufficient to effectively 

remove bisphosphonate, did not cause excessive demineralization of bone.  Due to the 

nature of bisphosphonate treatment, the lack of significant demineralization is important, 

as it does not further compromise the integrity of the bone structure, which could 

complicate existing conditions.  However, one of the reasons for using IV bisphosphonate 

in cancer patients is for the prevention of malignancy-induced hypercalcemia. Therefore, 

the use of a systemic decalcifying agent, even as a single dose, in these cases would not 

be advisable until the risk of hypercalcemia can be completely eliminated. Therefore, the 

use of cadmium as a systemic decalcifying agent to release bisphosphonates from bone, 

while effective, is not relevant to clinical applications.  The purpose of its use in this 

study was to prove the concept that a systemic decalcifying agent has the capability of 

removing bisphosphonates from bone without causing systemic toxicity, which was 

achieved.  
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C. 2B: Localized administration of ethylenediaminetetraacetic acid (EDTA) and 

citric acid release bisphosphonate from an extraction site 

 

The ability of bisphosphonates to bind to bone has a strong dependency on the 

pH, resulting in a 50% release of bound bisphosphonate at a pH of 3.5, seen during the 

acidification produced by osteoclasts during resorption
75

.  This acidic environment is 

created through the transport of H
+ 

and Cl
-
 ions across the osteoclast ruffled border 

membrane.  The bisphosphonates undergo protonation of the phosphate groups, reducing 

their charge under the acidified conditions, which decreases their affinity for Ca
2+

 ions 

and facilitates their release from bone surfaces into solution
90

.  During the acidification 

and subsequent release of bisphosphonates, the localized concentration rises to 

approximately 0.8 mM; however, as soon as acidification reaction terminates the 

bisphosphonates reattach to the hydroxyapatite and the concentration drops
75,90,91

.  

Utilizing this principle, we found that the use of citric acid and EDTA, both of which are 

acids, within the extraction site caused the release of FRFP within this localized 

environment.    

Most BRONJ cases occurred after some kind of invasive dental procedure. The 

American Association of Oral and Maxillofacial Surgeons (AAOMS) advised against 

performing these procedures in patients receiving long-term IV bisphosphonates
122

.  In 

cases where such procedures are necessary, stopping treatment by itself does not reduce 

the bisphosphonate content in the bone matrix. We tested the use of EDTA and citric 

acid, which are the most frequently used chelating agents in dental clinics
148-150

, as 

chelating agents during the dental procedure to remove bisphosphonates from the healing 
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surfaces and allow for normal osteoclast attachment and function.  These demineralizing 

agents are known to also erode necrotic tissue, remove smear layers, and exhibit a broad 

antimicrobial action to prevent infection after the completion of the procedure
154

.  

Furthermore, EDTA and citric acid react with dentin’s primary inorganic element, 

hydroxyapatite crystals, to remove the calcium ions from the bone, causing changes in 

the microstructure of the dentin, decreasing microhardness and increasing permeability 

and solubility
148,155

.  Our data showed both chelating agents successfully removed the 

FRFP from the surface of the bone. 

Reports on the ability of these agents to remove calcium ions have been variable, 

with some studies indicating that EDTA removes more calcium than citric acid,
154

 while 

other studies prove the opposite
156

.  Such conflicting results could be attributed to the 

differences in irrigation methods
148

.  Our results demonstrated that EDTA had a slightly 

higher efficacy in removing calcium from bone, compared to citric acid, as determined 

through the measured depth of decalcification of the bone within the treated socket walls. 

However, citric acid had a more pronounced effect than EDTA on the release of FRFP 

from its attachment to bone, causing a higher decrease in the fluorescent signal found 

within the extraction site.   

Collectively our data illustrate the validity of using calcium-chelating agents to 

remove bisphosphonate from its attachment to hydroxyapatite crystals. Such an effect 

was not due to systemic effects on the liver and kidney and was not part of a disturbance 

in calcium homeostasis. The transient release of the bisphosphonates from bone and their 

subsequent removal can be used in the context of alleviating the drug’s burden on bone 
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within specific sites, without interfering with its desired systemic effects or causing 

complications to existing conditions or bone integrity. 

 

D. Aim 3A: Zol treatment decreases osteocyte-stimulated monocyte migration 

under hypoxic conditions 

  

In vitro studies have revealed that bisphosphonates affect a range of osteocyte 

proteins involved in functions ranging from growth factor release to signal transduction 

control
105

.  It has also been found using fluorescent bisphosphonates that bisphosphonates 

are contained within the osteocyte lacunocanalicular system
102-104

, deposited there by the 

accumulation of Zol along the surface of bone during the encasement of osteocytes, and 

via the vascular system as Zol is first introduced into the blood stream. It is thought that 

due to the ability of osteocytes to reshape the perilacunar matrix, they are likely to release 

Zol into the area surrounding the cell allowing for absorption by bone-encased 

osteocytes
103

.  The exact concentration of the released bisphosphonate within this 

perilacunar environment is unknown.  Therefore, we investigated the effect of a variety 

of dosages of Zol on the proliferation and cell viability of osteocytes.   

