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Enoxacin was recently identified as an inhibitor of a binding interaction between the 

B2-subunit of vacuolar H+-ATPase (V-ATPase) and microfilaments, and of osteoclast 

formation and bone resorption in mouse marrow cultures containing osteoclasts and 

osteoblasts.  I demonstrated that enoxacin blocked osteoclast formation in Raw 264.7 

cells indicating that it acts directly on osteoclasts Treatment of mouse marrow cultures 

and Raw 264.7 osteoclast-like cells with enoxacin reduced the amount of B2 subunit and 

a3 subunit associated with the detergent-insoluble cytoskeleton in differential pelleting 

assays.  The relative levels of a variety of osteoclast marker proteins were not altered by 

treatment with enoxacin.  Enoxacin blocked the proteolytic activation of TRAP5b and 

triggered a reduction in the size of the actin-bundling protein L-Plastin. Bone resorption 

by mature osteoclasts was blocked by enoxacin in vitro.  To target enoxacin to bone, it 

was incorporated into a bisphosphonate backbone (bis-enoxacin; BENX).  BENX 

retained its capacity to block binding between recombinant B2-subunit and pure 

microfilaments. Osteoclast formation in either calcitriol-stimulated mouse marrow 

cultures or receptor activator of nuclear factor kappa B-ligand (RANKL)-stimulated Raw 

264.7 cells was reduced by BENX with an IC50 of 10 µM identical to enoxacin. However, 



 

13 

unlike enoxacin, BENX increased caspase 3-mediated apoptosis.  BENX was 

significantly more effective than enoxacin at reducing bone resorption when bone was 

present (IC50=1µM). A novel orthodontic tooth movement model in rats was used to 

study the effect of BENX in vivo. After a 28-day period of orthodontic activation, BENX 

significantly inhibited OTM in vivo when compared to vehicle control. In summary, we 

have utilized a rational approach to identify an anti-osteoclastic agent which selectively 

inhibits bone resorption by inhibiting the interaction between vacuolar H+-ATPases and 

microfilaments. This novel mechanism of action may confer advantages over existing 

therapeutic agents in the management of osteoclast-related disease.  
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CHAPTER 1 
INTRODUCTION 

Bone remodeling is a physiologic process that results from the controlled rate of 

bone deposition and resorption via the recruitment of specialized cells called 

osteoblasts and osteoclasts. Osteoblasts arise from multipotent mesenchymal stem 

cells (1) whereas osteoclasts are derived from the fusion of pluripotent mononuclear 

cells of the hematopoietic lineage in the bone marrow (2). These osteogenic cells are 

responsible for the formation of bone during development and for the remodeling of 

bone throughout life. The interaction between these cells is dynamic, highly regulated, 

and has a central role in the coupling of bone formation and resorption. A change in the 

coordination of the bone remodeling process results in the development of pathologic 

processes underlying certain human conditions such as: infantile malignant 

osteopetrosis (3), osteoporosis (4) and chronic inflammatory diseases such as 

rheumatoid arthritis (5,6) and periodontal disease (7). 

Osteoclast Activation 

Osteoclasts are specialized multinuclear cells that dissolve bone mineral and 

degrade organic matrix in a highly regulated manner (8). Formation of osteoclasts is 

governed primarily by the expression of receptor activator of NFkB ligand (RANKL) and 

macrophage colony stimulating factor (M-CSF) (9-12). Osteoblasts express RANKL on 

their cell surface thus; a cell-cell interaction between these cells and osteoclast 

precursors is required for osteoclastogenesis (13,14). Upon activation of the osteoclast 

precursors, a number of signaling mechanisms are triggered in the differentiating 

osteoclast which will be described in detail.  
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RANKL/RANK/OPG Signaling Mechanism 

The description of the RANK/RANKL/OPG system is considered by many to be 

the most important finding in the past 15 years in the field of bone biology. In 1997 

Simonet and colleagues from Amgen identified osteoprotegerin (OPG), a member of the 

tumor necrosis receptor family, as a novel soluble factor capable of preventing 

osteoclast differentiation from precursor cells in vitro (15). Shortly after, Lacey and 

colleagues identified an OPG ligand (OPGL, RANKL) by screening a complimentary 

DNA expression library of mouse bone marrow cells (ST2) treated with 1,25(OH)2D3 

and using OPG as a probe (16). The protein was found to induce osteoclast formation 

from osteoclast progenitors in vitro and later termed RANKL (17). This finding was 

quickly followed by the identification of RANK as a receptor on osteoclast precursor 

cells that mediate RANKL-induced osteoclast differentiation and activation (10).  

Studies of transgenic mice with mutations leading to the deficiency of RANK, 

RANKL, or M-CSF demonstrate severe osteopetrosis, excessive accumulation of bone, 

and lack of bone modeling along with a significant decrease in osteoclast number and 

increased trabecular bone density. Osteoprotegerin-deficient mice suffer from severe 

osteoporosis, reduced bone strength and bone mineral density associated with 

increased osteoclast numbers and vascular calcification. The data from these murine 

models show the importance of these molecules in the process of osteoclastogenesis 

and bone resorption (9,12,15,18).  

Signaling Pathways of Osteoclast Formation and Activation 

The M-CSF and RANKL activation signals trigger an intracellular cascade of 

signaling molecules which activate transcription factors such as: PU Box-binding 1 

(PU.1), microphthalmia transcription factor (MITF), cellular nuclear protein Fos (c-fos), 
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and nuclear factor kappa of activated B cells (NFkB), and nuclear factor of activated T 

cells cytoplasmic-1(NFATc1) that result in precursor commitment and formation of 

osteoclasts. The PU.1, MITF, and c-fos transcription factors are involved in the stages 

of commitment and differentiation of hematopoietic precursors into osteoclasts. The 

phenotype that results from deletion of the PU.1 gene is not compatible with life; 

however, it can be rescued by bone marrow transplant of cells from a normal animal 

indicating that PU.1 is an important transcription factor during the early commitment 

process of hematopoietic precursors (19,20). Mice deficient in PU.1 show a reduction in 

the expression of M-CSF receptor (c-fms) and are devoid of macrophages and 

osteoclasts leading osteopetrosis (19). A similar osteopetrotic phenotype is observed in 

mice deficient of MITF or c-fos. This phenotype is due mostly to a reduction in the 

number of osteoclasts and can also be rescued by bone marrow transplantation. 

However, no alterations in the number of macrophages were observed indicating their 

osteoclastic regulatory function is downstream from PU.1 (21,22).  

Another transcription factor that is expressed early during activation of osteoclasts 

is the activator protein 1 (AP-1). It is a heterodimeric protein complex formed by the 

association of either Fos or activating transcription factor (ATF) proteins with Jun 

proteins.  AP-1 is activated via RANKL-induced expression of c-fos which subsequently 

promotes the nuclear translocation of c-Jun (23). Activation of NFκB occurs mainly via 

the recruitment of TNF receptor associated factor (TRAF) proteins such as TRAF2, 

TRAF5, and TRAF 6 to the RANKL-RANK receptor complex. TRAF6 activates IκB 

kinase (IKK) which in turn will phosphorylate IκB protein, an inhibitor of NFκB, and 
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targets it for proteosomal degradation (24). NFκB is then free to migrate into the 

nucleus and induce transcription of genes that characterize the osteoclast phenotype.   

In addition to NFκB and AP-1, the Nuclear Factor of Activated T-cells c1 (NFATc1) 

is strongly induced by RANKL during osteoclast activation (25). NFATc1 is a member of 

the NFAT family of proteins (NFATc1-5) which are activated by the serine/threonine 

phosphatase called calcineurin. During osteoclastogenesis, intracellular calcium 

activates calcineurin which then removes the phosphates from the serine residues on 

the inactive cytoplasmic NFAT exposing the nuclear localization and translocation 

signal. NFATc1 is then recruited to its own promoter and selectively autoamplifies its 

gene (26). Both NFATc1 and NFκB are involved in the regulation of the gene 

expression of tartrate resistant acid phosphatase (TRAP), cathepsin K, β3 integrin, and 

calcitonin receptor (25,27-29).   

Osteoclast Attachment to the Bone Surface is an Essential Step prior to Bone 
Resorption 

Osteoclast binding to bone surface occurs via cell surface receptors known as 

integrins (30). These are heterodimeric surface proteins composed of an α− and 

β−subunit that mediate cell-cell and cell-matrix interactions. Osteoclasts express several 

integrins that are involved in osteoclast attachment to bone surface such as: α2β1 

(collagen/laminin), αvβ1 (fibronectin), and αvβ3 (vitronectin). From these integrins the 

vitronectin receptor (αvβ3) is the most abundant integrin in osteoclasts (31-34). Ligand 

binding to vitronectin receptors is mediated via an arginine-glycine-aspartic acid (RGD) 

peptide sequence present within the ligands (35). It has been shown that RGD-

containing peptides and antibodies against the vitronectin receptor can inhibit osteoclast 
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bone resorption in vitro (36,37). In addition, αvβ3-deficient mice display progressive 

osteosclerosis where osteoclasts develop but have migratory difficulty and lack actin 

rings (30). Taken together these data demonstrate an important role of αvβ3 in the 

adhesion and polarization of osteoclasts. 

Cytoskeletal Rearrangement during Osteoclast Activation 

Osteoclasts become activated when they bind to the bone and the plasma 

membrane becomes compartmentalized into specialized areas such as: the basolateral 

and apical membranes which are not in direct contact with bone, the sealing zone which 

lies directly over the bone surface, and the ruffled membrane which is a highly 

convoluted membrane present within the sealing zone (Figure 1-1) (8,38-41).  

The sealing zone is delineated by an actin ring composed of a core of filamentous 

actin structures called podosomes. The actin ring is also surrounded by matrix-binding 

proteins such as: integrins, vinculin, and talin (42,43). Other proteins including cortactin, 

the neuronal Wiscott-Aldrich Syndrome protein (N-WASP), and the Arp2/3 complex are 

also associated with the sealing zone (44-46). The highly convoluted ruffled membrane 

within the actin ring is packed with vacuolar H+-ATPases (V-ATPases). These enzymes 

pump protons unidirectionally across the cell membrane into the bone interface to 

create an acidic microenvironment necessary for the dissolution of bone minerals and 

the activation of secreted cathepsin K, an enzyme involved in the degradation of the 

organic fraction of bone (47,48).  

Formation of both the actin ring and ruffled membrane is essential for osteoclast-

mediated bone resorption and are characteristic markers of osteoclast activity (49).  

Osteotropic regulators of osteoclast activation such as parathyroid hormone (PTH) and 
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1,25-dihydroxyvitamin D3 can alter the size of actin rings and ruffled membranes (50).  

The absence of these structures seen in osteopetrotic rats and mice correlate with the 

inability of osteoclasts to resorb bone (51).  

Vacuolar H+- ATPases (V-ATPases) 

V-ATPases are large multisubunit enzymes expressed at low levels in most 

eukaryotic cells (Figure 1-2). They localize to a number of intracellular membranous 

organelles of the endocytic, exocytic, and phagocytic pathways to carry out cellular 

housekeeping functions. V-ATPases are forbidden to enter the plasma membrane. 

However,  V-ATPases containing cell-type specific isoforms of certain subunits are 

found in the plasma membranes of cells with specialized functions such as: renal 

intercalated cells (52), osteoclasts (53), epididymal clear cells (54), and metastatic 

cancer cells (55). V-ATPases pump protons across cellular membranes and are critical 

for the regulation of pH inside intracellular organelles (56).The acidification of 

intracellular compartments is required for a variety of cellular processes such as 

receptor-mediated endocytosis, protein degradation, and the processing of signaling 

molecules (56-58).  

V-ATPases, mitochondrial F0F1 ATPase (F-ATPase, ATP synthase), and Archaea 

V-ATPase (A-ATPase) share a close structural and enzymatic relationship (59,60). 

Significant amount of information regarding the overall structure of V-ATPases has been 

inferred from the still accumulating collection of crystal structures of F-ATPases (61-66). 

However, the three also diverge in crucial structural and enzymatic features (67).   

V-ATPases are organized into two domains, V1 and V0, composed of eight and six 

subunits respectively that operate by a rotary mechanism (Figure 1-2) (68). The V1 

domain is a peripheral complex on the cytoplasmic side of the membrane composed of 
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the A and B subunits. These form a hexameric ring that is structurally similar to other 

rotary enzymes.  The A-subunit contains the catalytic site for ATP hydrolysis which is 

coupled to structural changes in the AB hexameric ring and powers turning of a central 

stalk. In addition, V-ATPases have three non-identical stator arms and each of them has 

an EG dimer that interacts with the V1 head (Figure 1-2).  

The V0 domain of V-ATPase is embedded in the cellular membrane and mediates 

proton transport across the membrane (69). ATP hydrolysis in the V1 domain is coupled 

to the active transport of protons across the membrane via a ring of c-subunits present 

in the V0 domain (70).  In mammals, the V0 domain also contains one of four isoforms of 

the a-subunit, a large integral protein that is thought to contribute to the proton channel.  

The a-subunit isoforms are also linked to the sorting of vesicles to different subcellular 

compartments, although the mechanisms involved in differential sorting are not yet 

known (71-77).  

Intracellular Function and Distribution of V-ATPases 

 V-ATPases with the same basic overall structure and enzymatic activity are 

segregated in cells so that they can perform a variety of housekeeping functions. 

However, some cells have additional subsets of V-ATPases that perform specialized 

roles. For example, osteoclasts contain housekeeping V-ATPases that acidify various 

cellular compartments (74) but, they also express a specialized subset of V-ATPases 

that are targeted to the plasma membrane during bone resorption (75).  This targeting is 

particularly interesting because V-ATPases are normally excluded from the plasma 

membrane.  

 Some of the subunits that make up V-ATPases exist as multiple isoforms (Figure 

1-2) (68). Some of these are ubiquitous elements of the housekeeping V-ATPases 
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whereas others, like subunit B2 in osteoclasts, are also components of specialized V-

ATPases (78).  Specialized V-ATPases are typically associated with one or more cell 

and tissue specific isoforms. These isoforms are involved in the cell’s specialized 

function, and are often targeted to cellular domains other than those required for the 

housekeeping functions.  For example, four isoforms of subunit a (a1, a2, a3 and a4) 

have been identified.  The a1 and a2 isoforms are ubiquitously expressed. The a3 

isoform is highly expressed by osteoclasts (75), microglia (79), and pancreatic beta cells 

(80), and the a4 isoform is highly expressed by renal intercalated cells (76,77) and 

epididymal clear cells  (54). In humans, mutations of the a3- or a4 isoforms lead to 

infantile autosomal malignant osteopetrosis (81,82)  or a kidney disease called 

autosomal distal renal tubular acidosis respectively (76). 

 In eukaryotic cells, very precise targeting of V-ATPases is required for cell 

function and survival. However, despite the fundamental importance of this regulation 

the process of V-ATPase targeting is not mechanistically understood.   The precision by 

which V-ATPases must be delivered in space and time to specific cellular compartments 

suggest that either direct or indirect associations exist between V-ATPase and 

cytoskeletal elements.    

