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INTRODUCTION 

STATEMENT OF THE PROBLEM 

Bisphosphonates can effectively inhibit bone resorption by decreasing 

osteoclastic activity; their popularity has grown to treat disorders such as 

hypercalcemia of malignancy, skeletal-related events associated with bone 

metastases, multiple myeloma, osteoporosis, Paget's disease, and osteogenesis 

imperfecta.1
•
5 However, the long-term use of this class of drugs, especially those 

that are intravenously administered such as zoledronic acid, can cause 

bisphosphonate related osteonecrosis of the jaw (BRONJ). This devastating 

adverse effect causes painful intraoral exposure of the maxilla and mandible 

which can be further complicated by infections.1 BRONJ responds poorly to 

therapy and treatment primarily focuses on palliative care. Hence, a fundamental 

key to managing this disease involves prevention. Currently, there is only one 

available method to test susceptibility to BRONJ. This technique measures 

serum levels of c-terminal cross-linking telopeptide (CTX), a breakdown product 

of collagen during bone resorption which decreases with impeded osteoclastic 

activity. Unfortunately, many professionals question the reliability of this test.&-9 

Osteonecrosis is related to the temporary or permanent loss of blood supply 
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to an area of bone; therefore, vascular changes may be related to 

bisphosphonate therapy. However, information on the vascular changes that 

occur with bisphosphonate therapy appears very limited. For this reason, gaining 

an understanding of the vascular progressive changes that lead to the frank 

manifestation of BRONJ is a critical step towards the comprehension and 

prevention of this disease. 

SIGNIFICANCE 

This is an analytical study comparing the structural and functional changes in 

the vasculature of the rat mandible before and after the administration of the 

intravenous bisphosphonate zoledronic acid. We shall assess the serum levels 

of pyridinium (PYD), another breakdown product of bone resorption, and vascular 

endothelial growth factor (VEGF), a signaling molecule that stimulates the growth 

of new blood vessels, as systemic markers of bone and blood vessel turnover 

with the development of BRONJ. As a result, clinicians may have the future 

capability to regularly monitor patients on bisphosphonate therapy and 

successfully avoid this debilitating disease. 



REVIEW OF THE LITERATURE 

INTRODUCTION 

Technological advances in healthcare have benefited society by 

increasing life expectancy and have resulted in an expanding elderly population. 

This resulted in the need to more thoroughly address prevalent diseases 

associated with aging such as those affecting the skeletal system. In particular, 

post-menopausal osteoporosis and bone loss due to various types of cancers 

have increased the use of bisphosphonates in recent years. 

BISPHOSPHONATES 

For over a century, bisphosphonates were mainly used for industrial 

purposes as additives in washing powders, water, and oil brines to prevent 

corrosion by inhibiting the precipitation of calcium carbonate.10
"
11 In 1968, the 

biological characteristics of bisphosphonates first appeared in publication. 

Fleisch et al discovered that plasma was found to contain pyrophosphate, an 

analog of bisphosphonate, which could inhibit calcium phosphate precipitation.10
• 

12 Pyrophosphates are present in human bodily fluids such as blood plasma, 

synovial fluid, and urine which serve to inhibit the precipitation of 

3 
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calcium phosphate and formation of urinary stones.13 Similarly, bisphosphonates 

exert their action on the skeletal system and inhibit the resorption of bone. 

CLINICAL INDICATIONS 

Bisphosphonates have been employed to prevent and treat diseases of 

the bone through their potent inhibition of bone resorption. Patients with Paget's 

disease and osteoporosis have benefited from bisphosphonates' ability to 

preserve bone mass, reduce the risk of bone fracture, and decrease the rate of 

bone turnover. Additionally, bisphosphonates have become important in cancer 

therapy and are the treatment of choice for hypercalcemia of malignancy and 

reduce the rate of skeletal events in multiple myeloma and breast, lung, and 

prostate cancer metastatic to bone.1
· 

14
•
15 

TYPES 

To date, the Food and Drug Administration (FDA) has approved seven 

types of bisphosphonates for use in the United States.15 These include: 

alendronate (Fosamax, Fosamax Plus D), etidronate (Didronel), ibandronate 

(Boniva), pamidronate (Aredia), risedronate (Actonel, Actonel w/ calcium), 

tiludronate (Skelid), and zoledronate or zoledronic acid (Reclast, Zometa) (Table 

1).15 

There are two classes of bisphosphonates, the nitrogen- and non-nitrogen 

containing bisphosphonates. Etidronate and tiludronate are non-nitrogen 

containing bisphosphonates while alendronate, ibandronate, pamidronate, 

risedronate, and zoledronate are nitrogen-containing bisphosphonates. These 
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two classes possess different mechanisms of action to inhibit bone turnover and 

in the subsequent destruction of osteoclasts. 

PHARMACOLOGY 

As stated earlier, bisphosphonates are analogs of the naturally-occurring 

compound pyrophosphate. Bisphosphonates, also known as diphosphonates, 

are so named because of the two phosphonate (P03) groups that are attached to 

its structure and are characterized by a phosphorus-carbon-phosphorus 

backbone that renders them resistant to hydrolysis (Figure 1 ).11
· 

14 The R1 and 

R2 carbon side chains determine the properties of bisphosphonates (Figure 1 ).16 

Most bisphosphonates contain a hydroxyl group at the R1 position which confers 

high-affinity binding to calcium phosphate. The R2 side chain is the critical 

determinant of its antiresorptive potency. Bisphosphonates that contain a 

primary amino group (pamidronate and alendronate) are approximately 100 

times more potent than first-generation bisphosphonates that do not contain an 

amino group (etidronate). Bisphosphonates that contain a secondary or tertiary 

amino group (ibandronate, risedronate, and zoledronate) are among the most 

potent bisphosphonates, with up to 10,000 times more activity than the first

generation bisphosphonates (Table 1).14 The amino group impedes 

metabolization of the bisphosphonate; consequently, the drug further 

accumulates and has continued effects.17 

Bisphosphonates are adsorbed onto calcium phosphate {hydroxyapatite) 

crystals in bone. Because bisphosphonates strongly bind to calcium, they are 

poorly absorbed when taken orally due to drug absorption that is altered by 
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calcium-containing foods, beverages, and medications. Hence, the bioavailability 

of orally administered bisphosphonates is less than 1%.18 On the other hand, an 

intravenously administered dose of bisphosphonates is effectively absorbed by 

the body; approximately one-half of a one-time dose will accumulate in skeletal 

tissue because of its affinity for calcium.14 Therefore, intravenously administered 

bisphosphonates are more potent than oral bisphosphonates.19 

Bisphosphonates preferentially bind to sites of active bone remodeling and 

become biologically inactive after they are incorporated into quiescent bone. 

Repetitive administration is required to maintain inhibition of bone resorption.14 

However, bisphosphonates that have already been integrated into bone are only 

released through the destruction of bone during physiological bone turnover.2 

MECHANISM OF ACTION 

Bisphosphonates exert their action through multiple mechanisms. Their 

mechanism of action can be broken down according to their effects on metabolic 

activity at the molecular, cell, and tissue levels.2
•

17
• 
20 

MOLECULAR LEVEL 

Non-nitrogen and nitrogen containing bisphosphonates affect the 

osteoclast at the molecular level differently. While the non-nitrogen containing 

bisphosphonates affect the cellular energy metabolism, nitrogen containing 

bisphosphonates affect the HMG-CoA reductase pathway, also known as the 

mevalonate pathway (Figure 2). 

Non-nitrogen containing bisphosphonates are metabolized by the 

osteoclast into a toxic non-hydrolyzable adenosine triphosphate (ATP) analog, 
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adenosine 5' -(13, y-dich loromethylene) triphosphate. 21 The 5' -(13. v-

dichloromethylene) triphosphate molecule results from the replacement of the 

terminal pyrophosphate moiety of ATP rendering this molecule nonfunctional. 

The non-functional 5'-(13,y-dichloromethylene) triphosphate competes with ATP 

and ultimately interferes with pathways that involve the hydrolysis or synthesis of 

ATP such as DNA synthesis, glycolysis, and protein phosphorylation.21 

Nitrogen containing bisphosphonates inhibit the enzyme farnesyl 

pyrophosphate synthase (FPPS) in the mevalonate pathway that leads to the 

synthesis of cholesterol and other sterols (Figure 2).22 This pathway leads to the 

synthesis of the isoprenoid lipids (isopentenylpyrophosphate [IPP], 

farnesyldiphosphate [FPP], and geranylgeranyldiphosphate [GGPP]) of which 

FPP and GGPP are required for the prenylation of the small GTPases (Ras, Rab, 

Rho, and Rac).22
•
24 Small GTPases are signalling molecules that regulate 

various cellular processes in the osteoclast such as cell morphology, cytoskeletal 

arrangement, membrane ruffling, trafficking of vesicles, and apoptosis.22
· 

2
5-

27 

Without prenylation, small GTPases are unable to anchor into cell membranes 

and cannot participate in protein-protein interactions.22 

Bisphosphonates also indirectly reduce osteoclast activity through effects 

on osteoblasts; these compounds increase osteoblast secretion of an inhibitor 

that prevents the recruitment of osteoclasis 28
• Bisphosphonates increase 

osteoblast secretion of transforming growth factor 13 (TGF-13), a signal for 

osteoclast apoptosis.29 
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CELLULAR LEVEL 

Bisphosphonates also directly affect osteoclasts at the cellular level. 

