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Summary: We studied the inhibitory effects of the fluoroquinolones levofloxacin, ciprofloxacin, and trova- 
tloxacin on growth and extracellular matrix mineralization in MC3T3-El osteoblast-like cell cultures. Levo- 
floxacin had the least inhibitory effect on cell growth, with a 50% inhibitory concentration of approximately 
80 pgiml at 48 and 72 hours. Ciprofloxacin had an intermediate degree of inhibition, with a 50%) inhibitory 
concentration of 40 pgiml at 48 and 72 hours. Trovafloxacin exerted a profound inhibitory cffect on cell 
growth, with a 50% inhibitory concentration of 0.5 pgiml, lower than clinically achievable serum levels. The 
decreased cell counts with up to 2.5 pgirnl of trovafloxacin and with up Lo 40 pgiml of ciprolloxacin were not 
associated with decreased rates of 5-bromo-2’-deoxyuridine incorporation per cell. Alatrovafloxacin, the L- 
alanyl-I-alanine prodrug of trovafloxacin, exerted erlects on prolileration and 5-bronio-2’-deoxyuridine in- 
corporation similar to those of the parent compound. The quinolones evaluated also inhibited extracellular 
matrix mineralization by MC3T3-El cells. Treatment of confluent cultures with trovafloxacin, ciprofloxacin, 
or levofloxacin resulted in strong inhibition of calcium deposition. as determined on day 14 by alizarin red 
staining and biochemical analysis. The effect was apparent with 2.5-5 pgiml of each of the three antibiotics 
tested and progressively increased to more than a 90% decline in the calciumiprotein ratio with 20-40 pgiml 
antibiotic concentration. Further in vivo studies are advocated to evaluate the relevance of the in vitro cyto- 
toxicity reported here to bone healing in  orthopedic patients. 

The quinolone antibiotics are being increasingly 
utilized in the treatment of osteomyelitis. ‘The latest 
generation of quinolones arc highly active against the 
coinmon pathogens of osteomyelitis, are bactericidal, 
and achieve adequate bone concentrations (14). The 
relativcly long half-lives of these agents and their high 
degree of oral bioavailability provide for once-a-day 
oral administration, which may translate into im- 
proved trcatment adherence. Additionally. the latest 
generation of quinolones have a favorablc side-effect 
profile and are well tolerated clinically (22). 

Quinolones exert thcir primary antibacterial elect  
through the inhibition of bacterial topoisomerase TI 
(DNA gyrase) and probably topoisomerase IV in 
gram-positive organisms (15). These enzymes are nec- 
essary for the induction of negative supercoiling in the 
tertiary structure of DNA during replication, and t h e  
binding of quinolone antibiotics to the DNA gyrase 
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complex is fatal for dividing prokaryotic cells (9). 
Several investigators have rcporkd quinolones to be 
cytotoxic to eukaryotic cells. Preclinical toxicological 
evaluations have revealed nephrotoxicity and cardio- 
toxicity in laboratory animals to which fluoroquino- 
lones were administered (23,26). Perhapb the most 
notable example of quinolone-associated cytotoxicity 
is chondrotoxicity-the ability of the class as a whole 
to induce arthropathy in juvenile animals ol’ many 
species (1). The cxact mechanism whereby quinolones 
exert this effect remains unclear, but their ability to 
chelate divalent and trivalent cations seems to be in- 
volvcd in the dcvclopment of the cartilagc lesions (8). 
However, in addition to divalent cation chelation. 
other mechanisms have been suggested to mediate 
the toxic effects of quinolones in eukaryotic cells. 
Mammalian cells have type-11 topoisomerases, and 
binding of quinolones to thcse enzymes has been sug- 
gested to contribute to cytotoxicity (18). In  particular, 
substitutions introduced at positions N-1, C-7, and C- 
8 to improve bioavailability and broaden the antibac- 
terial spectrum tend also to increase toxicity toward 
eukaryotic topoisomcrase 11 (25). For example, cipro- 
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floxacin, with a cyclopropyl group at the N-1 position, 
strongly inhibits topoisomerase 11 in calf thymus 
DNA, with a SO% maximal ellect observed at 150 pgi 
ml (1 3 ) .  lntercstingly, trovafloxacin, harboring a 3- 
azabicyclol [3.1.0] hexane substituent at the C-7 
position and exhibiting a very broad antibacterial 
spectrum including many anaerobic organisms, does 
not inhibit mammalian topoisomerase I1 at concentra- 
tions up to 1,000 pgiml (10,ll). 