Subcellular Localization of V-ATPase during Osteoclast Activation 

 Bone resorption by osteoclasts requires degradation of the organic and inorganic 

components of bone. When osteoclasts bind to bone, profound cytoskeletal re-

arrangement occurs that lead to the formation of a specialized resorptive structure 

called the ruffled plasma membrane (ruffled membrane, ruffled border), which is 

encircled by an equally unusual cytoskeletal structure called the actin ring which is 

formed as a coalescence of distinct structures called podosomes (42,43,83).   
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In osteoclasts, the ruffled membrane is highly enriched with V-ATPases which 

acidify the extracellular space between the ruffled border and bone surface (84).  The 

excess protons create an environment in which the bone mineral dissolves, and the acid 

cysteine proteinase, cathepsin K, digests the organic components of the bone (47,48).  

 During osteoclast differentiation, the mRNA and protein levels of most V-ATPase 

subunits increase and cell-specific isoforms are expressed (i.e. a3, d2) leading to 

increased levels of a specialized subset of V-ATPases stored within intracellular 

vesicles (83,85). The V-ATPase-containing vesicles are directed to the newly-forming 

ruffled plasma membrane in coordination with actin filaments, and then fuse with the 

plasma membrane (86). Once bone resorption at a specific site is completed, the V-

ATPases are re-internalized into the cytoplasm and the osteoclast migrates to another 

site of resorption where actin rings and ruffled membranes are formed again for another 

round of resorption (87,88).  

V-ATPases Bind Actin Microfilaments and Other Cytoskeletal Elements 

 V-ATPases bind directly to microfilaments (actin filaments, F-actin) (86). 

Immunoprecipitation studies using an antibody against subunit E (E11) demonstrated 

that F-actin and myosin II are immunoprecipitated along with V-ATPase subunits.  This 

binding interaction was competitively inhibited by the target peptide of E11. Under actin-

depolymerizing conditions, only V-ATPase subunits but no actin or myosin II were found 

in the precipitates suggesting that V-ATPases bind actin filaments directly, and myosin 

II indirectly by way of microfilaments. This was confirmed by demonstrating that V-

ATPases isolated from either mouse osteoclasts or porcine kidneys bound 

microfilaments composed of actin that had been isolated from rabbit muscles, and 

which did not contain myosin II (86).   
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V-ATPases bound microfilaments with a stoichiometry of 1 V-ATPase per every 6-

7 actin monomers in a filament, and an affinity of 55 nM (86).  Transmission electron 

microscopy of V-ATPases bound to microfilaments showed that they interacted with F-

actin through the top of the V1 domain suggesting that intact V-ATPases associated with 

membranes could potentially bind microfilaments.  Thus, in principle, the interaction 

could have a role in sorting V-ATPases between vesicle or membrane populations. 

The interaction between V-ATPases and microfilament in osteoclasts varied in 

response to physiologic stimuli. In inactive osteoclasts, V-ATPases co-localized with 

microfilaments, whereas, in actively resorbing osteoclasts, the amount of co-localization 

is sharply reduced. A transition state was detected during activation of osteoclasts 

where both V-ATPases and microfilaments concentrated in a patch together at the site 

of the nascent ruffled membrane (86). Moreover, a similar transition state was observed 

as V-ATPases were internalized from the ruffled membrane of activated osteoclasts in 

response to treatment with phosphatidylinositol 3-kinase (PI3K) inhibitors (89). These 

data suggested that binding between V-ATPases and microfilaments might be involved 

in regulating V-ATPase distribution and/or activity in osteoclasts (86).    

 Actin binding sites have been identified in both the B1- and B2-isoforms of the B-

subunit (88,90), and in the C-subunit (91-93).  The sequence in the actin binding site of 

the V-ATPase B-subunit is conserved in organisms such as: Manduca sexta, 

Saccharomyces cerevisiae, and Arabidopsis columbia (92,94,95).  The C-subunit from 

Tobacco hornworm (Manducca sexta) also binds F-actin, but the actin-binding activity of 

the C-subunit has not yet been characterized in other organisms (92,93).   

http://en.wikipedia.org/wiki/Saccharomyces_cerevisiae�
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V-ATPases also interact with the small GTP-binding protein ADP-ribosylating 

factor 6 (Arf6) and its activator, ADP-ribosylation factor nucleotide site opener (ARNO) 

both of which are involved in vesicular trafficking and cytoskeletal reorganization (96-

100).  Studies by Vlad Marshansky in Dennis Brown’s group showed that the 

recruitment of ARNO to early endosomes was dependent upon the intravesicular pH of 

the V-ATPase-containing vesicles (96). They propose that V-ATPases regulate 

vesicular trafficking and cytoskeletal remodeling in response to pH (96).  V-ATPases 

also interact with several glycolytic enzymes that include aldolase and 

phosphofructokinase-1 (101-105), which are known to also bind microfilaments (106-

108). A recent description of the interactions between V-ATPases, fructose 

bisphosphate aldolase and ARNO suggest a mechanism by which the spatial 

localization and activity of V-ATPases might be coupled to the metabolic state of the cell 

(97).   

 Carnell and colleagues showed that the WASP and SCAR homologue (WASH) 

complex regulates the exocytic process in Dictyostelium discoideum by inducing the 

removal of V-ATPases from the lysosomal surface to neutralize the vesicle before the 

contents of the vesicle are exocytosed (109). The WASH complex is an evolutionarily 

conserved regulator of actin filaments that coats intracellular vesicles and is involved in 

vesicular trafficking. WASH was shown to recruit Arp2/3, an actin nucleator, which leads 

to the formation of patches of microfilaments on the WASH-coated vesicles. This 

WASH-Arp 2/3-microfilament interaction was required for the removal of V-ATPases 

from the vesicle (109). Interestingly, Arp2/3 is also involved in the formation of actin 

rings and  is upregulated during osteoclast activation (46) suggesting that the V-ATPase 
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interaction with cytoskeletal elements might be important for the precise intracellular 

trafficking of V-ATPase-coated vesicles (110). Recent unpublished data from our group 

(Jian Zuo, Edgardo J. Toro and L. Shannon Holliday, unpublished) shows that all seven 

components of the WASH complex (WASH1, FAM21, strumpellin, SWIP, CDC53, 

CapZalpha and CapZbeta) are upregulated during osteoclast formation and that the 

WASH complex is associated with actin rings and vesicle that are located near ruffled 

membranes of resorbing osteoclasts. Efforts are underway to test whether knockdown 

of the WASH complex disrupts osteoclasts, and whether this is tied to the activity of 

enoxacin. 

Characterization of V-ATPase Binding to Microfilaments through the B-Subunit 

 In 2000, the B-subunit of V-ATPase was identified as a potential F-actin binding 

protein by conducting blot overlay studies in which F-actin was used to probe V-

ATPases that had been isolated, separated by SDS-PAGE and transferred to 

nitrocellulose (90).  This was confirmed in experiments in which V-ATPases were 

disassembled and the B subunit remained isolated bound to F-actin. Both of the known 

isoforms of the B subunit (B1, B2) were shown to bind F-actin as demonstrated by 

experiments using bacterially-expressed recombinant fusion proteins containing various 

fragments of the B1 and B2 isoforms. Small fragments of approximately 44 amino acids 

in length of the B1 (amino acids 23-67) and B2-subunits (amino acids 29-73) bound 

microfilaments as tightly as full length subunits. However, smaller fragments did not 

bind F-actin (90).  The fusion proteins bound to F-actin with a stoichiometry of one B-

subunit per monomer actin molecule within a filament and with a KD of 100 to 200 nM, 

similar to that found in the B-subunit from mammals and other evolutionarily distinct 

organisms like Manducca sexta  (93) and yeast (94).  These data suggest that the 
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capacity of B-subunits of V-ATPase to bind microfilaments developed early in evolution 

and has been conserved.   

 The actin binding region of the B subunit contains a 13 amino acid sequence 

similar to a portion of the actin-binding site of a mammalian protein called profilin (Dr. 

Michael R. Bubb) (88).  Studies of synthesized peptides confirmed that this profilin-like 

sequence can bind actin and also that peptides derived from the actin-binding site on 

the B-subunit compete with profilin for binding to actin.  Moreover, point mutations 

known to disrupt the actin-binding activity of profilin (111) also decreased the actin-

binding activity of the B-subunit derived peptides (88). These data were consistent with 

the profilin-like region being a vital element of the actin binding domain of B-subunits.   

 The enzymatic activity of V-ATPases was not affected by the actin-binding 

activity of the B subunit. When the sequence of recombinant B1 and B2, was altered by 

replacing the profilin-like domain with an identical length spacer composed of the 

sequence of the B-subunit from the Archaean, Pyrococcus horikoshii, the actin binding 

activity was eliminated (88).  This spacer was selected because it would probably not 

alter the overall structure of the subunit, and because Archaeans do not have a 

microfilament–based cytoskeleton thus, it would be unlikely for them to have actin 

binding activity. The substitution of the profilin-like domain with the Archaea-derived 

spacer in a yeast model also confirms that the enzymatic activity of V-ATPase is 

unaffected, even though it eliminated the ability of the pump to bind microfilaments (94).  

Genetic Analysis of the Physiologic Role of the Actin Binding Activity of B-
Subunits 

 The structure of V-ATPases in Saccaromyces cerveciae is similar to those found 

in mammals(112). Unlike most other eukaryotic cells, it does not require V-ATPase 
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enzymatic activity to survive. Under acidic culture conditions Saccaromyces cerveciae 

can transport sufficient external protons across the membrane for housekeeping 

functions. However, when challenged under external alkaline pH it requires V-ATPase 

activity for survival allowing for knock-in experiments of mutant subunits of V-ATPase to 

be readily performed (113-116).  The knock-in of the mutant B-subunit sequence 

containing the Archaea-derived spacer into a wild-type B-subunit background eliminated 

the actin binding activity of B-subunits without affecting the ability of the yeast to survive 

under normal culture conditions in alkaline pH. However, when yeast expressing the 

mutant construct was cultured in the presence of sub lethal doses of wortmannin and 

cyclohexamide, it  grew two orders of magnitude slower when compared with yeast 

expressing wild type B-subunits (94).  This suggests that the actin-binding activity in B-

subunit may have initially evolved as an element of a response to environmental toxins. 

 To test the role of the actin binding activity of B-subunit in osteoclasts either 

wildtype B1 or B1 lacking the actin-binding site (B1 mut) were transduced using a viral 

vector (70). Both B1 and B1mut assembled with other V-ATPase subunits in osteoclasts 

and localized to vesicular compartments in inactive osteoclasts. Upon activation, the B1 

subunit was efficiently targeted to the ruffled plasma membrane of resorbing osteoclasts 

in the same manner as the endogenous B2 subunit.  However, B1mut was never 

detected in ruffled plasma membranes (70).  These results suggested that the actin 

binding activity of B-subunit is necessary to traffic V-ATPases to vesicles that later fuse 

with the plasma membrane to form the ruffled plasma membrane.  Therefore, an 

inhibitor of the interaction between the B2-subunit and microfilaments would be 
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expected to prevent proper targeting of the V-ATPases to the ruffled plasma membrane 

and inhibit bone resorption (Figure 1-3). 

Identification of Enoxacin as an Inhibitor of the Binding Interaction between V-
ATPase and Microfilaments 

 To screen for small molecule inhibitors of the B2-microfilaments interaction, a 

virtual high-confidence atomic-level model of the actin-binding domain of B2 was 

constructed (117). This virtual atomic model was made considering the close sequence 

homology that exists between B2 and the α-subunit of F-ATPase as well as the many 

crystal structures available of the α-subunit of F-ATPase as the primary guide in 

modeling the B2 structure. F1F0 ATPase (ATP synthase) is an energy converting 

multisubunit mechanoenzyme present in mitochondria and bacteria. It consists of a 

globular domain (F1) and a membrane-bound domain (F0) and uses the flow of protons 

across the membrane to synthesize of ATP (61). The virtual model was also informed 

by the relationship between B2 and profilin since profilin has been crystallized in 

complex with actin, and this allowed better insight into the actin-binding surface of 

B2(118). 

 A computer-based virtual screening of over 300,000 small molecules in a library 

from the National Cancer Institute was carried out to identify drug-like molecules that 

bind to the actin-binding site on the B subunit by virtual molecular docking. This kind of 

screening at the very best reduces the number of candidate molecules from 100,000’s 

to 100’s (119-121).  A simple microfilament pelleting assay was then used to determine 

whether 100 µM of each of the test molecules affected interaction between recombinant 

B2 and rabbit muscle F-actin (117).  From the top ranked molecules identified a total of 

four were found to strongly inhibit the interaction between B2 and F-actin in the pelleting 
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assay.  Of these, two were found to inhibit osteoclast formation and activity with an IC50 

around 10 µM without affecting the viability of the cells, while the other two were lethal 

to osteoclasts and other cells.  The lethal molecules had been identified in previous 

screens and were known to be cytotoxic for reasons unrelated to the V-ATPase.   

To date we have focused our attention primarily on enoxacin (Figure 1-4), which is 

a second generation fluoroquinolone antibiotic (122).  A practical advantage to studying 

enoxacin is that it can be obtained in large quantities for modest prices making detailed 

in vitro and in vivo studies possible. Enoxacin was used in the United States for about 

ten years for the treatment of urinary tract infections and gonorrhea, and was voluntarily 

taken from the market in the US because of adverse effects including insomnia, 

dizziness, and photosensitivity (123).  However, it is still used in much of the rest of the 

world as an antibiotic.  

It has been reported that V-ATPase-microfilament interactions occur in microglia 

thus, it is plausible that some of the side effects linked to enoxacin might be the result of 

disrupting the B2-microfilament interaction in other cell types (79).  More studies will be 

required to identify other cells that might be affected by inhibitors of B2-microfilament 

interactions and subsequent effects. Tendon ruptures have also been associated with 

enoxacin. These are likely class-action effects(124) since they have also been linked to 

other quinolones that do not affect the microfilament-B2 interaction (117).  

Orthodontic Tooth Movement 

In the mouth, osteoclast-mediated bone resorption is critical to physiologic 

processes such as tooth eruption and exfoliation of deciduous teeth. It is important for 

the orthodontic correction of malocclusions and is the underlying cause of 
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pathophysiologic processes such as generation of bone defects and tooth loss which 

may arise from periodontal disease and/or traumatic injury to the teeth (125,126). 

During orthodontic tooth movement, mechanical stress is applied directly on the 

tooth resulting in the alveolar bone and periodontal ligament being compressed on one 

side and stretched on the opposite side of the tooth socket. This mechanical stimulus is 

sensed by the bone cells and triggers bone remodeling (mechanotransduction) which 

results in displacement of the tooth. Many orthodontic treatment plans require the 

movement of one tooth while keeping a nearby tooth stable. Currently, a variety of 

elaborate appliances are used for these procedures but they require significant patient 

compliance, and increase the level of biomechanics complexity making them far from 

ideal for orthodontic treatment. Ideally, the clinician could pharmacologically block the 

bone remodeling process to prevent tooth movement without the use of these 

appliances.  