During bone resorption, osteoclasts attach to the surface of bone and internalize 

the contents of the resorption lacunae; hence, the bisphosphonate is digested by 

the osteoclast during this process.20
• 

30 Nitrogen-containing bisphosphonates 

disrupt the osteoclastic cytoskeleton and cause the disappearance of the ruffled 

border, which is primarily responsible for its resorptive action on bone.20 

Alternatively, as its primary mechanism of action, non-nitrogen containing 

bisphosphonates inhibit bone resorption by inducing apoptosis in osteoclasts.20 

Overall, bisphosphonates inhibit osteoclastic activity by cellular mechanisms that 

inhibit osteoclast attachment to bone, osteoclast precursor differentiation, and 

osteoclast survival. 16
• 

31 

TISSUE LEVEL 

At the tissue level, bisphosphonates inhibit bone resorption; consequently, 

bone turnover is also inhibited which results in increased bone density and 

increased bone strength.2
• 

20 

ZOLEDRON/C ACID 

Zoledronic acid or zoledronate is the most potent bisphosplionate 

available today.32 Novartis markets this drug under the trade names Zometa, 

Zomera, Aclasta and Reclast and gained its first approval for use by the FDA in 

2001.15 Cancer patients receive an intravenous infusion of four milligrams 

zoledronic acid over a 15-minute timeframe every three to four weeks. Patients 

with osteoporosis are given a once-yearly five milligram intravenous infusion 
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which has been shown to reduce the number of vertebral fractures and increase 

bone density.33-34 

PHARMACODYNAMICS/KINETICS 

Zoledronic acid's maximum effect may not be seen for seven days. As 

discussed earlier, zoledronic acid has an extremely high affinity for bone. Due to 

the tertiary amino group on its R2 side chain (Table I and Figure 3), zoledronic 

acid is not metabolized and inhibits the biosynthetic mevalonate pathway, 

thereby preventing prenylation of GTP-binding proteins, which are necessary for 

osteoclast function. 35
-
36 This drug has -22% protein-binding capability and a 

half-life of 167 hours. Approximately 44% of zoledronic acid (as the unchanged 

drug) is renally-cleared within 24 hours.37 Zoledronic acid levels in blood and soft 

tissues will decline to low levels (<1 pmol/g) after approximately eight months 

following administration; however, bone concentrations will remain high.38 

ADVERSE EVENTS 

Zoledronic acid can negatively affect a multitude of systems in the human 

body. Some of the adverse events known to occur with zoledronic acid therapy 

include: upper gastrointestinal tract pain (such as nausea, vomiting, and 

dyspepsia), renal toxicity, nonspecific conjunctivitis, hypocalcemia, 

hypomagnesemia, musculoskeletal pain, atrial fibrillation, and osteonecrosis of 

the jaw.19 
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OSTEONECROSIS 

Osteonecrosis results from the temporary or permanent loss of blood 

supply to an area of bone which causes ischemia and death of bone tissue.39 

According to the American Association of Oral and Maxillofacial Surgeons 

(MOMS), patients may be considered to have BRONJ if all of the following three 

characteristics are present: 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.1 

Bisphosphonate therapy has been linked with osteonecrosis of the jaw 

due to its effect on decreasing bone turnover rate. The length and type of 

bisphosphonate treatment are significant factors causing BRONJ.40 

ONSET OF DISEASE 

BRONJ is a complication of long-term bisphosphonate use. Given the 

beneficial effects of bisphosphonates on bone quality in patients with cancer or 

osteoporosis, it is important to understand the risks of the onset of disease. The 

mean time to BRONJ after zoledronic acid treatment was calculated at 1.8 years 

and the minimum was ten months; after pamidronate, the mean time was 2.8 

years and the minimum was 1.5 years; and after oral bisphosphonate therapy, 

the mean time was 4.6 years and the minimum was 3 years.41 Factors that seem 

to affect BRONJ include invasive dental procedures and other comorbid factors 

such as advanced age, rheumatoid arthritis, diabetes, use of corticosteroids, and 

vitamin D deficiency.41 
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INCIDENCE 

Less than a year after zoledronic acid gained approval for use, the FDA 

received reports of nine cancer patients treated with zoledronic acid who 

unexpectedly developed osteonecrosis of the jaw.42 Haidar et al followed 53 

patients on a monthly four milligram zoledronic acid regimen for a total of five 

years; at the end of the study, one patient developed spontaneous osteonecrosis 

while a second patient developed symptoms after a dental procedure.43 In 

another study, Bamias et al reported that among 252 patients with various 

malignancies treated with pamidronate or zoledronic acid 17 (6.7%) developed 

BRONJ.44 Additionally, the time of exposure increased the incidence of this 

disease. Patients treated for four to twelve months had an incidence of 1 .5% 

while patients treated from 37 to 48 months had an incidence of 7.7%.44 

Although the incidence of this disease appears rather low, BRONJ is a very 

serious complication. 

Among 368 reported cases, BRONJ affected the mandible in 65%, the 

maxilla in 26%, and both sites in 9% of the cases; sixty percent of cases 

occurred after tooth extraction or other oral surgical procedure.45 Patients with a 

history of periodontal disease have a seven-fold increased risk for developing 

BRONJ. Diabetes, smoking, and alcohol use are also risk factors for this 

disease.1 

CLINICAL PRESENTATION 

BRONJ clinically presents as an intraoral exposure of necrotic bone with 

breakdown and inflammation of the surrounding oral mucosa. These lesions can 
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be asymptomatic or present with pain, purulent discharge, swelling, tooth 

mobility, and paresthesia.4647 Additional signs and symptoms include: trismus, 

halitosis, recurrent infections and abscesses, loosening of teeth, draining fistulas, 

and dull pain.4849 Panoramic radiographs are usually inconclusive in the early 

stages; however, BRONJ in its advanced stages with extensive bony 

involvement can appear as poorly defined radiolucent-radiopaque lesions.48 

PREVENTIVE MEASURES 

Health care professionals who plan on implementing bisphosphonate 

therapy as part of a patient's treatment regimen should take preventive measures 

to reduce the risk of BRONJ. Before initiating bisphosphonate therapy, a routine 

dental examination and any required dental procedures should be completed. 1
• 
50 

If a patient is asymptomatic and systemic conditions permit, bisphosphonate 

therapy should be discontinued three months prior to and three months following 

an elective invasive dental procedure.1 Dental providers should take an active 

role in the care of patients on bisphosphonate therapy and regularly monitor the 

oral health of these patients. 

SERUM PROTEIN BIOMARKERS 

Various serum protein biomarkers to detect the likelihood of the onset of 

BRONJ are under investigation.51
"
53 Presently, measuring serum CTX levels is 

the only commercially available method to test susceptibility to BRONJ. 

However, many professionals question the accuracy of this test and its use is 

highly controversial. s.g 
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C-TERMINAL CROSS-LINKJNG TELOPEPTIDE 

The morning fasting serum c-terminal cross-linking telopeptide (CTX) test 

measures CTX which is a breakdown product of bone resorption from a specific 

crosslink peptide in type I collagen. 53
•
55 Marx et al found that serum type 1 

collagen CTX was related to the risk of BRONJ.53 An increase in osteoclastic 

activity results in bone degradation which leads to an increase in serum CTX; on 

the other hand, a decrease in osteoclastic activity results in a lack of bone 

degradation and is reflected by decreased serum CTX levels. Patients with CTX 

values <100 pg/mL were at high risk for BRONJ, patients with CTX values 

between 100-150 pg/mL were at moderate risk, and patients with CTX values 

>150 pg/mL were at minimal risk (Table II). Marx et al suggests the 

discontinuation of bisphosphonate therapy in patients at high or moderate risk to 

allow the recovery of bone turnover as indicated by CTX levels >150 pg/mL.53 

In a study by Kunchur et al, 215 patients on oral bisphosphonate therapy 

had an average CTX value of 238 ± 144 pg/mL, with 98 having a value of <200 

pg/mL. One patient with a CTX value of 125 pg/mL developed osteonecrosis 

after an extraction while BRONJ did not develop in seven patients on intravenous 

bisphosphonates with a mean CTX value of 329 ± 354 pg/mL.7 Bagan et al did 

not find a statistically significant relationship in the CTX levels between patients 

on bisphosphonate therapy and healthy controls. 8 

PYRIDINIUM 

Pyridinium (PYD) is a predominant non-reducible crosslink in mature 

skeletal type I collagen that is widely distributed in skeletal tissue. 51 Like CTX, an 



14 

increase in osteoclastic activity increases bone degradation leading to increased 

PYD levels while a decrease in osteoclastic activity decreases bone degradation 

as reflected by decreased PYD levels. This serum protein has been used as a 

biomarker of bone resorption in metabolic bone diseases. 56 PYD has been 

monitored in patients suffering from Paget's disease and primary 

hyperparathyroidism and has been found to provide a sensitive indicator of bone 

metabolism.57 

VASCULAR ENDOTHELIAL GROWTH FACTOR 

Vascular endothelial growth factor is a chemical signal produced by cells 

that stimulates the growth of new blood vessels. Low levels of osteoclast activity 

results in decreased bone turnover leading to decreased tissue perfusion. 

Increases in VEGF often indicate ischemia to an area; therefore, the secretion of 

VEGF promotes angiogenesis thereby facilitating the restoration of oxygen when 

blood circulation to an area is inadequate.58 VEGF has been implicated as a 

proliferation, migration, and survival factor as well as a molecule capable of 

eliciting neovascularization in a variety of ex vivo and in vivo angiogenesis 

bioassays.59 Excess bone may impede new blood vessel formation. 