Our data showed that while there was no effect of Zol on the proliferation of 

osteocytes, cell viability was decreased by the higher concentrations of 10
-6

 M Zol and 

10
-4

 M Zol.  Due to these findings and the fact that circulating concentrations of Zol were 

found to be as low as 10
-10 

M Zol, a dose response using 10
-8

 M, 10
-10

 M, and 10
-12

 M Zol 

to pretreat osteocytes followed by 24 hour conditioning in either normoxia or hypoxia, 

was used to determine if monocyte recruitment in response to osteocyte-conditioned 
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media was impaired in Zol-treated osteocytes.  We found an inverse dose-dependent 

relationship in Zol-treated osteocytes’ ability to induce monocyte migration under 

hypoxic conditions, with the lowest concentration inducting the greatest degree of 

migration.  Interestingly, no difference in monocyte migration was found when the 

treated osteocyte cells were exposed to normoxic conditions.    

 

 

E. 3B: Zol treatment decreases monocyte migration 

 

These findings set the stage for investigation of the direct effect of Zol on 

monocyte migration upon treatment of monocytes with various concentrations of Zol.  It 

has been shown that cells within the blood are exposed to a transient concentration of Zol 

due to the quick absorption of Zol onto bone and the excretion of the residual Zol from 

the kidneys within 24 hours
82

. The use of a fluorescent bisphosphonate has elucidated 

that highly endocytic cells, such as CD14
+
 monocytes have the ability to take up the drug 

via fluid-phase endocytosis
77,90,102

. The absorption of Zol is thought to take place either 

within the first 24 hours of the injection, when the plasma concentration of Zol starts at 

1uM and declines to 0.1μM
59

, or as osteoclast resorption of bone releases Zol into the 

surrounding area creating a soluble pool of Zol
90

.  

Previous studies have shown that monocyte internalization of Zol leads to a 

decreased ability of the monocytes to produce a physiological inflammatory response
117

, 

differentiate
58,79

, or be recruited to sites of injury
118

. However, our data show that higher 

concentrations of Zol treatment cause increased migration of monocytes. This result 
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could be explained by the internalization of Zol resulting in the accumulation of 

IPP/DMAPP products and subsequently leading to the activation of the monocytes to 

trigger an inflammatory effect
116

.  These findings seem to indicate that the monocytes are 

being activated, leading to increased migration.  However, if the monocytes are then 

directed away from the osteoclastogenesis pathway and towards an inflammatory 

response, the population of osteoclast precursors would be artificially depleted, thereby 

leading to a reduced ability to resorb bone.  This finding is also supported by the fact that 

Zol-treated hypoxic osteocytes showed a down-regulation of the CSF1 gene, which 

promotes osteoclast lineage differentiation, while CSF2, a gene that promotes 

macrophage differentiation, is up-regulated. 

Taken together, our studies performed for Aim 3 show that Zol treatment 

produces a significant effect on the migration of monocytes, either through the exposure 

of monocytes to the conditioned media of treated osteocytes, or through a direct effect of 

Zol treatment on the monocytes themselves.  Potential future avenues of investigation 

include: 1) determining if treated monocytes show preferential differentiation to 

osteoclasts or macrophages and 2) examining if monocytes exposed to Zol-treated 

osteocyte-conditioned media have an impaired ability to differentiate to osteoclasts.  The 

functionality of the differentiated cells must also be verified. 
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V. SUMMARY 
 

The experiments performed for this dissertation tested the hypotheses that Zol 

treatment causes post-extraction BRONJ in a rat model; chelating agents can remove 

matrix-bound bisphosphonates from alveolar bone; and Zol treatment inhibits monocyte 

migration by altering osteocyte and monocyte function.  Our studies revealed that Zol 

treatment coupled with tooth extraction was able to consistently cause the development 

BRONJ within a rat model, through clinical, radiological, and histological methods, 

without evidence of kidney or liver damage.  Our model is unique because it fulfilled the 

following three necessary requirements for a translational model suitable for prevention 

or therapeutic studies: first, it demonstrated consistent and reproducible occurrence of the 

full characteristics of BRONJ in treated animals using an easily calibrated factor, dental 

extraction; second, it excluded the systemic toxic effects of the Zol regimen that could 

confound the bone effect; and third, the BRONJ characteristics could be quantified into 

stages.  

We next inquired whether systemic and locally applied decalcifying agents could 

remove bound bisphosphonates from bone.  The data illustrate the validity of using 

calcium-chelating agents to remove bisphosphonate from its attachment to 

hydroxyapatite crystals. The findings show that the effect was not due to a systemic 
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effect on the liver and kidney and was not part of a disturbance in calcium homeostasis. 

The transient release of the bisphosphonates from bone and their subsequent removal can 

be used in the context of alleviating the drug’s burden on bone within specific sites 

without interfering with its desired systemic effects or causing complications to existing 

conditions or bone integrity. 

Finally, we investigated the effect of Zol treatment on monocyte migration.  We 

found that Zol treatment produces a significant effect on the migration of monocytes, 

both through the exposure of monocytes to the conditioned media of treated osteocytes, 

and through a direct effect of Zol treatment on the monocytes themselves. 

These in vivo and in vitro findings show that Zol treatment plays a critical role in 

the development of BRONJ, possibly through the inhibition of monocyte migration, and 

also, provided evidence that decalcifying agents can be used as a potential preventative 

treatment for the manifestation of the disease.  Our results provide the basis for 

subsequent studies isolating the primary mechanism of BRONJ as well as testing 

methods for the prevention of BRONJ. 
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