Recent studies performed in rats have shown that it is possible to 

pharmacologically manipulate the orthodontic tooth movement process (127-130).   A 

number of groups have reported either accelerating or reducing orthodontic tooth 

movement using agents such as RANKL, matrix-metalloproteinase inhibitors and, 

integrin inhibitors (129,130). Certain bisphosphonates have also been shown to 

effectively inhibit tooth movement (127). Bisphosphonates are a well-established class 

of drugs used for the treatment of diseases which involve excess osteoclast-mediated 

bone resorption (131). They are thought to act mainly by induction of cellular apoptosis; 

however, an increasing number of bisphosphonate-induced osteonecrosis of the jaw 

(BIJON) cases (132) have made these drugs less than ideal for the treatment of excess 



 

31 

bone resorption in oral tissues. It is apparent that the development of new therapeutic 

approaches is necessary to target excess osteoclast activity more effectively.  

General Purpose and Rationale of the Research 

 V-ATPases have both housekeeping roles and specialized roles in specific cell 

types that are related to important human pathologies including cancer and bone 

disease (56).  Significant efforts have been put forth attempting to identify inhibitors of 

V-ATPase enzymatic activity that are selective for subsets of V-ATPases (133,134). To 

date this work has not yielded therapeutic agents that are clinically useful.   

The purpose of the present study is to help determine whether enoxacin or other 

inhibitors of the interaction between B2- and microfilaments prove useful for treating 

difficult orthodontic cases or even against bone-related disease in general. 

 More generally, our approach to the study of enoxacin involves targeting the 

specific and specialized interactions of a housekeeping enzyme.  The goal for the use of 

enoxacin is not to kill the cells, but rather to regulate cell–type selective machinery so 

that there is less of an undesired activity. A better understanding of how protein-protein 

interactions define cell-type specific functions and of the structural basis for these 

interactions at the atomic level would enhance the use of “virtual screens” as an 

alternative to high throughput screens and as a practical shortcut in the drug discovery 

process (135-140).  This study represent one out of a number of examples that have 

emerged during the past few years showing the feasibility of knowledge-based virtual 

screening as a rational approach to drug discovery(117,141-144).   

The long term goal of this project is to determine whether enoxacin holds promise 

as a drug for use in various medical and dental applications in which inhibition of 

osteoclast-mediated bone resorption would be beneficial. The main objective is to 
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examine the mechanisms by which enoxacin inhibits osteoclast formation and bone 

resorption in greater detail and to test the effects of enoxacin on bone resorption in a 

well characterized rat orthodontic tooth movement model. The hypothesis is that 

enoxacin is an example of a novel class of therapeutic agents for the treatment of 

osteoclast-mediated disease that may selectively reduce osteoclast formation and bone 

resorption. 
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Figure 1-1. Schematic drawing of osteoclast organization during bone resorption (side 

view). Osteoclasts are multinucleated (N) cells that bind to bone surfaces via 
vitronectin receptors. Upon activation their cellular membrane polarizes into 
an apical domain (A), basolateral domains (B) and a ruffled membrane (RM) 
within the sealing zone (SZ).  
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Figure 1-2. Vacuolar H+-ATPase subunit composition and existing isoforms. V-ATPases 

are multisubunit mechanoenzymes organized into two domains, V1 and V0 of 
8 and 6 subunits respectively. Various of the subunits exist as isoforms which 
are tissue-specific and involved in specialized cellular functions (i.e. 
osteoclasts, renal intercalated cells) (145). Adapted from (Toro EJ, Ostrov 
DA, Wronski TJ, Holliday LS. Rational identification of enoxacin as a novel V-
ATPase-directed osteoclast inhibitor. Curr Protein Pept Sci. 2012 Mar 
1;13(2):180-91. Bentham Direct, Open Access Publisher) with permission. 

 
  

http://www.ncbi.nlm.nih.gov/pubmed?term=Toro%20EJ%5BAuthor%5D&cauthor=true&cauthor_uid=22044158�
http://www.ncbi.nlm.nih.gov/pubmed?term=Ostrov%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=22044158�
http://www.ncbi.nlm.nih.gov/pubmed?term=Ostrov%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=22044158�
http://www.ncbi.nlm.nih.gov/pubmed?term=Wronski%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=22044158�
http://www.ncbi.nlm.nih.gov/pubmed?term=Holliday%20LS%5BAuthor%5D&cauthor=true&cauthor_uid=22044158�
http://www.ncbi.nlm.nih.gov/pubmed/22044158�
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Figure 1-3. Selective inactivation of osteoclast by inhibition of V-ATPase/microfilament 
interaction. A) Binding of microfilament to actin binding site on the B2- subunit 
during osteoclast activation. B) Small molecule binds to actin-binding site on 
B2-subunit and prevents V-ATPase/F-actin interaction.   
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Figure 1-4. Molecular structure of enoxacin. Copied from (Herczegh P, Buxton TB, 
McPherson JC 3rd, Kovács-Kulyassa A, Brewer PD, Sztaricskai F, Stroebel 
GG, Plowman KM, Farcasiu D, Hartmann JF. Osteoadsorptive 
bisphosphonate derivatives of fluoroquinolone antibacterials. J Med Chem. 
2002 May 23;45(11):2338-4. ACS Publications) with permission. 

  

http://www.ncbi.nlm.nih.gov/pubmed/12014972�
http://www.ncbi.nlm.nih.gov/pubmed/12014972�
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CHAPTER 2 

CHARACTERIZATION OF THE INHIBITION OF OSTEOCLASTS BY ENOXACIN 

Introductory Remarks 

Osteoclasts express very high levels of a subpopulation of V-ATPases (a3- and 

d2-containing V-ATPases) that are targeted to the ruffled plasma membrane when they 

encounter bone (75,83,146). The targeting of V-ATPases to the ruffled plasma 

membrane is absolutely required for bone resorption (75). In osteoclasts, a high 

proportion of V-ATPases are bound to microfilaments (86). This V-ATPase/micro-

filament interaction correlates with the activation state of osteoclasts and is mediated by 

a specific region of the B-subunit capable of binding the actin filament (70,88,90,147). 

Small changes in the “profilin-like” domain of the B2-subunit disrupt the actin binding 

activity without interfering with the capacity of the altered B2-subunit to contribute to the 

enzymatic activity of the multisubunit V-ATPase (94).  More importantly, V-ATPases 

containing the altered B-subunits were not targeted to the ruffled plasma membrane of 

osteoclasts (70). The mechanism by which this subpopulation of V-ATPases bind to 

microfilaments and are transported to the ruffled membrane during osteoclast activation 

represent a novel potential therapeutic target that might be selective for osteoclast-

mediated bone resorption. 

By using computational chemistry techniques we identified enoxacin which 

blocked the interaction between recombinant B2-subunit and microfilaments, and also 

blocked osteoclast differentiation and bone resorption in tissue culture (117). The 

transport of V-ATPases to the ruffled plasma membranes of osteoclasts on bone slices 

was also disrupted. Moreover, enoxacin did not prevent growth or mineralization by 

osteoblasts at concentrations where osteoclast activity was inhibited.  In this study, we 
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examine in greater detail the mechanism by which enoxacin affects osteoclasts, making 

use of RANKL-stimulated RAW 264.7 cells and RANKL and CSF-1-stimulated primary 

osteoclasts.   

Materials and Methods 

Reagents and Antibodies 

The polyclonal anti-E, -a3, and -B2 subunit antibodies were described previously 

(88,148).  The anti-TRAP antibody was from Biolegend (cat.no. 648402).  Anti-L-plastin 

was obtained from Abcam (cat # ab83496). Anti-cortactin and anti-DC-STAMP anti-

bodies were from Santa Cruz (sc-25577, and sc-25579).  Unless otherwise noted, other 

antibodies and reagents were obtained from the Sigma-Aldrich Chemical CO. (St. Louis, 

MO).  Recombinant sRANKL was produced in E.Coli as described previously (46).  

Enoxacin was obtained from Sigma-Aldrich and dissolved in DMSO (117) or in 0.1 M 

sodium hydroxide (149).  BENX was obtained from SynQuest Laboratories (Alachua, 

FL, cat # 8H77-B-06).    

Osteoclast Differentiation 

RAW 264.7 cells were differentiated into osteoclast-like cells by stimulating them 

with recombinant RANKL as described previously (46). RAW 264.7 were seeded on 24-

well plate at a density of 1.25 × 104 cells per well, or 6-well plates at  1.8 X 105 cells per 

well. These cells were cultured for 5 days with 5 ng/ml of RANKL and were fed on day 3 

in culture. 

Mouse marrow osteoclasts were generated as described (150).  Briefly, 8-20 gm 

Swiss-Webster mice were euthanized by cervical dislocation and femorae and tibiae 

dissected. The bone marrow was flushed from the dissected bones by cutting both ends 

of the bones and inserting a syringe with a 25 gauge needle and αMEM plus 10% fetal 
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bovine serum.  The marrow was washed twice with αMEM D10, and then cultured for 5 

days at a density of 1X106 cells/cm2 on tissue culture plates in αMEM D10 plus 10-8 M 

1, 25-dihydroxyvitamin D3.  Osteoclasts in culture were detected as giant cells which 

stained positive for tartrate resistant acid phosphatase (TRAP) activity.  All mouse 

protocols were approved by the University of Florida Institutional Animal Care and 

Usage Committee (IACUC). 

Tartrate-Resistant Acid Phosphatase 5b (TRAP5b) Activity Assay 

 TRAP activity was detected using the Leukocyte Acid Phosphatase kit (Sigma–

Aldrich; cat. # 387A-KT) following the instructions from the manufacturer. Osteoclasts 

were detected as staining positive for TRAP5b activity. TRAP+ cells were counted and 

classified as mono-, multi-nuclear (2-10 nuclei), or giant cells (more than 10 nuclei) 

according to the number of nuclei present.  

TUNEL Assay and Nuclei Counting 

After 5 days of cell culture with 50 µM enoxacin, the cells were rinsed twice with 

1X PBS solution and fixed for 2 min in 4% paraformaldehyde at room temperature. 

Apoptotic cells were detected by using an in situ apoptosis detection kit (Promega, 

G7132) according to the manufacturer's instructions. Measurement of apoptosis was 

calculated as percentage of apoptotic nuclei (dark brown nuclei) versus total nuclei of 

multinucleated TRAP positive cells, evaluated in three independent measurements.  

Caspase 3 Assay for Apoptosis 

 Cells were plated in 24-well plates at a density of 0.5 × 104 cells/cm2 and treated 

with 5 ng/ml RANKL plus or minus 50 μM enoxacin for 24, 48, and, 72 h. Caspase-3 

assays were performed following the manufacturer's instructions (catalog No. APT131, 

Millipore, Temecula, CA). At each time point, the plate was centrifuged at 1200 rpm for 
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10 min. Cells were treated with 100 μl of chilled cell lysis buffer, and cell lysates were 

centrifuged at 1200 rpm for 10 min. The colorimetric reaction was quantified using a 

BioTek KC4 spectrophotometer (Winooski, VT) at 405 nm.  

Quantitative Immunoblotting 

  Immunoblots were performed by standard procedures using the SuperSignal 

WestDura chemiluminescence detection system (Pierce). To determine the association 

of V-ATPase with the detergent-insoluble cytoskeletal fraction, blots of supernatants 

and pellets were obtained after extraction of osteoclasts with 20 mM Tris-HCl, pH 7.4, 

100 mM NaCl, 5 mM MgCl2, 0.5 mM ATP, 0.2 mM CaCl2, 0.2 mM dithiothreitol (Buffer F) 

plus 1% Triton X-100 and protease inhibitors, and ultracentrifugation (100,000 x g for 45 

min). The samples were heated at 85 °C for 10 min, cooled to room temperature, and 

centrifuged at 10,000 x g for 1 min, and the supernatants were applied to SDS-

polyacrylamide gels, transferred to nitrocellulose, and probed with antibodies as 

described in the figure legends.  Cell sample dilutions were applied to SDS-

polyacrylamide gel and stained with coomasie blue stain (BioRad, cat. # 161-0436) to 

identify and put target proteins into the linear range of detection by immunoblot. We 

then assayed samples from enoxacin dose-response experiments to correlate changes 

in protein levels with doses of enoxacin.  

Statistics 

Counters were precalibrated for their ability to identify TRAP+ multinuclear cells and 

then blinded to treatment groups. Results are expressed as mean ± S.E. Samples were 

compared by one-way ANOVA followed by Bonferroni post-test or Student’s t-test using 

the program GraphPad Prism 5 (GraphPad Software, La Jolla, CA). p values < 0.05 

were considered significant. 
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Results 

Enoxacin Inhibits Differentiation of RAW 264.7 Cells into Osteoclasts without 
Inducing Excess Apoptosis 

RAW 264.7 cells were stimulated with recombinant RANKL in 24-well plates and 

treated with either vehicle, 5, 10, 25, 50 or, 100 µM enoxacin.  After 5 days cells were 

fixed and examined for TRAP activity and fusion into multinuclear cells (both are 

characteristics of osteoclasts). A significant dose-dependent reduction in the number of 

TRAP+ and multinucleated cells was detected (Figure 2-1A).  

To determine whether enoxacin disrupted cell growth or survival, we counted the 

number of nuclei after 5 days in cultures of RAW 264.7 cells treated with RANKL plus 

various concentrations of enoxacin. Although the phenotype of the cells was very 

different when the cells were treated with enoxacin (Figure 2-1 C), there were no 

significant differences in the number of nuclei (Figure 2-1 B).  To determine if enoxacin 

induced apoptosis during the maturation process, RAW 264.7 cells were treated with 

either vehicle or 50 µM enoxacin and stimulated with RANKL. Colorimetric TUNEL 

assays were performed and the number of TUNEL-positive cells quantified. No 

significant difference was observed in the number of apoptotic cells that was attributable 

to enoxacin (Figure 2-2).  

Activation of the cysteine-aspartic acid protease (Caspase) family initiates 

apoptosis in mammalian cells. Caspase-3 plays an integral role during the sequential 

activation of other caspases and can be used as a marker of cell apoptosis (151). To 

confirm the results from the TUNEL assay, we tested caspase-3 activity at different time 

points (24,48, or 72 hours) after stimulation with RANKL in Raw 264.7 cells treated with 

either vehicle or 50 µM enoxacin (Figure 2-3). No statistically significant differences in 



 

42 

caspase-3 activity were observed in unstimulated cells treated with either vehicle or 

enoxacin. After 48 hours, a significant increase in caspase-3 activity is observed in both 

treatments upon stimulation with RANKL. More importantly, enoxacin significantly 

decreased caspase-3 activity at 72-hours compared with control. 

Enoxacin Does Not Alter the Expression of Several Osteoclast and V-ATPase-
Selective Genes 

During osteoclast differentiation, the cellular content of the different V-ATPase 

subunits is increased in addition to other proteins associated with osteoclast fusion and 

activation. A study by Lee et al showed that V-ATPase d2-deficient mice had reduced 

number of TRAP+ multinuclear cells and decreased bone resorption similar to our 

preliminary results (152). Their data suggest that the phenotype observed in these mice 

may result from a reduction in the expression of factors necessary for fusion of 

osteoclast precursors. To determine the effect of enoxacin on the protein expression 

levels of V-ATPase and related proteins in differentiating osteoclasts,  total protein was 

extracted from RAW 264.7 cells cultured for 5 days with RANKL plus or minus 50 µM 

enoxacin and analyzed by quantitative immunoblotting using actin as an internal 

standard.  No significant differences in expression levels of subunits a3, B2, or E were 

detected (Figure 2-4). Similarly, the protein levels of NFATc1, A Disintegrin and 

metalloproteinase (ADAM12), cortactin, Dendritic cell-specific Transmembrane protein 

(DC-STAMP), and cathepsin K were not altered by enoxacin (Figure 2-4). Consistent 

with this result, real time PCR performed in the Holliday lab by Jian Zuo showed little 

change in the mRNA levels of osteoclast genes in response to enoxacin (Figure S-1 

Appendix A). 
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Enoxacin Decreases the Amount of V-ATPase Associated with the Cytoskeleton 

V-ATPases are associated with the detergent-insoluble cytoskeleton during 

osteoclast activation (69) and this interaction is important for osteoclasts to form ruffled 

membranes (153). Lee et al demonstrated that V-ATPase binds directly to actin 

filaments (86) and subsequent studies have shown that the actin binding activity of V-

ATPase B subunit is necessary for proper targeting of the V-ATPase to the ruffled 

membrane (70).   