THE ANIMAL MODEL 

The onset of the signs and symptoms related to BRONJ may require 

many years to develop. For this reason, the development of a small animal 

model for use in studies of the cause and treatments of this disease would 

represent a major advance. Zoledronic acid combined with the use of a small 
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animal model with a very high metabolic rate may allow for the expedient 

induction of BRONJ. A handful of studies utilize various animals with various 

dosage parameters and gain varying outcomes indicating osteonecrosis (Table 

Ill). Burr et al administered clinical doses of alendronate to beagle dogs; after 

three years, none of the treatments resulted in exposure of bone, although 25-

33% of the dogs exhibited bone matrix necrosis.60 Biasotto et al attempted to 

create an animal model utilizing Wistar rats and administering zoledronic acid.61 

Marino et al utilized Sprague-Dawley rats that demonstrated clinical changes 

consistent with osteonecrosis after four and eight weeks of zoledronic acid 

treatment.62 This study employs Marino et al's Sprague-Dawley rat 

osteonecrotic animal model. 

SUMMARY 

Bisphosphonate therapy has benefited many patients in the management 

of Paget's disease, osteoporosis, and cancers metastatic to bone. However, the 

use of this class of drugs presents a risk for developing BRONJ. Zoledronic acid 

is the most potent among the seven FDA-approved bisphosphonates.32 Although 

the probability of developing BRONJ are low (ranges from 1.5% to 7.7%), the 

complications that emerge from this disease are detrimental.44 BRONJ responds 

poorly to therapy and prevention is the primary objective.47 The serum protein 

biomarker CTX has been utilized to determine the likelihood of the onset of 

BRONJ; however, many question the reliability of this test.6
·
9 Detecting the levels 
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of the serum protein biomarkers PYD and VEGF may be a potential alternative in 

detecting the probability of the onset of BRONJ. 
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Figure 1. General chemical structure of bisphosphonates. 
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Figure 2. The HMG-CoA reductase pathway, also known as the mevalonate 
pathway. Nitrogen containing bisphosphonates inhibit the enzyme farnesyl 
pyrophosphate synthase. 
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Figure 3. Structure of Zo/edronic Acid, CsH10N207P2. 
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Potency 0 
R, 

0 

Route of II 
FDA-Approved Agents Relative to - P c P - O 

Administration I I 
Etidronate R2 side chain 0 

1\, 
0 

Etidronate (Didronel) Oral 1 -CH3 

Tiludronate (Skelid) Ora l 10 -s-@o 
Pamidronate (Aredia) IV 100 -CH2-CH2-NH2 

Alendronate (Fosamax) Ora l 500 -(CH2h-NH2 

lbandronate (Boniva) Oral 
/CH3 

1000 -CH2-CH2N"'-
(CH2kCH3 

Risedronate (Actonel) Ora l, IV 2000 ~v :-.. /, 

Zoledronate (R~gast) IV 10000 /"N'J 

Table I. Properties of selected bisphosphonates. Most bisphosphonates contain 
a hydroxyl group at the R1 position which confers high-affinity binding to calcium 
phosphate. The R2 side chain is the critical determinant of its antiresorptive 
potency. Bisphosphonates increase in potency as amino groups are added to 
the R2 side chain. 14 



I CTXLevel 
~ (pg/ml) 

<100 

lOD-150 

>150 

Moderate 

Minimal 

Table II. Correlation of serum CTX levels with the risk of the development of 
BRONJ.53 
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Ref. Animal Bisphosphonate Dose Route Frequency 
60 Beagle 

Alendronate 
0.2 or 1.0 

Oral 
QD x 1 or 3 

DoQ mQ/kQ/day _years 
61 Wistar 

Zoledronic Acid 0.04 mg IV 
1x/weekx 5 

Rat weeks 

63 
Sprague-

QD x 7, 14, or 
Dawley Pamidronate 3 mg/kg IP 21 days 

Rat 
BID x4 weeks 

prior to 
Sprague- extraction and 

64 Dawley Alendronate 0.015 mg/kg sc continued 
Rat postextraction 

for 10, 21, 35, 
or 70 days 

65 Wistar 
0.0075 mg/kg (+ 

AtO, 7,or14 
Zoledronic Acid 1 mg/kg sc Rat 

dexamethasone)_ 
days 

Dog 
66 (species 

Zoledronic Acid 0.1 mg/kg IV 
Q4weeks x4 

not months 
specified) 

67 
Sprague-

3x/week x 6 or 
Dawley Zoledronic Acid 0.1 mg/kg IP 

Bweeks Rat 

67 
Sprague-

3x/week x 6 or Dawley Pamidronate 3 mg /kg IP 
8 weeks 

Rat 

62 
Sprague-

1x/month x2 
Dawley Zoledronic Acid 20 IJg/kg IV 

months Rat 

Table Ill. Studies that. employ various animal models that attempt to induce 
BRONJ. 



PURPOSE 

The purpose of this study is to determine the effects of zoledronic acid 

therapy on the vascular structure of the rat mandible and its effects on the serum 

protein biomarkers PYD and VEGF in comparison to those in a similar group of 

animals not receiving this therapy (control). 
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HYPOTHESES 

HYPOTHESIS #1 

The intravenous administration of zoledronic acid will cause progressive 

structural changes to the vasculature of the rat mandible as evidenced by an 

alteration in the morphology and quantity of blood vessels which may be related 

to the pathophysiology of BRONJ. 

HYPOTHESIS #2 

Zoledronic acid therapy will cause PYD levels to decrease due to a lack of 

bone turnover and VEGF levels to increase in an attempt to signal angiogenesis. 

VEGF and PYD levels in untreated rats will remain stable. 
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SPECIFIC AIMS 

SPECIFIC AIM #1 

Through micro-CT, evaluate the changes that occur in the vascular 

structure of the rat mandible at four, eight, and twelve weeks after intravenous 

administration of zoledronic acid. 

SPECIFIC AIM #2 

Evaluate PYD and VEGF serum levels from baseline to the termination of 

the study at twelve weeks. 

SPECIFIC AIM #3 

Correlate the changes that occur in the rat mandible vascular structure to 

PYD and VEGF serum levels. 
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MATERIALS AND METHODS 

GENERAL OVERVIEW 

This protocol was approved by the Committee on Animal Use in Research 

and Education and the Institutional Animal Care and Use Committee (IACUC). 

Upon protocol approval and before the initiation of the official research 

experiments, a pilot study was performed to develop and gain proficiency in the 

surgical technique of vascular perfusion through the common carotid artery and 

to assess various materials best suited for radiographic identification and 

evaluation of the vasculature in the rat mandible under micro-CT. 

Forty-eight Sprague-Dawley rats were utilized in this study and a control 

and experimental group were established. The beginning of the study was 

marked as week minus 4 (week -4). During this time, an intravenous dose of 20 

!Jg/kg zoledronic acid was administered to the test group and phosphate-buffered 

saline (PBS) to the control group. Four weeks later (week 0), a second dose of 

zoledronic acid was administered to the test group and PBS to the control group 

in conjunction with first molar extraction and wound preparation of the extraction 

site. Rats from each group were sacrificed at the subsequent 4, 8, and 12-week 

time points. Through surgical exposure and manipulation of the common carotid 
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artery, the vasculature was perfused with methyl methacrylate mixed with 35% 

triphenylbismuth (TPB). The rat mandibles were then harvested and evaluated 

under micro-CT. Blood samples were also collected every four weeks from the 

rat tail veins of control and experimental groups for analysis of serum PYD and 

VEGF levels with their respective commercial assays. A brief overview of the 

research experimental designs is provided in figures 4 and 5. 

PRE-SURGICAL PROVISIONS 

Forty-eight female retired breeder Sprague-Dawley rats (Harlan Sprague

Dawley, Inc. Indianapolis, IN}, weighing -300 g each, were utilized for this study. 

Retired breeder Sprague-Dawley rats were chosen for this experiment for two 

reasons: 1) Retired female breeder rats are larger in size which facilitates the 

intraoral procedures and aids in carotid perfusion and 2) the high metabolic rate 

of rats may allow for the expedient induction of BRONJ. An experimental and 

control group were established and randomly allocated with 24 rats each. Each 

group was subdivided into 4, 8, and 12 week groups (n=8 per subgroup). The 

rats were housed individually and supplied with water and a standard rat chow 

diet ad libitum. 

ZOLEDRONIC ACID ADMINISTRATION AND MOLAR EXTRACTION 

At the beginning of the study (week -4), rats in the experimental group 

received zoledronic acid (20 f.Jg/kg diluted to 100 J..lg/mL in PBS); rats in the 

control group received an equivalent dose of PBS. This was accomplished by 
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first anesthetizing each rat with 0.5-0. 7 mL!kg "rat anesthesia" (a cocktail 

comprised of ketamine [100 mg/mL], xylazine [20 mg/mL], and acepromazine [10 

mg/mL]) given intramuscularly. Complete anesthesia was verified by pinching 

the tail of the rat and assessing the reactive response. Subsequently, the 

respective agent was intravenously administered through the rat tail vein (Figure 

6). 

Four weeks later (week 0), each rat was anesthetized and a second dose 

of zoledronic acid was administered to the test group and PBS to the control 

group in conjunction with the extraction of the mandibular right first molar 

followed by wound preparation of the extraction site. Successive wound 

preparation of the extraction site was accomplished through the use of a series of 

dental round burs ranging in size from 0.5 to 2.0 mm with continuous water 

irrigation. This resulted in a 2.0 mm cylindrical defect so that the dimensions of 

the final wound in all animals were nearly uniform. After extraction and 

preparation of the site, the area was swabbed with 0.12% chlorhexidine. Molar 

extraction and wound preparation is depicted in figure 7. 