To determine whether enoxacin reduced the amount of V-ATPase associated with 

the cytoskeleton in osteoclasts, we examined the level of B2- subunit associated with 

the detergent-insoluble cytoskeleton plus or minus 50 µM enoxacin for 5 days in both 

RANKL-stimulated RAW 264.7 osteoclast-like cells and mouse marrow osteoclasts.  

There was no difference in the total level of B2-subunit, but a shift was detected in the 

B2- subunit from the detergent-insoluble cytoskeleton to the soluble fraction (Figure 2-

5).   

Enoxacin Alters Proteolytic Processing of TRAP  

When osteoclasts are treated with enoxacin, a dose-dependent reduction in the 

amount of TRAP activity is observed; however, mRNA levels of TRAP5b are only 

slightly reduced (154). TRAP5b is expressed as a 38 kD latent pro-enzyme and is 

proteolytically cleaved to the active form, which is characterized in blots by a 16 kD 

band (155). Anti-TRAP immunoblots of whole cell extracts from cells treated with 

vehicle showed the expected 16 kD band, but a series of bands starting at 38 kD, and a 

reduction in the 16 kD band was detected in osteoclasts treated with 50 µM enoxacin 

(Figure 2-6).   
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Effects of Enoxacin on L-Plastin  

Enoxacin was previously shown to inhibit actin ring formation (117).  The actin 

binding proteins cortactin and L plastin are two proteins involved in actin ring formation 

(156-158). During active bone resorption by osteoclasts, the levels of cortactin and L-

plastin were reported to increase and decrease respectively (158). To study the 

changes in actin ring formation associated with enoxacin, the protein levels of cortactin 

and L-plastin were assayed by Western blot.  The results showed that the protein 

expression level of cortactin is not significantly altered by enoxacin (Figure 2-4).  In 

contrast, anti-L-plastin antibody detected a dose-dependent shift from the expected 67 

kD band to a 57 kD band (Figure 2-7).  The amount of the 67 kD band was reduced 88 

% (determined by densitometry).  

Summary of Results 

In this chapter, we show that enoxacin affects RAW 264.7 osteoclast-like cells and 

primary osteoclasts directly. Enoxacin reduces the expression of TRAP activity and cell 

fusion with an IC50 of about 10 μM without altering the number of nuclei present or 

inducing apoptosis.  The protein levels of several V-ATPase subunits were not affected 

by enoxacin however the mRNA levels of several osteoclast-selective genes were 

reduced slightly in enoxacin-treated cells. As predicted by its capacity to block the B2-

subunit/microfilament interaction, enoxacin reduced the amount of B2-subunit 

associated with the detergent-insoluble cytoskeleton. Finally we show that enoxacin 

triggered changes in osteoclasts including reduction in proteolytic activation of TRAP5b, 

and a shift in L-plastin from 67 kD to 57 kD.  
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Discussion 

In this study we show for the first time that enoxacin affects osteoclasts directly. In 

2009 enoxacin was identified as an inhibitor of an interaction between the B2-subunit of 

V-ATPase and microfilaments (117). The treatment of osteoclasts in mixed calcitriol-

stimulated mouse marrow cultures with enoxacin resulted in a dramatic reduction in 

TRAP+ multinuclear cells and a reduction in the ability of those cultures to resorb bone 

(IC50=10 µM) (117).  The effects of enoxacin in these cultures were selective for 

osteoclasts since growth and mineralization of osteoblasts was not affected by 100 μM 

enoxacin. Similar results were obtained from our study where we tested enoxacin on 

osteoclast-like cells (Raw 264.7) stimulated with RANKL (Figure 2-1). Other groups 

have reported that fibroblast cell lines and primary lympho-mononuclear cells are 

unaffected by 124 μM enoxacin (159).  Because enoxacin was identified as an inhibitor 

of interaction between B2 and microfilaments, it was not surprising that in enoxacin-

treated osteoclasts, less B2 was associated with the detergent-insoluble cytoskeletal 

fraction.   

When osteoclasts are treated with enoxacin, a significant reduction in TRAP 

activity and cell fusion is observed. Mice that are devoid of DC-STAMP show 

osteoclasts that are unable to fuse into multinuclear/giant cells (160). Data from FACS 

analysis of cells treated with enoxacin showed alterations in the sorting of DC-STAMP 

(Figure S-1). This represents direct evidence that enoxacin may be perturbing a vesicle 

sorting pathway in osteoclasts. Because DC-STAMP is known to be involved in the 

fusion of osteoclast precursors (160-163), the change in cell surface expression could 
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be linked functionally to the reduction in multinuclear and giant cells detected in 

enoxacin-treated cultures.   

The reduction in TRAP activity could also be explained if the interaction between 

V-ATPase and microfilaments plays a role in directing vesicular trafficking.  Tartrate-

resistant acid phosphatase is expressed as an inactive pro-enzyme of approximately 

38kD that requires activation by the proteolytic cleavage of its full-length form into a 

smaller and highly active 16kD-form (164). Failure of V-ATPases to be sorted to the 

same pathway as TRAP and the consequent failure to acidify vesicles might disrupt the 

action of activating acid proteinases leading to decreased levels of TRAP in its active 

form. Also consistent with the hypothesis that enoxacin was perturbing vesicle 

trafficking in osteoclast were the results of flow cytometry studies in collaboration with 

Catalfamo and Wallet.  These studies showed that enoxacin altered the amount of the 

DC-STAMP on the plasma membrane surface (Figure S-2, Appendix A). 

A change in L-plastin is consistent with reduction in the formation of actin rings 

detected previously in response to enoxacin (117). L-plastin is an actin bundling protein 

that is present in the core of podosomes and actin rings (165).  The formation of actin 

rings as well as the ability of osteoclasts to resorb bone has been linked directly to the 

regulation of L-plastin levels (158).  The reduction observed in the 67KDa L-plastin and 

corresponding smaller fragment of the molecule (57KDa) suggest that L-plastin is likely 

proteolytically-cleaved so that the amino-terminal EF hand domain is removed in 

response to enoxacin.  The EF-hand binds calcium and mediates inhibition of binding of 

L-plastin to microfilaments in the presence of calcium (166-168).   
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In summary, enoxacin directly inhibits osteoclasts.  It reduced the amount of the 

B2-subunit bound to the detergent-insoluble cytoskeletal fraction, altered the transport 

of DC-STAMP to the plasma membrane, and blocked proteolytic activation of TRAP5b 

from its latent pro-enzyme to the active form.  Enoxacin triggered a reduction in the size 

of L-plastin, likely due to proteolytic cleavage of the amino-terminal calcium binding EF-

hand domain.  We propose that enoxacin selectively affects elements of the osteoclast 

differentiation and activation program that are downstream of the binding interaction 

between a3-containing V-ATPases and microfilaments, which is mediated by the actin-

binding site on the B2-subunit. 
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Figure 2-1. Enoxacin dose-dependently reduces the number of TRAP+ multinuclear 
osteoclast-like.  A) TRAP activity assay of osteoclasts treated with vehicle, 5, 
10, 25, 50, or 100 µM enoxacin (ENX).  Cells were stained for TRAP activity 
and the number of mononuclear, multinuclear (2-10 nuclei), and giant cells 
(>10 nuclei) was counted. The average number of TRAP+ cells in each 
category in vehicle-treated cultures was defined as 100%. The values in 
enoxacin-treated cultures are depicted as percentage of the vehicle controls. 
B) Quantification of the total number of nuclei present in cultures of RAW 
264.7 cells treated with RANKL plus various concentrations of enoxacin. The 
values are depicted as average number of nuclei present in cultures per well 
of each condition. C) Representative images from the experiment 
documented in (A).  Significance was determined by one-way ANOVA. *p < 
0.05 was considered significant. Each condition was compared to vehicle 
control cells. N= 3 for each condition. Panels A and B were copied from (Toro 
EJ, Zuo J, Ostrov DA, Catalfamo D, Bradaschia-Correa V, Arana-Chavez V, 
Caridad AR, Neubert JK, Wronski TJ, Wallet SM, Holliday LS. Enoxacin 
directly inhibits osteoclastogenesis without inducing apoptosis. J Biol Chem. 
2012 May 18;287(21):17894-904. Epub 2012 Apr 2) with permission. 

 

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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Figure 2-2. Enoxacin does not alter number of viable nuclei or levels of apoptosis.  A) 

Quantitative analysis of the number of TUNEL positive cells per well after 
treatment with vehicle or 50µM enoxacin. B and C, Representative images of 
Raw 264.7 cell cultures stimulated with RANKL and treated with vehicle (B) or 
50 µM enoxacin (C) for 5 days. Apoptotic nuclei are stained dark. Arrows 
point the edges of giant cells (> 10 nuclei). Bar = 27 µM. Student’s t-test was 
used to determine statistical significance. p > 0.05. The data represent mean 
± SE. N=3 for each condition. Panel A was adapted from (Toro EJ, Zuo J, 
Ostrov DA, Catalfamo D, Bradaschia-Correa V, Arana-Chavez V, Caridad 
AR, Neubert JK, Wronski TJ, Wallet SM, Holliday LS. Enoxacin directly 
inhibits osteoclastogenesis without inducing apoptosis. J Biol Chem. 2012 
May 18;287(21):17894-904. Epub 2012 Apr 2) with permission. 

  

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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Figure 2-3. Quantitative analysis of caspase-3 activity in RAW 264.7 cells plus or minus 
RANKL, and treated with vehicle or 50 µM enoxacin. Caspase-3 activity was 
measured at 24, 48, or 72 hours. Units are defined as the amount of enzyme 
that cleaves 1 nM colorimetric substrate per hour. At 48 and 72 hours a 
significant increase in caspase-3 activity is observed in both treatments upon 
stimulation with RANKL. Enoxacin significantly decreased caspase-3 activity 
at 72-hours compared with control. One-Way ANOVA; *p<0.05. The data 
represent mean ± S.E. N=3 for each condition. Copied from (Toro EJ, Zuo J, 
Ostrov DA, Catalfamo D, Bradaschia-Correa V, Arana-Chavez V, Caridad 
AR, Neubert JK, Wronski TJ, Wallet SM, Holliday LS. Enoxacin directly 
inhibits osteoclastogenesis without inducing apoptosis. J Biol Chem. 2012 
May 18;287(21):17894-904. Epub 2012 Apr 2) with permission. 

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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Figure 2-4. Enoxacin does not alter the expression of several osteoclast and V-ATPase-
selective genes. Whole cell extracts from RAW 264.7 cells stimulated with 
RANKL and treated with either vehicle or 50 μM enoxacin were separated by 
SDS-PAGE, blotted to nitrocellulose membrane and probed with antibodies 
directed against the proteins indicated.  No significant differences were 
detected in the amount of any of the probed proteins in cells treated with 
enoxacin. Preliminary experiments were performed to ensure that the target 
proteins were at levels within the linear detection range of the antibodies. 
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Figure 2-5. Enoxacin decreases the amount of V-ATPase associated with the detergent-
insoluble cytoskeletal fraction. Raw 264.7 cells stimulated with RANKL and 
treated with vehicle or 50 μM enoxacin were extracted using buffer F 
containing 1% Triton X-100 and centrifuged at 100,000 x g for 30 min;  the 
supernatants and pellets were suspended in equivalent volumes and the 
proteins separated by SDS-PAGE and analyzed by Western blot.  V-ATPase 
subunits were found primarily in the detergent-insoluble fraction (P) in the 
vehicle-treated cells but shifted toward the soluble fraction (S) in the 
enoxacin-treated osteoclasts. Copied from (Toro EJ, Zuo J, Ostrov DA, 
Catalfamo D, Bradaschia-Correa V, Arana-Chavez V, Caridad AR, Neubert 
JK, Wronski TJ, Wallet SM, Holliday LS. Enoxacin directly inhibits 
osteoclastogenesis without inducing apoptosis. J Biol Chem. 2012 May 
18;287(21):17894-904. Epub 2012 Apr 2) with permission. 

  

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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Figure 2-6. Enoxacin alters proteolytic processing of TRAP5b. Whole cell extracts from 
RAW 264.7 cells were treated with RANKL in the presence of vehicle or 50 
μM enoxacin were prepared, separated by SDS-PAGE, blotted and probed 
with anti-TRAP antibody. Cells treated with control express mainly the active 
form of TRAP (16kD). Treatment with enoxacin led to a reduction in the 16kD 
band and a large increase in the higher molecular weight bands up to the 
38kD band, which is likely the full-length of TRAP. Adapted from (Toro EJ, 
Zuo J, Ostrov DA, Catalfamo D, Bradaschia-Correa V, Arana-Chavez V, 
Caridad AR, Neubert JK, Wronski TJ, Wallet SM, Holliday LS. Enoxacin 
directly inhibits osteoclastogenesis without inducing apoptosis. J Biol Chem. 
2012 May 18;287(21):17894-904. Epub 2012 Apr 2) with permission. 

 

 

 

 
 
 

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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Figure 2-7. Enoxacin triggered conversion of cellular L-plastin from a 67 kD to 57 kD 
form. RAW 264.7 cells were stimulated with RANKL and treated with vehicle, 
1, 10, 25, or 50 μM enoxacin. Proteins were extracted, 100 μg of protein was 
loaded onto SDS-PAGE gels, and the proteins were separated, blotted and 
probed with anti-L-Plastin. In the vehicle the expected 67kD band was 
detected but at higher concentrations of enoxacin, the level of 67kD detected 
was reduced and a 57kD band appeared. Actin was used as loading control. 
Copied from (Toro EJ, Zuo J, Ostrov DA, Catalfamo D, Bradaschia-Correa V, 
Arana-Chavez V, Caridad AR, Neubert JK, Wronski TJ, Wallet SM, Holliday 
LS. Enoxacin directly inhibits osteoclastogenesis without inducing apoptosis. 
J Biol Chem. 2012 May 18;287(21):17894-904. Epub 2012 Apr 2) with 
permission.  
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CHAPTER 3 
RATIONAL DEVELOPMENT OF A DELIVERY METHOD FOR THE LOCALIZED 

SUSTAINED RELEASE OF ENOXACIN  

Introductory Remarks 

 In dentistry, excessive bone resorption by osteoclasts is the underlying cause of 

clinically-relevant conditions such as tooth loss, inflammatory root resorption, and 

replacement resorption as result from bacterial infection or damage to the attachment 

apparatus. In orthodontics, mechanical stimulation of bone resorption on the pressure 

side is necessary for tooth movement to occur. In most cases selective control of tooth 

movement is essential to achieve treatment objectives. Complex treatment mechanics 

become necessary to prevent unwanted tooth movement thus increasing the overall 

complexity of the case and length of treatment. If undesirable tooth movement can be 

prevented with local administration of anti-resorptive agents, treatment would be less 

complex and more predictable.  

To date, a number of molecular approaches have been studied for the 

pharmacologic manipulation of orthodontic tooth movement (OTM) and other dental-

related conditions. Several pharmacologic agents such as: RANKL, osteoprotegerin, 

integrin inhibitors, inhibitors of matrix metalloproteinases and relaxin can either speed-

up or slow-down OTM in animal models (128-130,169-171). However, these agents 

also have an increased likelihood of collateral effects making them unsuitable for use in 

the standard practice of orthodontics. Because our data support the idea of a selective 

inhibition of osteoclast activity by blocking the interaction between V-ATPase and 

microfilaments, we believe that enoxacin represents a better candidate for the 

regulation of OTM and possibly other bone-related diseases. 
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Enoxacin was previously identified as a novel anti-osteoclastic and anti-resorptive 

agent (117). Because enoxacin is an antibiotic and has a relatively short half-life in the 

body, a number of potential side effects can occur such as: 1) the development of 

antibiotic resistance, 2) destruction of intestinal flora, and 3) low concentration levels 

insufficient to obtain anti resorptive activity. To overcome these limitations, the 

development of methods for the delivery of enoxacin to bone becomes extremely 

necessary.  

Bisphosphonates have a strong affinity for the calcium phosphate in bone and 

accumulate rapidly in bone tissues (131). In our efforts to find viable delivery methods, 

we decided to use an approach based on bisphosphonate conjugates. This approach 

has been used for the delivery of small molecules such as diclofenac  (172,173), 

prostaglandins (174), and steroids (175). In 2002, Herczegh and his group showed that 

it is possible to produce fluoroquinolones conjugated to bisphosphonate backbones that 

target the molecule to the bone mineral (176,177).  These conjugates were envisioned 

as being useful as antibiotics for the treatment of chronic bone infections. By using the 

free amino group on enoxacin as a tether they were able to bind a bisphosphonate 

backbone to the molecule (176) (Figure 3-1). In this chapter, we examine in detail 

whether the bisphosphonate-conjugated enoxacin (BENX) retains the capacity to block 

the B2-actin interaction and inactivate osteoclasts like enoxacin. 

Materials and Methods 

Reagents and Antibodies 

The polyclonal anti-E, anti-a3 and anti-B2 subunit antibodies were described 

previously (88,148).  The anti-TRAP antibody was from Biolegend (cat.no. 648402).  

Anti-cortactin and anti-DC-STAMP anti-bodies were from Santa Cruz (sc-25577, and sc-
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25579).  Unless otherwise noted, other antibodies and reagents were obtained from the 

Sigma-Aldrich Chemical CO. (St. Louis, MO).  Recombinant sRANKL was produced in 

E.Coli as described previously (46).  BENX was obtained from SynQuest Laboratories 

(Alachua, FL, cat # 8H77-B-06).    

Microfilament Binding Assay 

 BENX was tested for its ability to inhibit interaction between rabbit muscle actin 

and the Vma2p-MBP in a pelleting assay (178).  Briefly Vma2p-MBP (1 μM) alone or 

Vma2p-MBP microfilaments (1 μM) were mixed in the presence of 100 or 25 μM of 

BENX or vehicle (ethanol) in an actin polymerizing buffer plus 10 μg/mL phalloidin to 

maximize filament polymerization. Samples were subjected to ultracentrifugation using 

a Beckman Airfuge (Beckman Coulter, Fullerton, CA) and pellets and supernatants 

were collected, subjected to SDS-PAGE, and stained with Coomassie Brilliant Blue.  

Osteoclast Differentiation 

RAW 264.7 cells were differentiated into osteoclast-like cells by stimulating them 

with recombinant RANKL as described previously (46). RAW 264.7 were seeded on 24-

well plate at a density of 1.25 × 104 cells per well, or 6-well plates at  1.8 X 105 cells per 

well. These cells were cultured for 5 days with 5 ng/ml of RANKL and were fed on day 3 

in culture. 

Mouse marrow osteoclasts were generated as described (150).  Briefly, 8-20 gm 

Swiss-Webster mice were killed by cervical dislocation, femora and tibia were dissected 

from adherent tissue, and marrow was removed by cutting both bone ends, inserting a 

syringe with a 25 gauge needle and flushing the marrow using αMEM plus 10% fetal 

bovine serum (αMEM D10).  The marrow was washed twice with αMEM D10, and then 

plated at a density of 1X106 cells/cm2 on tissue culture plates for 5 days in αMEM D10 
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plus 10-8 M 1, 25-dihydroxyvitamin D3.  Cultures were fed on day 3 by replacing half the 

media per plate and adding fresh 1, 25-dihydroxyvitamin D3.  After 5 days in culture, 

osteoclasts appeared.  These were detected as giant cells which stained positive for 

TRAP activity; a marker for mouse osteoclasts. All mouse protocols were approved by 

the University of Florida Institutional Animal Care and Usage Committee (IACUC). 

Tartrate-Resistant Acid Phosphatase 5b (TRAP5b) Activity Assay 

 TRAP activity was detected using the Leukocyte Acid Phosphatase kit (Sigma–

Aldrich; cat. # 387A-KT) following the instructions from the manufacturer. Osteoclasts 

were detected as staining positive for TRAP5b activity. TRAP+ cells were counted and 

classified as mono-, multi-nuclear (2-10 nuclei), or giant cells (more than 10 nuclei) 

according to the number of nuclei present.  

Bone Targeting Assay 

The affinity of BENX to bone mineral was determined by making a serial dilution of 

BENX in 1ml diH2O (1uM to 10mM). A 1 cm2 bone slice was then inserted into each 

dilution and incubated for 24 hr at 37oC. The absorbance after each incubation period 

was measured by spectrophotometry (260nm) and plotted into a saturation curve of 

BENX.  

Resorption Assay 

Resorption assays were performed by scanning electron microscopy [25]. The 

area resorbed was determined by taking random microscopic photos, then determining 

the area on Adobe Photoshop by overlaying a grid and counting grid intersections over 

pits vs. total grid intersections. Micrographs were taken at 200X.  Pits were defined as 

continuous resorbed areas. Bone slices were from bovine cortical bone obtained from 
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Publix supermarket.  The bone had marrow removed, then was dried, rough cut and 

sliced using a low speed diamond saw (Buehler, Rockville, IN).  

Caspase 3 Assay for Apoptosis 

 Cells were plated in 24-well plates at a density of 0.5 × 104 cells/cm2 and treated 

with 5 ng/ml RANKL plus or minus 50 μM enoxacin for 24, 48, and, 72 h. Caspase-3 

assays were performed following the manufacturer's instructions (catalog No. APT131, 

Millipore, Temecula, CA). At each time point, the plate was centrifuged at 1200 rpm for 

10 min. Cells were treated with 100 μl of chilled cell lysis buffer, and cell lysates were 

centrifuged at 1200 rpm for 10 min. The colorimetric reaction was quantified using a 

BioTek KC4 spectrophotometer (Winooski, VT) at 405 nm.  

Quantitative Immunoblotting 

  Immunoblots were performed by standard procedures using the SuperSignal 

WestDura chemiluminescence detection system (Pierce). To determine the association 

of V-ATPase with the detergent-insoluble cytoskeletal fraction, blots of supernatants 

and pellets were obtained after extraction of osteoclasts with 20 mM Tris-HCl, pH 7.4, 

100 mM NaCl, 5 mM MgCl2, 0.5 mM ATP, 0.2 mM CaCl2, 0.2 mM dithiothreitol (Buffer F) 

plus 1% Triton X-100 and protease inhibitors, and ultracentrifugation (100,000 x g for 45 

min). The samples were heated at 85 °C for 10 min, cooled to room temperature, and 

centrifuged at 10,000 x g for 1 min, and the supernatants were applied to SDS-

polyacrylamide gels, transferred to nitrocellulose, and probed with antibodies as 

described in the figure legends.  Cell sample dilutions were applied to SDS-

polyacrylamide gel and stained with coomasie blue stain (BioRad, cat. # 161-0436) to 

identify and put target proteins into the linear range of detection by immunoblot. We 
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then assayed samples from enoxacin dose-response experiments to correlate changes 

in protein levels with doses of enoxacin.  

Statistics 

Microscopists were trained to identify TRAP+ multinuclear cells or resorption pits 

and then blinded to treatment groups. Results are expressed as mean ± S.E. Samples 

were compared by one- or two-way ANOVA followed by Bonferroni post-test or 

Student's t test using the program GraphPad Prism 5 (GraphPad Software, La Jolla, 

CA). p values < 0.05 were considered significant. 

Results 

BENX Inhibits the Interaction between the Yeast B-Subunit and Microfilaments  

In the previous chapter we showed that enoxacin reduces the amount of V-

ATPase associated with the cytoskeleton in osteoclasts without affecting the total level 

of B2-subunit (Figure 2-5).  When we tested BENX for its ability to inhibit interaction 

between rabbit muscle actin and the Vma2p-MBP in a pelleting assay (117), we found 

that it inhibited the interaction of B2-subunit and microfilaments with an IC50 of 

approximately 10µM (Figure 3-2).  

BENX Reduced TRAP+ Cells like Enoxacin 

To test whether BENX inhibits osteoclast differentiation like enoxacin we cultured 

Raw 264.7 cells in DMEM plus 10% fetal bovine serum and RANKL to induce their 

differentiation into giant multinucleated cells. The cells were treated with different 

concentrations of BENX. After 5 days, the cells were fixed and stained for TRAP 

activity. BENX dose-dependently reduced the number of TRAP+ cells and of 

multinucleated cells in culture. The number of giant cells, a marker for osteoclast 
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formation, was dose-dependently reduced by BENX with an IC50 in the low micromolar 

range similar to enoxacin (Figure 3-3).  

BENX Does Not Alter Protein Expression of V-ATPase and Osteoclast-Related 
Proteins  

To determine the effect of BENX on the expression of V-ATPase and related 

proteins we treated RANKL-stimulated osteoclasts with vehicle or 50 µM BENX for 5 

days. Cells were then harvested and whole cell extracts were analyzed by gel 

electrophoresis and western blotting. Similar to enoxacin, we found that BENX does not 

alter the expression of V-ATPase or osteoclast-related markers (Figure 3-4A). 

Importantly, the expression of active form of TRAP5b was reduced indicating that, like 

ENX, BENX also blocks the proteolytic activation of TRAP 5b (Figure 3-4B).   

BENX Triggers Higher Levels of Apoptosis in RANKL-Stimulated Cultures 

To test whether BENX triggers apoptosis RAW 264.7 cells were stimulated with 

RANKL and treated with either vehicle or 50 μM BENX.  Caspase 3 assays were 

performed at 24, 48 and 72 H to test for apoptosis.  We found that BENX modestly 

promoted unstimulated RAW 264.7 cells to undergo apoptosis, and triggered higher 

levels of apoptosis in RANKL-stimulated cultures after 48 and 72H (Jian Zuo, 

unpublished data; Figure 3-5). 

BENX Effectively Decrease Osteoclast-Mediated Bone Resorption  

To analyze the effect of BENX on bone resorption, mature osteoclasts were 

derived from MBM cells cultured on tissue culture plates with αMEM plus 10% FBS and 

stimulated with 1,25 dihydroxyvitamin D3 (179). On day 6, the cultures were scraped 

free, loaded atop bone slices and treated with either vehicle or various concentrations of 

BENX for an additional 3 days. The cells were then removed from the bone slices and 
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resorption pits analyzed by scanning electron microscopy (SEM). ENX inhibited bone 

resorption by calcitriol-stimulated mouse marrow osteoclasts containing mature 

osteoclasts with an IC50 in the low micromolar range (Figure 3-6).  

BENX Inhibits Bone Resorption with an IC50=1µM   

BENX binds to bone at a saturation level of 0.8mg/ml/cm-1 determined by bone 

targeting assay (Figure 3-7). When mature osteoclasts were loaded atop bone slices, 

treated with different concentrations of BENX and allowed to resorb for 3 days, bone 

resorption was inhibited by 50% at 1µM BENX when all of the BENX was predictably 

bound to bone (Figure 3-8).  

We hypothesized that this increase in inhibitory activity was the result of BENX 

being concentrated to the bone surface and being mobilized as the osteoclasts began 

resorbing.  To analyze the anti-resorptive effect of BENX in greater detail, we compared 

BENX to ALN. Alendronate (ALN; Fosamax) is an active and highly successful anti-

osteoporotic drug. It binds to bone and inhibits osteoclastic bone resorption by blocking 

the mevalonate pathway in osteoclasts (180,181). Importantly, ALN inhibits osteoclasts 

at the same IC50 as ENX (182). For the resorption assay, bone slices were pre-coated in 

a 1mM BENX or ALN solution for 24 hr at 37oC. After incubation, the bone slices were 

washed 3 times in diH2O to remove the excess unbound drug (measured by 

spectrophotometry) prior to loading the osteoclasts. The cells were allowed to resorb for 

additional 3 days and resorption pits analyzed by SEM. Our results showed BENX 

inhibited bone resorption by more than 80% whereas the osteoclasts were completely 

unable to resorb on alendronate-coated bone slices (Figure 3-9).  
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Summary of Results 

In this chapter, we showed that BENX retained its capacity to block interaction 

between recombinant B2-subunit and pure microfilaments in pelleting assays, and 

reduced formation of TRAP+ osteoclasts in either calcitriol-stimulated mouse marrow 

cultures or RANKL-stimulated Raw 264.7 cells with an IC50 of 10 µM which was identical 

to enoxacin.  Unlike enoxacin, BENX induced higher level of apoptosis in RANKL-

stimulated Raw 264.7 cells. BENX effectively binds to bone and inhibits osteoclast-

mediated bone resorption with an IC50 = 1 µM. When bone slices were pretreated with 

BENX, bone resorption was reduced by approximately 80%. In summary, we have 

utilized a rational approach to identify an anti-osteoclastic agent with a novel 

mechanism of action. BENX inhibits bone resorption in tissue culture at similar 

concentrations as alendronate and is selectively active against osteoclasts.  

Discussion 

To reduce the likelihood for unwanted secondary effects related to enoxacin, the 

compound BENX was synthesized by adding a bisphosphonate backbone to enoxacin.  

Based on the high affinity of bisphosphonates for bone mineral, we expect BENX to be 

rapidly sequestered and accumulate in bone. Here for the first time we show that BENX 

is a selective inhibitor of osteoclastogenesis and bone resorption. It blocks the 

interaction between recombinant B-subunit and microfilaments in pelleting assays and 

has identical anti-osteoclastic properties as enoxacin. However; when bone is present, it 

inhibits bone resorption more efficiently than enoxacin. We hypothesize that BENX 

binds to bone and dissociates from bone mineral during active resorption by the 

osteoclast. BENX is then mobilized into the cell to disrupt the V-ATPase actin 

interaction.   
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 Drugs like the bisphosphonates are effective inhibitors of tooth movement (127). 