VASCULAR PERFUSION 

In order to visualize changes in the vascular structure of the mandible, 

eight rats from each group were examined and sacrificed at 4, 8, and 12 weeks 

after the second dose of zoledronic acid or PBS. This procedure was carried out 

by initially administering an intramuscular injection of rat anesthesia. An incision 

that was approximately two to three inches long was made in the tracheal region 
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(Figure 8). The right common carotid artery and right jugular vein were gently 

exposed, taking extra care that neither of these two structures were inadvertently 

incised or severed. The right common carotid artery was isolated from the rest of 

the anatomical structures by placing a thin, plasticized paper sheet underneath it, 

thereby acting as a trough (Figure 9). Untied 5-0 silk sutures (Ethicon, 

Somerville, NJ) were placed superior and inferior to the planned perfusion point 

on the right common carotid artery (Figure 10). The suture inferior to the 

perfusion point was then tied to direct perfusion cranially. A 24G %" intravenous 

catheter (Jelco, Smiths Medical, Lancashire, UK) was carefully inserted and 

threaded into the right common carotid artery at the planned perfusion point 

(Figure 11 ). The suture superior to the perfusion point was then carefully tied to 

secure the threaded catheter. The catheter was then attached to a four-way 

stopcock with 20" standard bore extension tubing (Smiths Medical, Dublin, OH). 

A small nick was placed on the jugular vein to function as an exit point for excess 

fluid. 

The vasculature was perfused with four series of fluids at a steady 

perfusion rate of 1 mL for every four seconds. First, a syringe containing 50 mL 

heparinized PBS (500 units, 0.08 mL of 1000 units/mL) was attached to the 

opposite end of the extension tubing and steadily perfused through the area. 

Second, a syringe containing 50 mL formalin solution, neutral buffered, 10% 

(Sigma-Aldrich, St. Louis, MO) was perfused into the vasculature. Third, the rat 

was perfused with 50 mL PBS. Finally, the extension tubing was carefully 

removed from the catheter and a syringe containing 18 mL blue Mercox II methyl 
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methacrylate (Ladd Research, Williston, VT) mixed with 35% TPB (Aifa Aesar, 

Ward Hill, MA) was attached to the catheter and perfused into the animal (Figure 

12). The successful perfusion of the methyl methacrylate through the 

vasculature was confirmed by noting the blue color of the rat's eyes, skin, 

tongue, and nose (Figure 13). The rat was set aside for 5-6 minutes to allow the 

methyl methacrylate to polymerize within the vascular system. The rat was then 

decapitated and the head was placed into a 50°C saline bath for one hour. The 

soft tissues were then thoroughly removed from the mandible and the mandible 

was separated into two hemi-mandibles. The right hemi-mandible was set aside 

for analysis and fixed in formalin overnight. Subsequently, the right hemi

mandible was placed in a decalcifying solution, Formical-2000 (Decal Chemical 

Group, Tallman, NY), for seven days (Figure 14). This decalcifying solution was 

replaced with fresh solution on a daily basis. 

MICRO·CT ANALYSIS 

Visualization and three-dimensional analysis of the perfused 

demineralized right hemi-mandible was performed through the use of a SkyScan 

1172 micro-CT system (SkyScan, Aartlesaar, Belgium). The following blood 

vessel parameters were scanned and evaluated using micro-CT: volume, 

surface-to-volume ratio, thickness, number, separation, degree of anisotropy, 

fractal dimension, Euler number, and connectivity. The degree of anisotropy 

measures the three-dimensional symmetry along a directional axis. Fractal 

dimension measures the surface complexity of an object (or how an object fills 
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space); an increase in fractal dimension is indicative of an increase in branching 

of the blood vessels. Euler number measures the connectedness of a three

dimensional structure. Finally, connectivity measures the degree of anastomosis 

or branching of a vascular structure. 

Reconstruction of the scanned images was performed using a Skyscan 

Nrecon program (Figure 15). The reconstructed dataset was loaded into a 

Skyscan CT -analyzer software for measurement of the selected three

dimensional morphometric parameters. Two regions of interest on the right 

hemi-mandible were evaluated: 1) The vicinity of the extraction socket of the right 

first mandibular molar and 2) the area posterior to this extraction socket. 

ASSAYS 

At the -4, 0, 4, 8, and 12-week time points, venous blood was collected 

from the rat tail veins of all rats for evaluation of PYD and VEGF levels by cutting 

a small portion of the end of the tail to induce bleeding (Figure 16). 

The measurement of these parameters was used to establish the 

relationship between zoledronic acid treatment, time, and changes in protein 

expression of relevance to bone turnover and angiogenesis in the mandible. 

VEGF ELISA AssAY 

Approximately 1 mL of blood was collected in EDTA-containing glass 

tubes (BD Vacutainer, Franklin Lakes, NJ), transferred to plastic centrifuge tubes, 

and frozen at -80°C. After the collection of all blood samples, VEGF levels were 
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measured to evaluate angiogenic activity using a rat VEGF assay kit (IBL 

Company, Ltd, Minneapolis, MN). 

The ELISA assay was performed according to the manufacturer's 

instructions. 50 mL of wash buffer concentrate was diluted with 1,950 mL of 

distilled water. The labeled antibody concentrate was diluted with the solution for 

labeled antibody. Next, the rat VEGF standard was prepared by gently mixing 

the standard with 0.5 mL distilled water. Then, a dilution series of the standard 

was prepared by adding 230 iJL ELISA buffer to each tube to obtain the following 

concentrations: 2,000 pg/mL, 1,000 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 

62.5 pg/mL, 31,25 pg/mL, and 0 pg/mL (Figure 17). 

The 96-well plate provided in the kit was placed on a flat surface. A well 

for the reagent blank was established and 100 iJL EIA buffer was added to each 

well. Next, the wells for the test sample blank, test samples, and diluted 

standards were established and 100 iJL each of test sample blank, test samples, 

and dilution standards were placed into the assigned wells (Figure 18). The plate 

was then covered and incubated for one hour at 37°C. Each well was then 

vigorously washed with the wash buffer and completely emptied; this procedure 

was repeated seven times. The remaining liquid in the wells was completely 

removed from all wells by tapping them onto a dry paper towel. 100 iJL of 

labeled antibody was pipetted into each well. The plate was then covered and 

incubated for 30 minutes at 4°C. Afterwards, each well was washed with wash 

buffer and emptied for another series of seven rounds. 100 iJL chromogen was 

added to each well and incubated for 30 minutes at room temperature in the 
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dark. Next, 100 IJL stop solution was added into each well, gently tapped to mix 

the solution, and stopped the reaction (Figure 19). Within 30 minutes after the 

addition of the stop solution, the plate was read at an optical density of 450 nm 

on a VERSAmax Tunable Microplate Reader (Figure 20). 

PYD EIA ASSAY 

In a second plastic centrifuge tube, an additional 1 ml of blood was 

collected and centrifuged. The serum was obtained from this centrifuged 

sample, transferred to another plastic centrifuge tube, and frozen at -80°C. After 

the collection of all blood samples, PYD levels were measured to determine the 

amount of pyridinoline crosslinks and hence evaluate bone turnover activity. This 

was accomplished through the use of a Serum PYD EIA kit (Metra PYD, Quidel 

Corp, San Diego, CA). 

The PYD EIA assay was performed according to the manufacturer's 

instructions. The standards, controls, samples, and reagents were prepared as 

instructed by the manufacturer. The controls were diluted 1:10 with assay buffer 

(50 IJL control + 450 IJL assay buffer). PYD Standard solutions were prepared by 

diluting the 12 nmoi/L PYD standard 1:10 with assay buffer (50 IJL PYD standard 

+ 450 IJL assay buffer) which was used to produce a 1 :2 dilution series (200 IJL 

working standard + 200 IJL assay buffer) with the following concentrations: 12 

nmoi/L, 6 nmoi/L, 3 nmoi/L, 1.5 nmoi/L, 0.75 nmoi/L, and 0 nmoi/L (Figure 21). 

Using a multichannel pipette, 50 IJL of reagent 1 was placed in each well 

of the 96-well plate provided in the kit followed by 25 IJL of diluted standard, 

control, or undiluted filtered sample within 20 minutes (Figure 22). Then, 75 IJL 
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of cold pyridinoline antibody was added to each well, tapped to ensure adequate 

mixing of solutions, covered, and incubated overnight (18-24 hours) at 2-8°C in 

the dark. Subsequently, the wells were emptied. 250 JJL of prepared 1X wash 

buffer was added to each well and again emptied; this was repeated two more 

times for a total of three washes. The plate was then blotted dry on paper towels 

after the final wash. 150 JJL of room temperature reconstituted enzyme 

conjugate was added to each well and incubated for 60 minutes at 20-28°C. 

Afterwards, the wells were again emptied, 250 JJL of 1X wash buffer added, re

emptied, and dried for another series of three washes. 150 JJL of working 

substrate solution was added to each well and incubated for another 40 minutes 

at 20-28°C. 100 JJL stop solution was added to each well to stop the reaction. 

Within 15 minutes, the 96-well plate was read at an optical density of 405 nm on 

a VERSAmax Tunable Microplate Reader. The assay results were analyzed 

using quantitation software with a four-parameter calibration curve fitting 

equation: 

y=(A-D)/(1 +(x/C)8 +D 

STATISTICAL ANALYSIS OF THE DATA 

The independent variables were the treatment groups (experimental and 

control) and time. The dependent variables were the changes in the vasculature 

of the rat mandible and the measured ELISA assay values of PYD and VEGF at 

the various time points in the zoledronic acid-treated and untreated rats. 