They act as potent suppressors of osteoclasts and are currently the major class of 

drugs used for the treatment of bone diseases such as osteoporosis and bone cancer 

(131). Currently, bisphosphonates fall into two classes described by their mechanism of 

action: 1) the non-nitrogen and 2) nitrogen-containing molecules.  The non-nitrogen 

containing bisphosphonates (i.e. clodronate, etidronate) are taken up by the cells and 

converted into a non-hydrolyzable form of ATP that accumulate within the cells and lead 

to apoptosis (183). Similarly, nitrogen-containing bisphosphonates (i.e. alendronate, 

zolendronate, and risedronate) also lead to cellular apoptosis. They act by preventing 

the prenylation of small GTPases via inactivation of the enzyme farnesyl diphosphate 

synthase (FPPS) of the mevalonic acid pathway (184).  

Unlike enoxacin, BENX enhances osteoclast apoptosis.  This may be a necessary 

result of the inclusion of the bisphosphonate backbone to target an active moiety to 

bone.  Although we do not fully understand the underlying mechanism, we suspect that, 

like simple bisphosphonates, BENX may function as a non-hydrolysable ATP analog.  

The fact that BENX induces apoptosis raises concerns that, like other bisphosphonates, 

it may increase the risk of oral osteonecrosis.  However, because oral osteonecrosis is 

linked to bacterial infection, the antibiotic activity of enoxacin may reduce or eliminate 

the risk or oral osteonecrosis.  

 Our report showed that BENX inhibits the interaction between recombinant B2-

subunit and microfilaments. It reduced the formation of TRAP+ giant cells with an IC50 of 

10 µM which was identical to enoxacin.  Also, similar to the parent molecule, it reduced 

the amount of the B2-subunit bound to the detergent-insoluble cytoskeletal fraction and 
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blocked proteolytic activation of TRAP5b. Unlike enoxacin, BENX induced higher level 

of apoptosis in RANKL-stimulated osteoclasts. BENX effectively binds to bone and 

inhibits osteoclast-mediated bone resorption at concentrations 10-fold lower than 

enoxacin. In summary, we have utilized a rational approach to identify an anti-

osteoclastic agent with a novel mechanism of action that may prove useful in the future 

for the treatment of osteoclast-related disease.  
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Figure 3-1. Molecular structure of bisphosphonate-conjugated enoxacin. Enoxacin 
bisphosphonate hydrobromide (BENX; SynQuest Labs, cat. # 8H77-B-06) 
was synthesized by adding a bisphosphonate backbone to enoxacin (MW: 
670.16). Copied from (Herczegh P, Buxton TB, McPherson JC 3rd, Kovács-
Kulyassa A, Brewer PD, Sztaricskai F, Stroebel GG, Plowman KM, Farcasiu 
D, Hartmann JF. Osteoadsorptive bisphosphonate derivatives of 
fluoroquinolone antibacterials. J Med Chem. 2002 May 23;45(11):2338-4. 
ACS Publications) with permission. 

  

http://www.ncbi.nlm.nih.gov/pubmed/12014972�
http://www.ncbi.nlm.nih.gov/pubmed/12014972�
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Figure 3-2. BENX disrupts the interaction between B-subunit of V-ATPase and 
microfilaments.  Vma2p-MBP (1 μM) alone or Vma2p-MBP microfilaments (1 
μM) were mixed in the presence of vehicle, 100, or 25 μM of BENX in actin 
polymerizing buffer plus 10 μg/mL phalloidin to maximize filament 
polymerization. Samples were subjected to ultracentrifugation. The pellet (P) 
and supernatant (S) fractions were collected, subjected to SDS-PAGE, and 
stained with Coomassie Brilliant Blue.  BENX induced a shift of B-subunit 
from the pellet to the soluble fraction. Densitometry was performed and the 
amount (in absorbance units) of Vma2p-MBP pelleting in the presence of 
inhibitor was determined. 
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Figure 3-3. BENX reduces the number of TRAP+ giant cells with IC50 similar to 

enoxacin. A) Bar graph. Raw 264.7 cells were stimulated with RANKL 
(50ng/mL) and treated with vehicle, 5, 10, 25, 50, or 100 µM BENX. The 
number of TRAP+ cells was quantified and categorized as mono-, multi-
nuclear (2-10 nuclei), or giant cells (> 10 nuclei). B) Representative images of 
osteoclasts cultured with vehicle, 25 µM, or 100 µM BENX. The average 
number of TRAP+ cells in the vehicle-treated cultures was defined as 100%. 
Significance was determined by one-way ANOVA followed by Bonferroni post 
-test. *p < 0.05 was considered significant. The number of TRAP+ cells in 
BENX-treated cultures was compared to vehicle-treated cells and depicted as 
a percentage of the vehicle controls. N= 3 for each condition. 
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Figure 3-4. BENX alters proteolytic cleavage of TRAP5b but not the protein expression 
of V-ATPase or osteoclast-related proteins. A) RAW 264.7 cells were cultured for 
5 days with 5 ng/ml of RANKL and treated with vehicle or 50 µM BENX. The proteins 
from whole cell extracts were collected in equal volumes of SDS-PAGE sample buffer, 
loaded equivalently on gels, separated by gel electrophoresis and analyzed by western 
blot using antibodies against the indicated proteins. B) Whole cell extracts from RAW 
264.7 cells treated with RANKL in the presence of vehicle or 50 μM enoxacin were 
prepared, separated by SDS-PAGE, blotted and probed with anti-TRAP antibody. Most 
of the active form of TRAP (16kD) is mainly expressed in the cells treated with control 
vehicle. Treatment with BENX led to a decrease in the 16kD band and a simultaneous 
increase in a series of higher molecular weight bands up to the full-length of TRAP 
(38kD band). N=3 by densitometry of blots. 
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Figure 3-5. BENX triggers higher levels of apoptosis in RANKL-stimulated cultures. 

Quantitative analysis of caspase-3 activity in Raw 264.7 cells plus or minus 
RANKL were treated with vehicle or 50 μM BENX for 24, 48, and, 72 h. 
Caspase-3 assays were performed following the manufacturer's instructions 
(cat # APT131, Millipore, Temecula, CA). Caspase-3 activity was measured 
by a colorimetric reaction and quantified using a BioTek KC4 
spectrophotometer (Winooski, VT) at 405 nm. Units are defined as the 
amount of enzyme that cleaves 1 nM colorimetric substrate per hour. BENX 
induced unstimulated RAW 264.7 cells to undergo apoptosis, and triggered 
higher levels of apoptosis in RANKL-stimulated cultures after 48 and 72 hours 
compared with control. One-way ANOVA; *p<0.05 was considered significant.  
N=3 for each condition. 
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Figure 3-6. BENX inhibits osteoclast bone resorption in vitro with an IC50 in the low 

micromolar range. A) Representative scanning electron micrographs of bone 
slices resorbed by osteoclasts in the presence of vehicle, 1, 10, or 30 μM 
BENX. B) Tabulation of the percent of the control amount of pit numbers, area 
per pit, and percent of total area resorbed. The average number of all values 
(percentage resorbed/total area, number of pits, and area/pit) in the vehicle-
treated cultures was defined as 100%. The average numbers for the vehicle 
control cultures were: 3 for percent resorbed/total area, 18 for number of pits, 
and 440 for area/pit. Cultures treated with BENX were compared to vehicle-
treated cells and depicted as a percentage of the vehicle controls. Bone 
surface area=1cm2. Bar = 200µm. Significance was determined by one-way 
ANOVA, *p < 0.05 was considered significant.  N=4 for each condition. 
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Figure 3-7. BENX binds to bone at a saturation level of 0.8 mg/ml/cm-1. BENX was 
diluted in a volume = 1ml diH2O at different concentrations (1µM-10mM). A 1 
cm2 bone slice was incubated for 24 hours at 37oC in each solution. The 
amount of BENX present in solution after the 24-hour incubation was 
measured by spectrophotometry (260nm) and plotted into a saturation curve 
of BENX.  
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Figure 3-8. BENX inhibits bone resorption more effectively than ENX by predictably 
binding to the bone surface. A) Tabulation of the percent of the control 
amount of pit numbers, area per pit, and percent of total area resorbed. 
Mature osteoclasts derived from mixed cultures were loaded atop bone slices 
and treated with vehicle or various concentrations of BENX. The resorption 
pits on the bone slices were analyzed by scanning electron microscopy 
(SEM). The average number for each value in the vehicle-treated cultures 
was defined as 100%. BENX-treated cultures were compared to vehicle-
treated cells and depicted as a percentage of the vehicle controls. The 
amount of BENX bound to bone or in solution (unbound) for each 
concentration was predicted based on the saturation graph (Figure 3-7). B) 
Representative sections from the scanning electron micrographs of bone 
slices resorbed by osteoclasts in the presence of vehicle, 1, 10, or 100 µM 
BENX. Pits were defined as resorbed areas with continuous scalloped outline. 
Bone surface area=1cm2. Bar = 200µm. One-way ANOVA was used to 
determine differences among groups.  *p < 0.05 was considered significant. . 
N=4 for each condition. 



 

74 

 

 

 

Figure 3-9. BENX inhibits bone resorption by a different mechanism than ALN. A) 
Tabulation of the percent of the control amount of pit numbers, area per pit, 
and percent of total area resorbed. Mature osteoclasts derived from mixed 
cultures were loaded atop bone slices that were pre-coated with either 
alendronate (ALN) or BENX. The resorption pits on the bone slices were 
analyzed by scanning electron microscopy (SEM). The average number for 
each value in the vehicle-treated cultures was defined as 100%. The values 
from BENX- or ALN-treated cultures were compared to vehicle-treated cells 
and depicted as a percentage of the vehicle controls. B) Representative 
sections from the scanning electron micrographs of bone slices pre-coated in 
solutions with vehicle, 1mM ALN, or 1mM BENX and resorbed by osteoclasts. 
Pits were defined as resorbed areas with a continuous scalloped outline. 
Bone surface area=1cm2. Bar = 200µm. One-way ANOVA was used to 
determine differences among groups.  *p < 0.05 was considered significant. 
N=4 for each condition. 



 

75 

 

 
CHAPTER 4 

EFFECTS OF BENX ON ORTHODONTIC TOOTH MOVEMENT 

Introductory Remarks 

 Orthodontic tooth movement (OTM) requires alterations in bone remodeling that 

are temporarily and spatially regulated to facilitate specific displacement of teeth 

through alveolar bone (185). When mechanical stress is applied to a tooth during OTM, 

the alveolar bone and periodontal ligament are compressed on one side and stretched 

on the opposite side. This mechanical stimulus is sensed by the bone cells and triggers 

bone remodeling which results in tooth displacement. Orthodontic tooth movement 

occurs in three stages: 1) cell activation (tipping phase), 2) cell recruitment and initiation 

of bone resorption (lag phase), and 3) tooth movement across alveolar bone (post lag 

phase) (186). 

Recent studies performed in rats have shown that it is possible to 

pharmacologically manipulate the OTM process (127-130). A number of pharmacologic 

agents such as virally-introduced RANKL, recombinant osteoprotegerin, matrix 

metalloprotease inhibitors, and integrin inhibitors have been used to either accelerate or 

reduce OTM (128-130,169).  Although in vivo studies suggest the efficacy of these 

molecules during OTM, they are too likely to have unknown side effects to be 

considered practical for standard orthodontic treatment.  

Anti-osteoclastic drugs like alendronate and zolendronate are effective inhibitors of 

tooth movement in vivo (127,187). They act as potent suppressors of osteoclasts and 

are currently the major class of drugs used for the treatment of bone diseases such as 

osteoporosis and bone cancer (131). However, an increasing number of 
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bisphosphonate-induced oral osteonecrosis (BIJON) cases have made these drugs 

problematical for the treatment of excess bone resorption in oral tissues (188-190). 

Thus, it becomes apparent that the development of new therapeutic approaches is 

necessary to target osteoclast activity more effectively.  

In the previous chapters we have shown that both enoxacin and BENX inhibit the 

V-ATPase/microfilament interaction and selectively inhibit osteoclast formation and 

bone resorption. We also showed that BENX maintains many of the anti-osteogenic 

effects of enoxacin but targeted to bone and is more potent as an anti-resorptive agent. 

We believe that our molecular approach may serve as a convenient and less intrusive 

means for controlling tooth movement during orthodontic treatment and even treating 

bone-mediated disease in general. In this chapter we used an in vivo model for OTM 

and followed tooth movement kinetics in the presence of BENX. 

Materials and Methods 

Orthodontic Tooth Movement Model as Described by GJ King 

The protocol required two preparatory sessions as described by King et al (191). 

In the first session, modified cleats were bonded onto the maxillary molars and all four 

incisors pinned to prevent further eruption (Figure 4-1). It also required the extraction of 

both mandibular first molars. The animals were then allowed to recover for a period of 2 

weeks. During the second session, a coiled spring was ligated to the molar cleat and 

bonded to the anterior incisor with 40g of force (Figure 4-1 A). The orthodontic forces 

were applied for 14 days. Cephalometric x-rays were taken prior to activation and on 

days 0, 1, 3, 5, 7, 10, and 14 using a head-holding device. The cephalograms were 

digitized and analyzed using Image J software (Figure 4-1 B). Tooth movement was 
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quantified by measuring the distance from the cleat to the distal end of the pin on the 

incisor. 

Orthodontic Tooth Movement Model Modified by JK Neubert 

Our rat OTM model is a modification from a previously described model by King et 

al (191). Young male Sprague-Dawley rats, 40-50 days old (Charles River Laboratories) 

were purchased and allowed to acclimatize to our facilities for two weeks using a normal 

day/night cycle and given food and water ad libitum. Each rat was weighed prior to all 

procedures and anesthetized using isofluorane. Their body temperature was stabilized 

using an isothermal pad during the orthodontic activation procedure.  All animals were 

closely monitored post-operatively for weight gain.  

The orthodontic appliance activation required a 26 mm section of a round 

(0.014inch diameter) Australian orthodontic archwire was cut and a 90-degree bend 

was incorporated at one end of the segment. The resulting archwire was L-shaped with 

a short arm of approximately 5mm and a long arm of 21mm. The wire was then bonded 

to the buccal surface of the incisors. The long arm was resting passively on the palatal 

side of the right first molar. To activate the orthodontic wire, the long arm was moved 

over the occlusal surface of the right first molar and bonded onto the buccal side of the 

same tooth (Figure 4-2). Activation of the wire generated approximately 16g of force. 

The force vector generated from the wire was expected to tip the molar in a palatal 

direction.  Polyvinyl siloxane dental impressions were taken at 7-day interval for a 

period of 28 days. The impressions where then poured in epoxy (Cat No 40200029, 

Struers, Cleveland, OH) and an electronic image of each model was taken. The 

distances between pre-set landmarks on the teeth where then analyzed using Image J 

software. 
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Statistics 

Counters were precalibrated for their ability to identify the maxillary first molar and 

measure the distance between the lingual surfaces of the mesial cusp of contralateral 

first molars. Counters were blinded to the treatment groups. Based on the results of a 

power calculation, a sample size of 12 rats per group (N=12 per time point) is adequate 

to achieve statistical significance for epoxy cast measurements. The parameters used 

for the power calculation include significance p value <0.05, and a desired statistical 

power of 80%. Digital images of the casts were taken and analyzed using Image J 

software. The data for tooth movement and drift was expressed as means ± SEM. 