Statistical comparisons were made by analysis of variance (ANOVA) looking for 
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all treatment effects and possible interactions. Prior to analysis of variance, all 

data was analyzed for normalcy of distribution. The normal distribution almost 

always lead to a bell-shaped distribution and that represented most variations in 

the measured PYD and VEGF levels and blood vessel parameters of volume, 

surface-to-volume ratio, thickness, number, separation, degree of anisotropy, 

fractal dimension, total porosity, Euler number, and connectivity. The level of 

statistical significance was set at PS0.05. This was followed by the appropriate 

post-hoc analysis. 
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Sprague-Dawley Rat 
n=48 

j Test 
v---

Control 

~ -........... 

Week: -4 Week: -4 

• 1st dose zoledronic acid • 1st dose saline 

• n=24 • n=24 

l J 
/ ' / ' Week: Zero Week: Zero 

• 2nd dose zoledronic • 2nd dose saline 
acid • molar extraction and 

• molar extraction and wounding of site 
wounding of site • n=24 

" 
- -

" _/ 

+ ~ 
Rat Mandible ' / 

Rat Mandible ' 
4 weeks 4weeks 
8weeks 8 weeks 
12 weeks 12 weeks 

*n=B per week 
_/ 

*n=B per week 

.... 
Micro-CT analysis 

n=48 

Figure 4. Flow chart representing the sequence of events in the analysis of the 
rat mandible through the progression of time. Rats were intravenously 
administered zo/edronic acid or PBS at the initiation of the study (Week -4). Four 
weeks later (Week 0), a second dose of zoledronic acid or PBS was 
administered in conjunction with extraction of the mandibular right first molar and 
wound preparation of the extraction site. At the subsequent 4, 8, and 12 weeks, 
rat mandibles (n=B per week) were obtained from each group and examined 
under micro-CT for bisphosphonate-related vascular structural changes in the rat 
mandible. 
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Sprague-Dawley Rat 
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Figure 5. Flow chart representing the sequence of events in the measurement 
of PYD and VEGF. At -4, 0, 4, 8, and 12 weeks (n=B per week), rat blood was 
obtained from each group and the levels of PYD and VEGF was measured using 
their respective ELISA assays. 
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Figure 6. Administration of zoledronic acid or PBS through the rat tail vein. 
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Figure 7. Extraction of the right first mandibular molar (a, b). Wound 
preparation after molar extraction (c, d). 
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Figure 8. Incision at the tracheal region to gain access to the right common 
carotid artery. 

Figure 9. Isolation of the right common carotid artery. 
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Figure 10. Placement of 5-0 silk sutures superior and inferior to the planned 
perfusion point on the right common carotid artery. 

Figure 11. Insertion of 24G %" intravenous catheter at the planned perfusion 
point on the right common carotid artery. 
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Figure 12. Perfusion of blue methyl methacrylate mixed with 35% TPB at the 
right common carotid artery. 

Figure 13. Successful vascular perfusion confirmed by noting a blue color 
change in the rat's eyes, skin, tongue, and nose. 
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Figure 14. Lateral (a) and medial (b) view of a decalcified right hemi-mandible. 
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Figure 15. Reconstructed micro-CT image of a decalcified right hemi-mandib/e. 
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Figure 16. A portion of the end of the rat tail was incised for collection of blood. 
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Figure 17. Dilution series of VEGF standard to obtain the following 
concentrations: 2,000 pglmL, 1,000 pglmL, 500 pg/mL, 250 pg!mL, 125 pglmL, 
62.5 pglmL, 31.25 pg!mL, and 0 pglmL. 

Figure 18. Loading of VEGF test samples into assigned wells. 
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Figure 19. Final 96-we/1 plate of VEGF samples after addition of stop solution. 

Figure 20. Final 96-we/1 plate of VEGF samples loaded onto VERSAmax 
Tunable Microplate Reader. 



D Dilute Controls 1:10 w1th Assay Buffer (50 pL Control + 450pL Assay Buffer) 

D Prepare 12 nmoUL Standard Solution by dilutng the 120 nmolll PYD 
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Figure 21. Dilution series of PYD standard to obtain the following 
concentrations: 12 nmoi/L, 6 nmoi!L, 3 nmoi/L, 1.5 nmoi/L, 1.5 nmoi/L, 0.75 
nmoi/L, and 0 nmoi/L. 

Figure 22. Loading of PYD samples onto a 96-we/1 plate. 



RESULTS 

Forty-eight Sprague-Dawley rats were utilized in this study. Rats were 

equally divided into two groups with 24 rats in the experimental group and 24 rats 

in the control group. The 24 rats of each group were further subdivided into eight 

rats for each timepoint (Figures 4 and 5). During the course of this study, two 

rats died while being held in animal housing. One rat from the test group died 

three days after the second administration of zoledronic acid. The second rat 

belonged to the control group and expired twelve days after the second 

administration of PBS. A third rat appears sickly and had a lesion on the anterior 

portion of its tongue. Table IV lists the incidents that occurred during the 

preparation and harvesting of the rat mandibles for micro-CT analysis. 

EXPERIMENTAL PROTOCOLS 

As stated earlier, this study was initiated by intravenously administering, 

through the rat tail vein, 20 j..lg/kg zoledronic acid in PBS or the equivalent 

volume of PBS alone to the experimental and control group rats, respectively 
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(Figure 6). This was accomplished with the use of a tuberculin syringe. The rat 

tail vein could be easily visualized with regular fluorescent lighting and successful 

intravenous administration of the drug occurred when there was no resistance 

felt on the plunger of the tuberculin syringe. On the other hand, due to the 

fibrous nature of the rat tail, one was unable to administer the drug if access was 

not gained to the tail vein. Instead, resistance was felt on the plunger of the 

tuberculin syringe thus preventing drug administration. 

Four weeks after the administration of zoledronic acid or PBS, a second 

injection of the respective agent was administered followed by extraction of the 

right mandibular first molar (Figure 7). The surgical technique of first molar 

extraction in the rat required skill and pre-training for several reasons. First, the 

rat is a small animal with a corresponding smaller dentition; therefore, the 

procedure required a steady and gentle hand. Secondly, the first molar is the 

largest of the rat molars and possesses five roots (Figure 30a). While performing 

molar extraction and wound preparation procedures, the second molar was 

inadvertently extracted with the first molar in two rats from the twelve week test 

group as a result of pivoting on the adjacent second molar (Table IV). 

The technique of perfusing the vascularity with a radiopaque material is 

also a technically sensitive and demanding procedure. This procedure also 

requires pre-training and steady, gentle, and deft surgical hands. As such, 

multiple trials were performed prior to the actual experiments. Additionally, one 

must add the correct amount of catalyst to the methyl methacrylate with 35% 

triphenylbismuth and the vascular perfusion had to be performed efficiently. 
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While performing this vascular perfusion technique, various incidents occurred 

(Table IV). In one rat, several attempts were made before successful 

catheterization of the common carotid artery was achieved. In two rats, an issue 

was encountered with the rats having fragile common carotid arteries as it was 

difficult to remain within the artery itself without creating an exit point at the 

opposite end; regardless, constant re-adjustment of the catheter made it possible 

for a successful vascular perfusion in both animals. An incomplete vascular 

perfusion was experienced in three animals; this had occurred due to the 

premature hardening of the methyl methacrylate and was the result of the excess 

addition of catalyst material. Consequently, these three rats were rendered 

unusable for micro-CT analysis. 

After the vascular perfusion technique was completed, the right hemi

mandible was harvested and the soft tissues removed prior to decalcification. 

During this process, three incidents occurred possibly due to an overly 

aggressive hand in tissue removal. In one mandible, the extraction site defect 

may have potentially been disturbed. Additionally, two mandibles broke into two 

segments rendering them unusable for micro-CT analysis. Finally, one sample 

was misplaced prior to micro-CT analysis and thus was not analyzed. 

The most incidents occurred in the four week control group which reduced 

the number of animals in this group from eight animals down to four animals (one 

unusable mandible as a result of incomplete vascular perfusion, two broken 

mandibles during soft tissue removal, and one animal death). Consequently, a 

decision was made to test an additional four animals for this particular group so 



52 

that there would be a sufficient number of animals for statistical significance. The 

resultant number of mandibles tested for each timepoint and group is depicted in 

table V. 
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Incident 

Defect disturbed during soft t issue removal 

Potential perfusion issue: several attempts 
performed before gaining successful 
catheterizat ion of common carotid artery 

M isplaced sample 

Right mandible broken into tw o segments during 
soft t issue removal 

Right mandible broken into t wo segments during 
soft t issue removal 

Incomplete perfusion: methyl methacrylate set 
before complete perfusion accomplished 

Rat died t welve days after t he second injection 
of saline 

Fragile common carotid artery 

Fragile common carotid artery 

Rat died t hree days after t he second injection of 
zoledronic acid 

Incomplete perfusion: methy l methacrylate set 
before com plete perfusion accomplished 

Incomplete perfusion: methyl methacry late set 
before complete perfusio n accomplished 

Inadvertent extraction of second molar 

Rat appeared sickly 
l esion on anterior tongue 

Inadvertent extraction of second molar 

Table IV. Significant incidents that occurred during the preparation and 
harvesting of rat mandibles for micro-CT analysis. There were no significant 
incidents in the 12 week control group. *Sample rendered unusable for micro-CT 
analysis. 
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4weeks Sweeks 12 weeks 

Test Control Test Control Test Cont rol 

lCl 4C2 lBl 1A2 lAl 1B2 

2Cl 5C2 2Bl 2A2 2Al 2B2 

3Cl 6C2 4Bl 4A2 3Al 3B2 

SCl 8C2 SBl 5A2 4Al 4B2 

6Cl 202* 6Bl 7A2 SAl 5B2 

7Cl 402* 7Bl 8A2 6Al 6B2 

8Cl 702* 7Al 7B2 

802* 8Al 8B2 

Table V. Samples utilized for micro-CT analysis. *Samples prepared after 
completion of experiments in order to gain an adequate number of samples for 
the four-week control group. 
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HEALING OF MOLAR EXTRACTION SITES 

Four weeks after the second administration of zoledronic acid or PBS, 

molar extraction, and wound preparation of the site, eight rats in the control 

group and eight rats in the test group were evaluated for healing of the extraction 

socket. In the control group, it was found that all rats exhibited complete healing 

of the extraction socket (Figure 23a). On the other hand, three of the eight rats 

(37.5%) in the test group exhibited signs of osteonecrosis in the area of the 

extraction socket (Figure 23b). 
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Figure 23. Examination of extraction sites at week four. Control group rat at 
week four demonstrates complete healing of the extraction site (a). Zoledronic 
acid treated rat (test group) at week four exhibits osteonecrosis of the extraction 
site {b) . 
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MICRO·CT ANALYSIS 

Prior to the quantitative interpretation of the vascular parameters, a 

qualitative analysis was performed. Rat mandibles were submitted to Savannah 

River National Laboratories (SRNL) to obtain a reconstructed image of each 

decalcified mandible (Figures 24-29). Subsequently, a quantitative analysis of 

the vascular parameters was performed by the Skyscan CT-analyzer software. 

As previously discussed, the following vascular parameters were 

analyzed: vascular volume, surface-to-volume ratio, thickness, number, 

separation, degree of anisotropy (three dimensional symmetry along a directional 

axis), fractal dimension (indicator of surface complexity of an object), total 

porosity, Euler number (indicator of connectedness of a three dimensional 

structure), and connectivity. These parameters were analyzed for each mandible 

in the test and control group in two specific regions of interest (ROI) that were of 

a set dimension. The first region of interest was located at the area of the 

extraction site; the second region of interest was located posterior to the 

extraction site (Figure 30). This resulted in the numerical evaluation of each 

vascular parameter at an area at and away from the extraction site. Some 

values were omitted as these numerical values were considered to be extreme 

outliers and excluded from analysis. 

The mean for each vascular parameter was obtained and the test and 

control groups compared for each timepoint in order to obtain the p value (Tables 

VI-VIII). From the analyzed vascular parameters, it was found that the following 

were statistically significant: Euler number at four weeks in the posterior ROI 
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(test: 176.14 ± 95.42; control: 67.63 ± 40.42; p=0.02); vascular thickness at 

twelve weeks in the anterior ROI (test: 0.74 ± 0.37; control: 1.07 ± 0.13; p=0.01); 

and Euler number at twelve weeks in the anterior ROI (test: 250.80 ± 71.88; 

control: 139.88 ± 29.01; p=0.02). The following vascular parameters approached 

statistical significance: degree of anisotropy at four weeks in the anterior ROI 

(test: 1. 75 ± 0.13; control: 2.14 ± 0.50; p=0.06); connectivity at four weeks in the 

posterior ROI (test: 233.17 ± 150.87; control: 90.50 ± 48.37; p=0.07); vascular 

thickness at eight weeks in the posterior ROI (test: 1.06 ± 0.15; control: 0. 7 4 ± 

0.37; p=0.09); degree of anisotropy at eight weeks in the posterior ROI (test: 1.68 

± 0.08; control: 1.49 ± 0.22; p=0.09); and connectivity at twelve weeks in the 

anterior ROI (test: 271.00 ± 175.17; control: 157.13 ± 43.60; p=0.06). 

At four weeks, the data indicates that the anterior vessels are more 

ordered in the control rats than in the zoledronic acid treated rats (greater degree 

of anisotropy). In the posterior region, the vessels are more connected in three 

dimensions in the control rats than in the zoledronic acid treated rats (higher 

Euler number and higher connectivity). 

At eight weeks, the data demonstrates that the posterior vessel thickness 

is greater in the zoledronic acid treated rats than in the control rats. Additionally, 

the posterior vessels are more ordered in the control rats than in the zoledronic 

acid treated rats (degree of anisotropy). 

Finally, at twelve weeks the anterior vessels were thicker and less 

connected in three dimensions (lower Euler number and lower connectivity) in 

the zoledronic acid treated rats when compared to the untreated rats. 
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Figure 24. Right hemi-mandib/e vascular casts of four week test group rats. 
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Figure 25. Right hemi-mandible vascular casts of four week control group rats. 
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Figure 26. Right hemi-mandible vascular casts of eight week test group rats. 
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Figure 27. Right hemi-mandible vascular casts of eight week control group rats. 
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Figure 28. Right hemi-mandible vascular casts of twelve week test group rats. 
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Figure 29. Right hemi-mandible vascular casts of twelve week control group 
rats. 
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Figure 30. Micro-CT of an undecalcified right hemi-mandible taken from the 
initial pilot studies (a). The anterior region of interest, depicted by the red circle, 
was localized to the area of the first molar extraction socket while the posterior 
region of interest, depicted by the yellow circle, was localized to the area 
posterior to the extraction site (b) . 
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Comparison of Four Week Results in the Anterior Region of 
Interest 

Mean 3.69 4.28 1.15 0 .03 8.68 1.75 1.77 96.31 81.86 89.00 
Test 

so (±) 2.36 0.90 0.18 0 .02 2.46 0.13 0.15 2.36 53.11 70.70 

Mean 2.31 4.72 1.08 0 .02 10.01 2.14 1.70 97.69 77.00 70.75 

Control 

so(±) 1.51 0.57 0 .15 0 .01 2.79 0.50 0.15 1.51 44.45 37.21 

pvalue 0.21 0.30 0.42 0.27 0.35 0.06 0.35 0.21 0.85 0.56 

(a) 

Comparison of Four Week Results in the Posterior Region of 
Interest 

Mean 2.76 6.10 0.92 0 .03 8.18 1.49 1.55 97.24 176.14 233.17 
Test 

so(±) 2.23 0.44 0.06 0.02 3.95 0.19 0.20 2.23 95.42 150.87 

Mean 2.17 5.84 0 .89 0.02 8.80 1.61 1.61 97.83 67.63 90.50 

Control 

so (±) 1.29 0.87 0.10 0.01 2.38 0.20 0 .15 1.29 40.42 48.37 

p value 0.55 0.47 0.46 0.56 0.73 0.26 0.55 0.55 0.02 0.07 

(b) 

Table VI. Comparison of the four week mean results and its respective 
calculated p values between the test and control groups of the various vascular 
parameters in the anterior (a) and posterior regions of interest {b). PVV=percent 
vessel volume; VSNV= vessel surface/vessel volume; VTh=vascular thickness; 
VN=vessel number; VSep=vessel separation; DA=degree of anisotropy; 
FD=fractal dimension; TP=total porosity; EN=Euler Number; Conn=connectivity. 
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Comparison of Eight Week Results in the Anterior Region of 
Interest 

Mean 4.42 4.14 1.20 0.04 6.78 1.66 1.75 95 .58 108.00 115.00 
Test 

so (±) 1.63 0.62 0.17 0.01 0 .86 0.28 0.11 1.63 50.81 39.59 

Mean 3.01 5.02 1.05 0.03 8.02 1.87 1.67 96.99 84.17 15033 

Cont ro l 
so (±) 2.27 1.03 0.17 0.02 1.70 0 .28 0.16 2.27 77.20 101.24 

pvalue 0.24 0.11 0.14 0.37 0.15 0.22 0.28 0.24 0.54 0.45 

(a) 

Comparison of Eight Week Results in the Posterior Region of 
Interest 

Mean 4.87 4.97 1.06 0.11 5.67 1.68 1.74 95.13 204.00 254.29 
Test 

so (±) 2.16 0.87 0.15 0.17 1.03 0.08 0.12 2.16 100.10 75.59 

Mean 3.72 6.49 0.74 0.04 5.65 1.49 1.57 96.28 250.80 271.00 

Control 
SO (±) 2.55 2.18 0.37 0.02 1.50 0.22 0.26 2.55 71.88 175.17 

p value 0.41 0.16 0.09 0.32 0.98 0.09 0.20 0.41 0.37 0.85 

(b) 

Table VII. Comparison of the eight week mean results and its respective 
calculated p values between the test and control groups of the various vascular 
parameters in the anterior (a) and posterior regions of interest (b). PVV=percent 
vessel volume; VSNV= vessel surface/vessel volume; VTh=vascular thickness; 
VN=vessel number; VSep=vessel separation; DA=degree of anisotropy; 
FD=fractal dimension; TP=total porosity; EN=Euler Number; Conn=connectivity. 
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Comparison of Twelve Week Results in the Anterior Region of 
Interest 

EN I Conn 
I 

Mean 3.72 6.49 0.74 0.04 5.65 1.49 1.57 96.28 250.80 271.00 
Test 

so {±} 2.55 2.18 0.37 0.02 1.50 0.22 0.26 2.55 71.88 175.17 

Mean 3.73 4.97 1.07 0.03 6.62 1.80 1.67 96.27 139.88 157.13 

Contro l 
so {±} 1.13 0.53 0.13 0.01 0.98 0.23 0.08 1.13 29.01 43.60 

pvalue 0.63 0.45 0.01 0.49 0.16 0.16 0.23 0.63 0.02 0.06 

(a) 

Comparison of Twelve Week Results in the Posterior Region of 
Interest 

Mean 3.16 6.20 0.87 0.05 5 .35 1.42 1.61 95.78 289.75 249.63 
Test 

so {±} 1.24 1.18 0.12 0.03 0 .95 0.18 0.20 3.22 142.31 93.20 

Mean 3.20 6.94 0.82 0.04 5 .27 1.39 1.55 96.80 281.50 257.00 

Control 
so {±) 1.67 1.38 0.14 0.01 0 .32 0.18 0.16 1.67 102.43 50.42 

p value 0.95 0.27 0.51 0.43 0.82 0.72 0.49 0.44 0.90 0.85 

(b) 

Table VIII. Comparison of the twelve week mean results and its respective 
calculated p values between the test and control groups of the various vascular 
parameters in the anterior (a) and posterior regions of interest (b). PVV=percent 
vessel volume; VSN V= vessel surface/vessel volume; VTh=vascular thickness; 
VN=vessel number; VSep=vessel separation; DA=degree of anisotropy; 
FD=fractal dimension; TP=total porosity; EN=Euler Number; Conn=connectivity. 