Samples were compared by one-way ANOVA followed by Bonferroni post-test using the 

program GraphPad Prism 5 (GraphPad Software, La Jolla, CA).  

Results 

BENX Significantly Inhibits Orthodontic Tooth Movement 

To determine if BENX is an effective inhibitor of osteoclast resorption, we initially 

studied the effect of BENX on a rat OTM model as originally described by King et al 

(191). However, a number of difficulties were encountered during the application of this 

model. The animals showed significant weight loss and moderate pain soon after 

activation of the orthodontic closed coil. To stabilize the animals, supportive care was 

provided including soft-ground chow and medication for pain management. Most 

animals returned to baseline weights 7 days after activation but did not continue to gain 

weight as expected (Figure 4-3). We reasoned that the pain and discomfort experienced 

by the animals was the result of inflammation from the surgically implanted pins. The 

fact that animals were not gaining weight after surgery could possibly be due to the 

interference of the active coil while chewing or to the discomfort from the tipping molar. 
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The potential effects that the pain and inflammation could have on osteoclasts and 

subsequently in tooth movement prompted us to develop a modified method to test 

OTM.  

We then made a new OTM model developed by Dr. John K. Neubert, which in turn 

was developed from a mouse model developed by the King group.  Unlike the previous 

model, rats in which the modified model was used displayed no loss of weight (Figure 4-

4) or signs of discomfort.  Preliminary studies suggest that ample tooth movement could 

be achieved to test BENX (Neubert et al, manuscript in Prep.). 

To test whether BENX affected OTM, we injected the animals with either BENX 

(50mg/Kg/day), ALN as a positive control, (1.5mg/Kg/day) (127), or PBS (ml/Kg) and 

followed the kinetics of OTM using the modified Rat OTM model (Figure 4-5) . Daily 

subcutaneous (SC) injections of BENX were given for two weeks prior to activation of 

the orthodontic appliance (loading phase) and continued throughout the 28-day 

activation period.  The positive and negative control groups received daily SC injections 

of alendronate and 1X PBS solution respectively. A continuous gain in weight was 

observed during the experimental procedure indicating that the animals tolerated the 

modifications that we made to the OTM model very well (Figure 4-4).   

All three groups exhibited the initial tipping and lag phases. No significant 

differences in either the tipping phase or lag phase were noted among the study groups. 

The tooth movement in the control group at day 28 was significantly greater compared 

to the other groups (p<0.05). Although the ALN group displayed less tooth movement 

(0.1mm) than the BENX group (0.2mm), no significant difference in tooth movement 

was detected between the two groups (Figure 4-5). 
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Summary of Results 

The kinetics of orthodontic tooth movement (activation, lag-, and post-lag phases) 

was observed in both controls and experimental groups. The PBS group displayed a 

significant increase in tooth movement after day 28 when compared to the other two 

groups. Both ALN and BENX inhibited OTM significantly (p<0.05) during the post-lag 

phase. 

Discussion 

In this study we show for the first time that a bisphosphonate-derivative of 

enoxacin which has anti-resorptive activity in vitro also inhibits OTM, an osteoclast-

dependent process, in a rat model. These data confirm that in addition to inhibiting 

osteoclast activity in cell culture, BENX also has biological effects in vivo that are 

consistent with the ability to inhibit osteoclastic bone resorption. 

Enoxacin was identified by conducting a virtual screen to identify small molecules 

predicted to bind the actin binding surface of the B2-subunit, and thus block its 

interaction with microfilaments. Our studies have shown that enoxacin blocks osteoclast 

differentiation and bone resorption in tissue culture (chapter 2).  In order to find a 

delivery method that would target enoxacin specifically to bone, we identified a 

bisphosphonate-linked derivative of enoxacin (BENX). To date, our data shows that 

BENX retains the same anti-osteoclastic activity as enoxacin and it effectively inhibits 

bone resorption in vitro after it is bound to bone (chapter 3).   

Current pharmacologic approaches against bone resorption involve the use of 

selective estrogen receptor modulators (SERM’s), calcitonin, bisphosphonates, and 

more recently the use of a monoclonal antibody against RANKL (Denosumab). 

However, patients taking these medications fall at a greater risk of experiencing adverse 
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effects such as thromboembolism (192) or osteonecrosis of the jaw (193). We suggest 

that the parent molecule ENX or BENX represent a novel class of an anti-osteoclast 

selective agent with well characterized molecular mechanism (117,154) that may prove 

useful for controlled tooth movement during orthodontic therapy. 

The modified OTM model presents numerous advantages over the original model. 

First, the orthodontic appliance is significantly simpler and can be activated in one 

session as opposed to the two sessions required for the original model. This shortens 

the surgical and handling time, and reduces the stress to which the animals are 

exposed to during the activation session. Second, the active appliance is bonded to the 

buccal surface (side surface) of the molar thus extraction of the mandibular molars and 

pinning of the anterior teeth become unnecessary. Third, the measurement of tooth 

movement does not require radiographic analysis thus surgically implanted pins on the 

palate can be avoided and also the exposure of the animal and investigator to radiation 

is decreased.   

Our data showed that BENX significantly inhibits OTM in a rat model when 

compared to vehicle after 28 days of activation (Figure 4-5). All experimental groups 

showed the three phases of OTM. However, the lag phase observed in our model lasted 

approximately twice as long (14 days) as expected (7 days). In orthodontics, effective 

tooth movement can be achieved with light-continuous forces of approximately 40g; 

however, the orthodontic forces applied by the wire in our OTM model are 

approximately 15 grams. We concluded that such light forces in our model, although 

continuous, may have not been sufficient for cell recruitment to occur efficiently. The 

post lag phase was significantly reduced by both BENX and ALN on day 28. The fact 
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that BENX reduced the post lag phase as effectively as ALN during OTM suggests that 

the selective inhibition of osteoclast activity by blocking the interaction between V-

ATPase and microfilaments may serve as a potential therapeutic target for orthodontic 

applications.   

We suggest that BENX is a novel bone targeted anti-osteoclastic agent that 

functions by a different mechanism from anti-resorptives currently used in the clinic, and 

may prove to be suitable for dental applications.   
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Figure 4-1. Orthodontic tooth movement in a rat model. The rat OTM model as 
described by King et al (191) involves bonding modified cleats onto the 
maxillary molars and all four incisors pinned to alveolar bone to prevent 
further eruption. Mandibular first molars are extracted and the animals 
allowed recovering for 3 wks. A) A Nickel-Titanium closed coiled spring was 
ligated to the molar cleat and bonded to the anterior incisor with 40g of force. 
The orthodontic appliance remained active for 14 days. B) Cephalometric x-
rays were taken at different time points using a head-holding device. The 
cephalograms were digitized and analyzed using Image J software. Tooth 
movement was quantified by measuring the distance from the cleat to the 
distal end of the pin on the incisor. Copied from (King GJ, Keeling SD, McCoy 
EA, Ward TH. Measuring dental drift and orthodontic tooth movement in 
response to various initial forces in adult rats. Am J Orthod Dentofacial 
Orthop. 1991 May;99(5):456-65. Elsevier Publications) with permission. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=King%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=2028935�
http://www.ncbi.nlm.nih.gov/pubmed?term=Keeling%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=2028935�
http://www.ncbi.nlm.nih.gov/pubmed?term=McCoy%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=2028935�
http://www.ncbi.nlm.nih.gov/pubmed?term=McCoy%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=2028935�
http://www.ncbi.nlm.nih.gov/pubmed?term=Ward%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=2028935�
http://www.ncbi.nlm.nih.gov/pubmed?term=King%20GJ%20Keeling%20Ward�
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Figure 4-2. Modified rat orthodontic tooth movement model. A) schematic description of 

the modified rat orthodontic tooth movement model (adapted from Chu et al 
(194); B) active orthodontic appliance. Briefly, a 26mm section of a round 
(0.014inch diameter) Australian orthodontic archwire was cut and a 90-degree 
bend incorporated at one end of the segment. The resulting archwire was L-
shaped with a short arm of approximately 5mm and a long arm of 21mm. The 
short arm of the wire was then bonded to the buccal surface of the incisors. 
The long arm rests passively on the palatal side of the right first molar. During 
activation, the long arm was moved over the occlusal surface of the right first 
molar and bonded onto the buccal side of the same tooth. The orthodontic 
appliance remained active for 28 days. Maxillary dental impressions were 
taken at different time points using polyvinyl siloxane (PVS) material and 
epoxy casts of the impressions made. Digital images of the casts were taken 
and tooth movement measured using Image J software. Panel A adapted 
from (Chu S, Ishikawa H, Kim T, Yoshida S. Analysis of scar tissue 
distribution on rat palates: a laser Doppler flowmetric study. Cleft Palate 
Craniofac J. 2000 Sep;37(5):488-96) with permission. 
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Figure 4-3. Weight monitoring of rats in the control group with original OTM model. Rats 
were weighted on days 0, 7, and 14 after activation. Each color represents a 
single animal. All animals lost 10% total body weight 1 day after appliance 
activation. Most rats returned to baseline weight by day 7 but did not continue 
to gain weight by day 14.  
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Figure 4-4. Weight monitoring of rats treated with the modified OTM model. The animals 

were divided into three treatment groups. Daily subcutaneous (SC) injections 
of BENX (50mg/Kg/day), alendronate (ALN) (1.5mg/Kg/day) (127), or PBS 
(ml/Kg) were given throughout the activation period.  Absolute weight values 
were recorded from all animals on days 0, 7, and 14. An average of the 
weight values was calculated for each group at every timepoint. N=12 animals 
per group.   
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Figure 4-5. BENX reduces OTM in rats after 28-day activation period. Young male 
Sprague-Dawley rats were distributed into three groups according to 
treatment. Daily subcutaneous (SC) injections of BENX (50mg/Kg/day), 
alendronate (1.5mg/Kg/day), or weight/vol 1x PBS were given for two weeks 
prior to activation of the orthodontic appliance and continued throughout a 28-
day activation period. Significant differences in tooth movement were 
observed at day 28 between control and the ALN and BENX groups (p<0.05). 
No significant difference in tooth movement was detected between the ALN 
(0.1mm) and BENX (0.2mm) groups. Significance was determined by one-
way ANOVA. N=12 for each group. * p < 0.05 was considered significant.
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CHAPTER 5 
SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

Summary and Conclusions 

Bone remodeling is a physiologic process important for the removal of mechanical 

stress-related microfractures, and regulation of the systemic mineral homeostasis. It 

requires precise control between bone formation by osteoblasts and bone resorption by 

osteoclasts (195). Bone resorption is an important element of many physiologic 

processes in the mouth such as tooth eruption and a significant complication in clinical 

dentistry. During bone resorption osteoclasts become highly polarized and form the 

resorptive organ known as ruffled membrane surrounded by a ring of filamentous actin 

and associated proteins (87,196,197).  In actively resorbing osteoclasts, cellular V-

ATPases are targeted to the ruffled membrane (83) for acidification of the extracellular 

resorptive compartment. A direct interaction between V-ATPase and actin is necessary 

for proper targeting of the V-ATPase to the ruffled membrane.  

Earlier studies have shown that a binding interaction between subunit B2 of the V-

ATPase and F-actin is important for bone resorption (70,86,88,90,94). By using 

computational chemistry analysis, we identified enoxacin, a member of the 

fluoroquinolone antibiotics, as a candidate small molecule that may interact with the 

actin-binding site on subunit B2. In vitro assays demonstrate that enoxacin blocks the 

interaction between V-ATPase and microfilaments and inhibits osteoclast formation and 

activity while osteoblast formation remained unaffected (117). To date, our data 

supports the idea of a selective inhibition of osteoclast activity by blocking the 

interaction between V-ATPase and microfilaments.  
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The scientific work presented in this dissertation was designed and executed to 

examine the mechanisms by which enoxacin inhibits osteoclast formation and bone 

resorption in greater detail and to determine whether enoxacin holds promise as a drug 

for use in various medical and dental applications in which inhibition of osteoclast-

mediated bone resorption would be beneficial.  

To study the proposed molecular mechanisms by which inhibition of the V-ATPase 

B2-actin interaction may be affecting osteoclast differentiation and activation in vitro we 

used RAW 264.7, an osteoclast-like cell line, and treated them with enoxacin. We found 

that enoxacin reduces the expression of TRAP activity and cell fusion with an IC50 of 

about 10 μM without altering the number of nuclei present or inducing apoptosis similar 

to the previously reported observations done on mouse-marrow co-cultures 

demonstrating that it acts directly on osteoclasts (117).   

 Vacuolar H+ ATPases are normally expressed in all eukaryotic cells at very low 

levels however; osteoclasts express high levels of this enzyme to carry out their 

specialized functions. In our study we showed that enoxacin did not affect the protein 

levels of several V-ATPase subunits. This may be indicative that the reduction in 

osteoclast maturation and bone resorption is the effect of enoxacin on post-translational 

mechanisms. 

A reduction in the amount of the active form of TRAP and L-Plastin was observed 

after treatment of osteoclasts with enoxacin. Both L-Plastin and TRAP are involved in 

many biological processes during osteoclast activity (158,198). The mechanisms by 

which enoxacin reduces TRAP activity and actin ring formation are not clearly 

understood. However, we reasoned that enoxacin is affecting the activation of TRAP by 
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interfering with the trafficking of V-ATPases to TRAP/cathepsin-containing vesicles thus 

preventing acidification and subsequent activation of these enzymes. L-Plastin is 

present in the core of podosomes and actin rings serving as an actin bundling protein 

(165). The formation of actin rings as well as the ability of osteoclasts to resorb bone 

has been linked directly to the regulation of L-plastin levels (158).  A change in L-plastin 

is consistent with reduction in the formation of actin rings detected previously in 

response to enoxacin (117). The reduction observed in the 67KDa L-Plastin and 

corresponding smaller fragment of the molecule (57KDa) suggest that L-plastin is likely 

proteolytically-cleaved so that the EF-hand domain on the amino terminal is removed in 

response to enoxacin.  The EF-hand binds calcium and prevents binding of L-plastin to 

microfilaments in the presence of calcium (166-168).  

Cells treated with enoxacin show alterations in the sorting of DC-STAMP 

(Appendix A). DC-STAMP is preferentially expressed in osteoclasts and an essential 

cell-cell fusion regulator during osteoclastogenesis (160). Because DC-STAMP is 

known to be involved in the fusion of osteoclast precursors (160-163), the change in cell 

surface expression could be linked functionally to the reduction in multinuclear and giant 

cells detected in enoxacin-treated cultures.  This represents direct evidence that 

enoxacin may be perturbing a vesicle sorting pathway in osteoclasts. 

In support of our proposed mechanism  a recent study by Brown et al suggest that 

V-ATPases may serve as vesicle-coating proteins, like clathrin, to regulate vesicular 

trafficking (199).  The V-ATPases are able to carry out this function by interacting with 

the small GTPase ARF6 and its activator ARNO via the actin-binding activity of B2 to 

modulate vesicular trafficking and cytoskeletal reorganization (96).  This hypothesis 
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implies that the V-ATPase-microfilament interaction could be a vital for the integration of 

multiple regulatory pathways and could explain the diverse, but selective, effects 

enoxacin has on osteoclasts.   