SERUM ASSAYS 

VEGF ELISA AsSAy 
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Analysis of VEGF levels indicates similar values at weeks minus four, zero 

and four. At eight and twelve weeks, the higher VEGF levels in the zoledronic 

acid treated rats when compared to the untreated rats indicate that a prolonged 

VEGF stimulus may be present because healing in the treated rat may take a 

longer period of time. However, these results are not statistically significant. A 

graphical representation is provided in figure 31. An adequate amount of blood 

samples could not be obtained from one rat in the week zero control group and 

two rats in the week 8 test group; therefore, these rats were omitted from the 

VEGF ELISA assay. One value from the twelve week control group was two 

times higher than the rest of the figures; this may represent double pi petting and 

was excluded from the analysis (Table IX). 

PYDEIAASSAY 

PYD levels are higher in the untreated rats compared to rats treated with 

zoledronic acid; lower PYD levels in the zoledronic acid treated rats may indicate 

inhibited osteoclastic activity that leads to decreased PYD products from bone 

degradation. At 12 weeks, untreated rats had statistically significantly higher 

levels of PYD levels (test: 4.288 nmoi/L; control: 5.609 nmoi/L; p=0.015). These 

values are represented in the table X and figure 32. 
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Week I -4 o 1 4 1 s 

.. 0 .. 0 .. 0 .. 0 .. 0 ... ... ... ... ... 
"' .. "' .. "' .. "' .. "' .. 
~ c: ~ c: ~ c: ~ c: ~ c: 

8 8 8 8 8 
555.084 458.097 458.733 - 541 .429 327.317 334.102 199.436 514.617 378.613 

455.087 474.466 465.847 375.347 518.871 400.466 356.322 346294 367.84 414.685 

--' 432.814 494.535 596.375 521 .621 490.253 408.877 295.791 500.194 416.103 

E ........ 
489.749 553.845 548.762 471.173 615.223 414.943 282 645 457.461 556.571 QO 

c. 
439.729 579.908 482.558 632.289 221.58 444.076 421.898 271.739 505.092 u.. 

"' w 647.836 500.823 586.551 520.746 247.528 486.092 357.901 367.36 602.871 506.598 
> 

407.713 625.105 507.225 611.558 243.091 602.013 420.998 407.713 663.061 477.629 

515.118 477.756 585.568 472.820 196.634 461.149 386.958 364.473 436.402 524.243 

Mean 492.891 520.567 528.952 515.079 384.451 443.117 379.697 329.431 505.952 467.778 

SD(±) 78.830 59.143 57.320 87.901 172.382 79.835 36.441 48.738 92.926 65.975 

pvalue 0.440 0.720 0.397 0.056 0.382 

Table IX. VEGF results of test and control groups at weeks -4, 0, 4, 8, and 12. 
Shaded boxes indicate that a blood sample from the rat could not be obtained. 
*Outlier result that was excluded from analysis due to its doubled figure which 
may be representative of double pipetting. 
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Figure 31. Graphical representation of VEGF levels at weeks -4, 0, 4, 8, and 12. 
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I 

Week -4 : 0 4 8 1 12 

t: 
0 .. 0 

t: 
0 .. 0 .. 0 ... ... ... ... ... .. ... .. .. "' .. "' .. 

~ c ~ c ~ c ~ c ~ c 
8 8 8 8 8 

0 2.617 2.761 2.509 8.121 6.582 4.870 4.093 6.478 

4.461 1.580 3.223 4.588 1.949 2.722 2.709 4.301 4.150 6.361 

~ 0 1.249 0.702 5.22 3.735 4.238 1.584 4 .926 6.119 ........ 
0 0 0.804 1.696 2.118 2.505 3.875 3.473 1.747 2.624 4.105 E 
c: 

0 0.412 0 1.462 2.166 5.328 3.821 1.681 4 .877 5.930 
0 
> 
CL 0 .864 0 0.031 1.638 1.68 1.804 2.816 2.723 5.238 3.834 

1.496 1.581 0 0 1.828 1.313 3.344 5.484 4.777 5.958 

2.863 1.185 2.368 3.868 3.665 4.549 3.958 4.506 3.619 6.090 

Mean 1.466 1.179 1.348 2.70 2.505 3.99 3.815 3 .362 4.288 5.609 

SD(±) 1.595 0.803 1.334 1.90 0 .795 2.164 1.306 1.602 0.859 1.032 

pvalue 0.657 0.131 0.089 0.978 0 .015 

Table X. PYD results of test and control groups at weeks -4, 0, 4, 8, and 12. 
Shaded boxes indicate that a blood sample from the rat could not be obtained. 
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Figure 32. Graphical representation of PYD levels at weeks -4, 0, 4, 8, and 12. 



DISCUSSION 

Bisphosphonate related osteonecrosis of the jaw significantly reduces an 

individual's quality of life. Despite the fact that the literature is replete with 

studies and information on this burdening disease, there is no definitive cure and 

we have yet to fully elucidate its mechanism. ·The goal of this study was to 

examine and evaluate the vascular and serological changes that occur with the 

administration of zoledronic acid when compared to an untreated group of rats. 

Vascular parameters in the rat mandible were evaluated by injecting 

radiopaque methyl methacrylate (methyl methacrylate mixed with 35% 

triphenylbismuth} into the vessels and subsequently evaluated through micro-CT. 

This is a novel technique that has not been described in the literature; therefore, 

the vascularity of the rat mandible has not been evaluated in this manner. The 

effects of zoledronic acid treatment on the vascularity have been evaluated in 

multiple approaches. Wehrhan et al assessed the vascularity of 20 BRONJ

affected patients through immunohistochemistry; mucoperiosteal samples were 

acquired from the periodontal soft tissues bordering BRONJ-affected sites and 

labeled with CD31 and CD105 to assess vascularization and neoangiogenesis, 

respectively.68 Vieillard et al evaluated the vascular density in the rat calvarium 

74 
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of nine rats treated with a one-time dose (400 IJg/kg) of zoledronic acid. An 

"optical chamber" was implanted into the bone tissue surface and analyzed two, 

three, and five days post-zoledronic acid treatment through the use of a picture 

analysis method.69 

Serological assays were carried out to measure bone turnover activity and 

angiogenesis through the use of a PYD EIA assay and VEGF ELISA assay, 

respectively. Both PYD and VEGF have been utilized in previous studies 

addressing bisphosphonate therapy. 

In order to successfully complete this research, pilot studies were 

required for several reasons. First, molar extraction in a small animal model 

requires proficiency due to the corresponding smaller dentition and the multiple 

roots (five roots) in a rat first mandibular molar. Second, there was a need to 

research an appropriate radiopaque material that could be utilized to perfuse the 

rat vasculature and allow its visualization on micro-CT. Finally, this required the 

development of a technique that could efficiently deliver the radiopaque material 

to the rat mandible vasculature. These three goals were successfully met and 

the actual experiments were immediately initiated thereafter. 

During the conduction of experimental protocols {administration of 

zoledronic acid or PBS, molar extraction and wounding, vascular perfusion, and 

harvesting of rat mandibles), the majority of significant events were related to the 

surgeon's management of the techniques (Table IV). Note that these events 

related to the execution of surgical techniques occurred most frequently at the 

four week timepoint, but gradually decreased with the progression of time (eight 
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and twelve weeks, respectively). Notice that four rats in the four week control 

group were rendered unusable for micro-CT analysis; consequently, this group 

was decreased from eight rats down to four rats. This led to the inclusion of four 

additional rats so that an adequate number of samples could be gained for the 

four week control group (Table IV, V). On the other hand, no incidents occurred 

in the twelve week control group (Table IV). This may be indicative of the 

surgeon's improving technique with gained experience and increased repetition 

through the progression of time. 

During the conduction of these experiments, two animal deaths occurred. 

The first rat originated from the eight week test group and died three days after 

the second intravenous administration of zoledronic acid. We suspect that this 

animal may have not survived the second injection of zoledronic acid. However, 

this conclusion may not hold accurately as the second rat belonged to the four 

week control group and died twelve days after the second administration of PBS 

(Table IV). 

Healing of the molar extraction sites was only evaluated in the four week 

test and control groups. It was found that three of the eight rats in the test group 

(37 .5%) exhibited signs of osteonecrosis while all rats in the control group fully 

healed without complications. As the induction of osteonecrosis was not the goal 

of this project, less focus was placed on the presence of osteonecrosis; rather, 

emphasis was concentrated on the vascular changes caused by zoledronic acid 

administration. However, in hindsight, a conscious effort should have been made 

to examine every rat at the four, eight, and twelve week time point so that this 
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information may be correlated with the micro-CT. PYD, and VEGF results. This 

model utilized for the development of osteonecrosis was based on the work of 

Marino et al. 62 

Micro-CT analysis of the harvested rat mandibles indicated a statistically 

significant result for Euler number at four weeks in the anterior region (p=0.02), 

Euler number at twelve weeks in the anterior region (p=0.02), and vascular 

thickness at twelve weeks in the posterior region (p=0.01) (Tables VI, VIII). 

Several vascular parameters approached statistical significance: degree of 

anisotropy at four weeks in the anterior region (p=0.06), connectivity at four 

weeks in the posterior region (p=O.O?), vascular thickness at eight weeks in the 

posterior region (p=0.09), degree of anisotropy at eight weeks in the posterior 

region (p=0.09), and connectivity at twelve weeks in the anterior region (p=0.06) 

(Tables VI-VIII). 

These results indicate that, at four weeks, untreated rats have anterior 

blood vessels that are more ordered and are statistically significantly more 

connected in three dimensions in the posterior region than in rats treated with 

zoledronic acid. At eight weeks, untreated rats had posterior blood vessels that 

were thinner and more ordered than zoledronic acid treated rats, although not 

statistically significant. Finally, at twelve weeks, the anterior blood vessels of 

untreated rats were significantly thinner and more connected in three dimensions 

than in treated rats. From these results, it can be inferred that untreated rats 

have blood vessels that are thinner, more connected, and more ordered while 
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zoledronic acid treated rats have blood vessels that are thicker, less connected, 

and less ordered. 

In regards to the thickness of blood vessels, one has to take into account 

that it is the radiopaque methyl methacrylate that is being measured under micro

CT and not necessarily the blood vessel itself. As a result, the thickness 

indicates the size of a blood vessel. Therefore, untreated rats have smaller 

blood vessels while zoledronic acid treated rats have larger blood vessels. This 

result suggests that zoledronic acid treated rats possess less of the finer and 

smaller vasculature that is necessary to increase its surface area and provide 

more nutrients to a given region. 

Untreated rats also possess blood vessels that are more ordered as 

indicated by its degree of anisotropy. To reiterate, the degree of anisotropy 

measures the three-dimensional symmetry along a directional axis. Hence, 

zoledronic acid treated rats have a lower degree of three-dimensional symmetry 

when compared to untreated rats. 

Finally, zoledronic acid treated rats have a lower degree of anastomosis or 

branching of blood vessels when viewed both two-dimensionally and three

dimensionally as indicated by its connectivity and Euler number, respectively. 

Similar to thickness, this result may convey that zoledronic acid treated rats have 

decreased branching of blood vessels which is also necessary to increase its 

surface area to provide more nutrients to a given region. 

Analysis of VEGF levels demonstrate results that are not statistically 

significant overall (Figure 31). Nonetheless, analysis of these results indicate 
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similar levels at week -4 and 0. This is expected since rats should be very similar 

at baseline (week -4) and on the day of the molar extraction and wound 

preparation (week 0). Four and eight weeks after molar extraction and 

wounding, VEGF levels dropped both in the control group and zoledronic acid 

treated group compared to the earlier time points. This implies a higher degree 

of angiogenic activity immediately after the oral surgical procedure that leads to 

healing of the area. However, VEGF levels twelve weeks after the oral surgical 

procedure returned to starting levels. At both 8 and 12 weeks, the VEGF levels 

were higher in the zoledronic acid treated rats than in the controls. This may 

suggest a prolonged VEGF stimulus in an attempt to encourage angiogenesis 

and subsequent healing of the area. Hence, the prolonged and higher VEGF 

levels in zoledronic acid treated rats signify a longer healing time in these rats. 

Basi et al studied the effects of zoledronic acid on VEGF receptor-2 (VEGFR2), 

the main signaling receptor for VEGF in endothelial cells, and found that 

zoledronic acid altered VEGFR2 expression and decreased endothelial cell 

responsiveness to VEGF.70 

Marino et al also found higher VEGF levels in zoledronic acid treated rats 

when compared to untreated rats.62 Conversely, several studies that evaluated 

angiogenic activity found that VEGF levels were inhibited or decreased with the 

administration of zoledronic acid.71
"
73 Tas et al did not find a difference in VEGF 

levels when comparing healthy volunteers with breast and lung cancer patients 

treated with zoledronic acid.74 
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Results of PYD levels also demonstrate results that are not statistically 

significant until week 12 (Figure 32). Similar to VEGF levels, PYD levels are 

similar at week -4 and 0 in the treated and untreated groups. Again, this is 

expected since rats should be very similar at baseline (week -4) and on the day 

of molar extraction and wound preparation (week 0). Four weeks after the oral 

surgical procedure (week four), PYD levels are higher in the untreated group 

than the treated group. This suggests that PYD release in the zoledronic acid 

treated group may be inhibited as a result of decreased bone turnover when 

compared to the untreated group. In fact, PYD levels sharply increase from 

week 0 to week 4 in the untreated group indicating increased osteoclastic activity 

as a result of the surgical insult from molar extraction and wound preparation. At 

week 12, control rats demonstrate statistically significantly higher levels of PYD 

compared to treated rats (p=0.015); this may demonstrate that intravenous 

zoledronic acid therapy may have prolonged effects after an invasive surgical 

procedure by decreasing osteoclastic activity that leads to decreased bone 

degradation. 

Several studies have concluded that bisphosphonate therapy causes a 

decrease in PYD levels.62
• 

7
5-

76 These findings correlate with the fact that 

bisphosphonates hinder osteoclastic activity that leads to decreased bone 

turnover. Consequently, bone degradation is diminished which results in 

decreased PYD levels. 

Bisphosphonates also appear to negatively affect the oral soft tissues. 

Scheller et al harvested oral tissue samples from BRONJ-affected individuals 



81 

and treated oral keratinocytes with zoledronic acid; it was found that this delayed 

oral epithelial healing by hindering p63-positive progenitor cells in the basal layer 

which increases the risk of osteonecrosis in the already compromised bone.77 

Kim et al found that bisphosphonates triggered premature senescence of normal 

human oral keratinocytes and impaired re-epithelialization.78 

In this study, the experimental rats received two intravenous 

administrations of 20 IJg/kg zoledronic acid; the second dose was delivered four 

weeks after the first administration. This is a high non-lethal dose known to 

produce effects on osteoclasts and bone turnover in previous rat studies.79 

Moreover, patients with osteoporosis are given 5 mg zoledronic acid once a 

year.33 It was calculated that the two administrations of zoledronic acid (total: 40 

IJg/kg) in our experimental rats is equivalent to this 5 mg human dose. Cancer 

patients are administered zoledronic acid more frequently, 4 mg every three to 

four weeks.32 Utilizing a dose and frequency of zoledronic acid equivalent to that 

administered in a cancer patient may have provided us with more observable 

results. Future studies in this realm should consider two administrations of 40-50 

iJglkg (total dose: 80-100 iJglkg) zoledronic acid set four weeks apart. 

It should be mentioned that the rate of administration and dose of 

zoledronic acid given to patients was based on the role of predicting a future 

adverse renal event.80 Van Beek et al, in a phase Ill trial, found that patients 

taking 8 mg zoledronic acid had to be decreased to 4 mg due to renal 

impairment.81 Pozzi et al evaluated the effects of increasing doses (0.05-1.0 

mg/kg) of zoledronic acid in mice over a period of three weeks. It was found that 
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0.05 mg/kg was adequate to increase bone mineral density and that doses 

greater than 0.05 mg/kg did not further enhance the acquired results. 82 

Patients on bisphosphonate therapy may be potentially monitored through 

the use of bone scans. However, a bone scan can be very costly to a patient 

and can range from $150-600. Van den Wyngaert et al obtained Tc-scintigrams 

in patients treated with zoledronic acid and compared these patients to healthy 

controls. Mandibular bone turnover in comparison to the femur was evaluated 

and it was concluded that zoledronic acid exerted a stronger effect on the 

mandible.83 On the other hand, Morris et al found that intravenous 

bisphosphonate therapy did not affect bone scan results.8
4-B

5 

Future studies that evaluate the changes that occur in the vasculature as 

a result of bisphosphonate therapy will permit the further elucidation of the 

prelude of events that lead to the manifestation of BRONJ. It is in this hope that 

one day a definitive treatment and prevention plan can be developed. 



SUMMARY 

Bisphosphonates have been employed to prevent and treat diseases of 

the bone through their potent inhibition of bone resorption. Unfortunately, 

patients taking this drug become susceptible to the development of BRONJ. 

Because osteonecrosis is related to the temporary or permanent loss of blood 

supply to an area of bone, vascular changes can be possibly linked to 

bisphosphonate therapy. This study analyzed the changes that occur in the 

vasculature and in the serum protein markers VEGF and PYD with the 

intravenous administration of zoledronic acid. The vasculature was evaluated 

under micro-CT and it was found that zoledronic acid treated rats exhibited blood 

vessels that were thicker, less connected, and less ordered while untreated rats 

had blood vessels that were thinner, more connected, and more ordered. The 

mean trend indicated that zoledronic acid treated rats released decreased levels 

of PYD at four and twelve weeks compared to untreated rats potentially due to 

inhibited bone turnover. With regards to VEGF, the mean trend of increased 

VEGF levels in the zoledronic acid treated rats compared to untreated rats may 

be the result of a prolonged healing time. 
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