Another piece of evidence comes from studies done in Dicytostelium where they 

report that V-ATPases work in coordination with a complex composed of ARP 2/3 and 

WASH proteins. They show that the vesicular sorting in Dicytostelium is dependent 

upon the direct interaction of V-ATPase with the ARP2/3-WASH complex (109). 

Because WASH and the actin-binding site in the B-subunit are both evolutionarily 

conserved, a mammalian adaptation of this sorting mechanism could possibly allow 

cells, like osteoclasts, to carry out their specialized functions.   

Our lead molecule enoxacin is an antibiotic; therefore, systemic administration 

would seem impractical due to the potential adverse effects it may pose and the 

possibility of not achieving high enough levels to have an effect on osteoclasts at the 

target tissues. To overcome these limitations we modified the pharmacokinetic 

properties of enoxacin by adding a bisphosphonate moiety to its structure. 

Our study showed that BENX binds to bone and inhibits osteoclastogenesis and 

bone resorption in a way that resembles the novel mechanism by which enoxacin 

functions.  However, when bone is present BENX is 10-fold more effective at inhibiting 

osteoclast formation and resorption than the parent molecule. Importantly, its anti-

resorptive activity is achieved by a different mechanism from current anti-resorptives. It 

will be of interest to determine whether the unique mechanism of action of BENX 

confers advantages over existing therapeutic agents in the treatment of osteoclast-

mediated disease.  
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To study the effect of BENX on osteoclasts in vivo, we used an orthodontic tooth 

movement (OTM) model in rats modified by Dr. JK Neubert from a model originally 

described for mice. The use of this modified rat OTM model represents a novel way to 

test potential anti-resorptive agents. A number of advantages were derived from this 

model such as shortening surgical time, eliminates the need for potentially painful 

procedures, and is better tolerated by the animals. It also is a novel method to 

quantitatively assess tooth movement in response to a defined force.  

Our data shows for the first time that BENX which has anti-resorptive activity in 

vitro also inhibits OTM in a rat model. We believe that our molecular approach may 

serve as a convenient and less intrusive means for controlling tooth movement during 

orthodontic treatment and even treating bone-mediated disease in general.  

In summary, enoxacin directly inhibits osteoclasts.  It reduced the amount of the 

B2-subunit bound to the detergent-insoluble cytoskeletal fraction, altered the transport 

of DC-STAMP to the plasma membrane, and blocked proteolytic activation of TRAP5b 

from its latent pro-enzyme to the active form.  Enoxacin triggered a reduction in the size 

of L-plastin, likely due to proteolytic cleavage of the amino-terminal calcium binding EF-

hand domain.  We propose that enoxacin selectively affects elements of the osteoclast 

differentiation and activation program that are downstream of the binding interaction 

between V-ATPases and microfilaments, which is mediated by the actin-binding site on 

the B2-subunit. 



 

93 

Future Directions 

Examine the Effects of Enoxacin on MicroRNA Activity and Gene Expression in 
Osteoclasts  

It has been shown that enoxacin is a stimulator of RNAi and microRNA activity 

(200). Recent findings by Melo and colleagues confirm that enoxacin enhances the 

production of miRNAs. Moreover, they show that enoxacin inhibit tumor growth and 

metastasis by binding to the miRNA biosynthesis protein TAR RNA-binding protein 2 

(TARP2) (159). However, the mechanism by which binding of enoxacin to TARP2 

enhances microRNA processing is not known. Based on these studies it will be 

important to determine whether enhancement of microRNAs has a role in the regulation 

of osteoclasts. This should be possible by studying in greater detail the effects of 

pefloxacin and Binhib16, molecules that inhibit V-ATPase/microfilament interaction 

without stimulating microRNAs. 

  Consistent with the previous data, enoxacin increased GW bodies (an indicator of 

increases in overall microRNA activity) at concentrations of enoxacin starting at 100 µM 

(Edward K.L. Chan and L. Shannon Holliday, unpublished data). However, pefloxacin 

(117) and another non-fluoroquinolone (Binhib 16; unpublished data) have similar 

inhibitory effects in osteoclasts but they do not have microRNA stimulating activity. To 

date, our data does not seem to support the idea that the inhibition of osteoclasts by 

enoxacin is derived from effects on microRNAs. However, because of the exciting 

recent findings showing enoxacin to be an inhibitor of tumor growth and metastasis, it 

will be vital to examine the effects of enoxacin, pefloxacin and Binhib16 on microRNA 

activity and gene expression in osteoclasts in greater detail.   
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Determine Whether the Inhibition of the Interaction between V-ATPase and 
Microfilaments by Enoxacin is Important for Its Anti-Tumorigenic Activity 

In the study by Melo and colleagues (159), it was not reported whether inhibition of 

the B2- microfilament interaction played any role in the response of cancer cells to 

enoxacin.  This should be examined in the future given that plasma membrane V-

ATPases have been reported in metastatic tumor cells (201).  It is therefore plausible 

that disruption of the interaction between B2 and microfilaments by enoxacin plays a 

role in the inhibition of cancer by blocking V-ATPase-microfilament binding and the 

transport of V-ATPases to the plasma membrane.    

 Within the context of cancer, it is also of interest that enoxacin disrupted actin 

rings in osteoclasts (117).  As described earlier, actin rings are composed of structures 

called podosomes, which are similar or identical to invadopodia in metastatic cancer 

cells that are important for tissue invasion (202).  It will be of interest to determine 

whether enoxacin inhibits the formation of podosomes in cancer cells.  

Determine the Effect of BENX on Osteonecrosis of the Jaw 

Unlike enoxacin, BENX enhances osteoclast apoptosis.  This may be a necessary 

result of the inclusion of the bisphosphonate backbone to target an active moiety to 

bone.  Although we do not fully understand the underlying mechanism, we suspect that 

like simple bisphosphonates, BENX may function as a non-hydrolyzable ATP analog.  

The fact that it induces apoptosis raises concerns that, like other bisphosphonates and 

Denosumab, could also lead to increased risk of oral osteonecrosis.  However, because 

oral osteonecrosis is linked to bacterial infection, the antibiotic activity of enoxacin may 

reduce or eliminate the risk or oral osteonecrosis. The recent identification of the rice rat 
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as a model for studying ONJ (203) provides a potential mean for studying whether 

BENX is associated with ONJ. 

Determine Alternative Mechanisms for Local Delivery of Enoxacin or BENX 

Although the bisphosphonate backbone linkage provides a convenient method for 

delivering enoxacin to bone, other approaches for local administration of enoxacin, 

which do not trigger osteoclast apoptosis, may prove better suited for oral therapeutic 

use.  For example, local delivery of enoxacin using inert or biodegradable sustained 

release devices may allow the local delivery of enoxacin (or BENX) required for 

orthodontic purposes, without the potential risks associated with the bisphosphonate 

effects.  

The ethylene-vinyl acetate copolymer (ELVAX; DuPont, Wilmington, DE) is a 

biologically inactive polymer which has been used in the past by our group to deliver 

biologically active substances over time to the gingival tissue (129,130). ELVAX can be 

used as a platform for the sustained-release of enoxacin into the local 

microenvironment.  

Preliminary studies were done to determine if enoxacin can become incorporated 

into ELVAX. The preparation of the polymer was made in accordance with the protocol 

published by Langer and Folkman (204).  An important advantage of using ELVAX is 

that its release kinetics can be manipulated by altering certain variables during its 

preparation (i.e. increasing water loading). When undiluted enoxacin was incorporated 

into ELVAX, approximately 10% of the total molecule was released by day 30 (Figure 5-

1 A). In contrast, when diluted enoxacin was used for the preparation of ELVAX-

enoxacin almost 100% of the molecule was released by day 25 (Figure 5-1 B).  Our 

data show that enoxacin can be incorporated into the polymer and perhaps more 
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importantly that ELVAX can be manipulated for the localized sustained release of 

enoxacin. By surgically incorporating a strip of ELVAX-enoxacin into the dental tissues it 

is possible to maintain a sustained-release of enoxacin over a two week span or more 

into neighboring tissues. It will be important to determine the effect of the localized 

sustained released enoxacin (or BENX) in bone resorption. This sustained-delivery 

system would serve as a novel platform for the use of bioactive molecules in the dental 

clinic. Potential applications include: retention after orthodontic treatment, prevention of 

alveolar bone loss from periodontal infections, or inhibition of internal/external root 

resorption.  

Although there is much work to be done in order to fully elucidate the mechanism 

by which enoxacin blocks osteoclasts formation and function, I have identified enoxacin 

as a novel type of selective inhibitor of osteoclasts.  Enoxacin, or other molecules with 

similar activity, may prove useful for the treatment of osteoporosis and other bone 

pathologies.  Because enoxacin is a potent inhibitor of the growth and metastasis of 

cancers (159), and selectively inhibits osteoclasts (117), it is a particularly attractive 

candidate to test as a therapeutic agent for the treatment of bone cancer. 
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Figure 5-1. ENX can be incorporated into a biologically inert polymer. The ELVAX-ENX 
polymer was prepared according to the protocol by Langer and Folkman 
(204).  A 0.07g slice of polymer was incubated in 300µL 1X PBS at 37oC for 
24 hrs. After each incubation period, the amount of ENX released from the 
polymer was measured by spectrophotometry (290nm) and the polymer 
transferred into fresh PBS. Ten milligrams of enoxacin were incorporated into 
the polymer. A) Decreased water loading during polymer preparation resulted 
in only 10% of the total enoxacin-release after a 30-day period whereas; B) 
increased water loading resulted in 93% of enoxacin released by day 25 from 
the polymer.  
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APPENDIX  

ENOXACIN ALTERS THE SURFACE EXPRESSION OF DC-STAMP, A PROTEIN 
LINKED TO CELL FUSION 

The seven transmembrane region receptor DC-STAMP is preferentially expressed 

in osteoclasts after stimulation by RANKL. Osteoclasts from DC-STAMP-deficient mice 

display lack of fusion, but comparable TRAP activity, formation of ruffled plasma 

membranes and actin rings indicating that DC-STAMP is not involved in osteoclast 

activation, except for cellular fusion (160). Surface protein expression of DC-STAMP 

was analyzed by western blot and FACS analysis on RANKL-stimulated osteoclasts 

after 5 days of culture treated with 50 µM enoxacin or vehicle. The immunoblots showed 

that enoxacin did not affect the overall expression of DC-STAMP in the RANKL-

stimulated cells (Figure 2-3).  

Three distinct populations of RANK-expressing cells were evident on the FACS 

analysis and categorized into low, medium, and high DC-STAMP-expressing 

populations (Figure S-1). Overall, high RANK-expressing cells showed a significant 

increase in DC-STAMP expressed on their cell surface. Interestingly, when cells from 

the high-RANKL expressing population where treated with enoxacin, a significantly 

greater expression of surface DC-STAMP was observed (Figure S-2).   

Materials and Methods 

Real Time PCR 

Total RNA from RAW 264.7 cells was isolated with an RNeasy Mini Kit (Qiagen, 

Valencia, CA) and real-time quantitative PCR (qPCR) was performed using the TaqMan 

Gene Expression Master Mix Reagents, and  detection System (Applied Biosystems, 

Foster City, CA) (31). Probes and primers for the mouse genes that encode TRAP5b 
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(Mm00475698_m1), a3-subunit (Mm00469406_m1), L-plastin (Mm013107-35_m1), 

ADAM8 (Mm005457-62_m1), B2-subunit (Mm00431987_m1), WASH (Mm-

01239734_m1) and hypoxanthine phospho-ribosyltransferase (HPRT) (Mm004469-

68_m1) were obtained from Applied Biosciences.   RAW 264.7 cells were treated as 

indicated in the figure legends, RNA was isolated and assayed on day 5 and the level of 

each of the genes relative to HPRT was determined.  The experiment was analyzed 

statistically using t-tests of the µCt values.  P values < 0.05 were considered significant. 

Flow Cytometry 

Cells were allowed to dissociate from the bottom of UpCell coated plates (Thermo 

Scientific, Rochester, NY) at room temperature for 30-45 minutes.  Suspended cells 

were washed with FACS Buffer [1x PBS + 5% FBS + 0.372g EDTA] and allowed to 

incubate with 1:200 dilution of antibodies for 1hr at 4oC in the dark, biotin-conjugated rat 

anti-mouse RANK (eBioscience, cat #13-6612-81) with Alexafluor 647-conjugated 

streptavidin (Invitrogen, S21374), and rabbit anti-mouse DC-STAMP (sc-25579 ) with 

Alexafluor 488-conjugated goat anti-rabbit IgG (Invitrogen, A11008).  Cells were 

acquired using a FACSCalibur flow cytometer (BD Biosciences) and analyzed using 

FCS Express (De Novo Software).  
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Figure A-1. Enoxacin has only minor effects on mRNA levels of many osteoclast-genes. 

Raw 264.7 cells were treated with RANKL and either vehicle or 50 μM 
enoxacin. Messenger RNA was prepared and V-ATPase and osteoclast-
selective genes were analyzed by qPCR. The level of each gene relative to 
HPRT1 was determined. The asterisks represent the relative expression of 
each mRNA in the enoxacin-treated cultures relative to control cultures. 
Statistical analysis was done using t-tests of the ∆Ct values. Copied from 
(Toro EJ, Zuo J, Ostrov DA, Catalfamo D, Bradaschia-Correa V, Arana-
Chavez V, Caridad AR, Neubert JK, Wronski TJ, Wallet SM, Holliday LS. 
Enoxacin directly inhibits osteoclastogenesis without inducing apoptosis. J 
Biol Chem. 2012 May 18;287(21):17894-904. Epub 2012 Apr 2) with 
permission. 

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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Figure A-2. Enoxacin alters the distribution of DC-STAMP. Bone marrow-derived 

osteoclasts seeded on UpCell plates were differentiated for 6 days with M-
CSF and RANK-L.  Osteoclasts were then treated with 50uM enoxacin or 
vehicle alone for 72 hours.  Cells were probed with anti-RANK and anti-DC-
STAMP antibodies and acquired using a FACSCalibur flow cytometer.  Data 
was analyzed using FCS Express software.  A. Forward versus side scatter of 
osteoclasts showing gating on live cells (red) with or without enoxacin 
treatment.  B.  RANK versus DC-STAMP mean fluorescence intensity (MFI) 
gated on live cells with or without enoxacin treatment. Blue square indicates 
RANK+ cells used for histograms.  C.  Histograms showing MFI or each 
mouse with (red lines) or without (black lines) enoxacin treatment.  Gated on 
RANK+ live cells.  D. Data shown as an average of MFI in each gated 
category: DC-STAMP low, DC-STAMP, medium, DC-STAMP high 
expression.  *p value = 0.0089.  Unpaired t-test with Welch’s correction.  n=4 
mice per group. Copied from (Toro EJ, Zuo J, Ostrov DA, Catalfamo D, 
Bradaschia-Correa V, Arana-Chavez V, Caridad AR, Neubert JK, Wronski TJ, 
Wallet SM, Holliday LS. Enoxacin directly inhibits osteoclastogenesis without 
inducing apoptosis. J Biol Chem. 2012 May 18;287(21):17894-904. Epub 
2012 Apr 2) with permission. 

 

http://www.ncbi.nlm.nih.gov/pubmed/22474295�
http://www.ncbi.nlm.nih.gov/pubmed/22474295�
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