We compared the cytotoxicity of three quinolone 
antibiotics-trovafloxacin. ciprofloxacin, and levo- 
floxacin-in mammalian cells in vitro. Because the 
quinolones are frequently used in the treatment of os- 
teomyelitis and because they were implicated in de- 
layed fracture healing in the rat (12), we cmployed the 
MC3T3-El murine calvaria-derived osteoblastic cclls 
for our studies. Surprisingly, we found trovafloxacin to 
be more toxic than the other two quinolones tested, 
consistent with thc idea that inhibition of eukaryotic 
topoisomerase 11 may not be the main mechanism me- 
diating toxicity in these cells. 

MATERIALS AND METHODS 
Cell Culture and Growth Curves 

MC3T3-El cells were maintained in alpha minimal essential 
medium (GIBCO BKL, Grand Island, NY. U S A )  supplemented 
with 10% fetal calf serum (Omega Scientific, Tarzana, CA, 
[J.S.A.), and, unless othcrwise stated, 100 Uiml penicillin G so- 
dium and 100 pgiiml strcptomycin sulfate. l h c  medium was 
changed three times a week. Ciprofloxacin (Baycr, West Haven, 
CT. U.S.A.), levofloxacin (Ortho McNeill. Raritan, NJ. U.S.A.), 
and trovafloxacin and alatrovafloxacin (Pfizer, New York, NY, 
U.S.A.) were added to the tissue cullure medium as indicated. l h e  
concentrations and potency of levofloxacin and trovafloxacin af- 
ter serial dilution were ascertained by conducting antibiotic sus- 
ceptibility tests by broth macrotube dilution with use of organisms 
with known minimum inhibitory concentrations. The minimum in- 
hibitory concentrations observed with levofloxacin and trovaflox- 
acin were 1 and 0.125 pgiml for Enterococcus Faecalis and 1 and 
0.5 pgiml for Pseudomonus Aeruginosn, in accord with publishcd 
minimum inhibitory concentrations (19). In the cell proliferation 
studies, cells were plated in 96-well plates at a preconfluent dcn- 
sity of 4,000 cellsiwell. The cells were allowed to attach for 24 
hours, treated for an additional 24-72 hours, and then trypsinizcd 
and counted with a hemocytometer. Cell counts at each antibiotic 
concentration and time point were compared with control values 
by a heteroscedastic Student’s f test, which allows for unequal 
variances (Microsoft Excel 5.0). The level of significance €or the 
experiments was set at p < 0.05. 

Incorporation of 5-Bromo-2’-Deoxyuridine 
DNA synthesis was assessed by measuring the incorporation of 

.Ci-hromo-2’-deoxyuridine into newly synthcsizcd DNA with use of 
enzyme-linked immunosorhent assay (kit 1 647 229; Roehringer 
Mannheim. Sl. Joseph, MO, CJ.S.A.). Cells were plated in 96-wcll 
plates at a density of 4,000 cellsiwell and allowed to attach for 24 
hours, aiter which antibiotics were added at various concentrations. 
Following an additional 24 hours, j-brom0-2’-deoxyuridine was 
added lor 20 hours. Its incorporation was determined according to 
the manufacturer’s protocol with use of a peroxidase-conjuRated 
anti-5-bromo-2’-deoxyuridine monoclonal antibody and tetraeth- 
ylbensidine as substrate. The contribution o f  nonspecific binding 

of j-bromo-2’-deoxyuridine antibody was determined in parallel 
cultures in the absence of S-bromo-2’-deoxyuridine, and the back- 
ground value was subtracted from the total absorbance values. The 
net incorporation values fur S-bromo-2’-deoxyuridine were cor- 
rected for the cell number preyent for each antibiotic concentration 
following 34 hours o f  treatment. Thesc counts were performed with 
cells plated and treated in parallel to  the S-bromo-2’-deoxyuridine- 
labeled wells. 

Mineralization 
To assess calcium deposition, MC3T3-El cells were plated in 

12-well tissue-culture dishes at a density of 40,000 cells per well 
and the serum-containing medium was supplemented with ascor- 
bic acid (50 pgiiiil) and p-glycerol phosphate (10 niM) starting on 
day 4. In thesc studies. the quinolone antibiotics were added post- 
confluently (day S), and the cultures were harvcstcd on day 14. 
For histochemical dcmonstration of calcium deposition, the cell 
laycrs wcre fixed with 70% ethanol for 1 hour and staincd for 10 
minutes with 40 m M  alizarin red (pH 4.2) (Sigma Chemical. St. 
Louis, MO, 1J.S.A.). For biochemical evaluation. the ccll layers 
were collccted and initially lysed in 150 pI of ‘Tris buffcrcd saline 
containing 0.2% Triton. Following centrifugation, an aliquot was 
removed for protein dcterrnination with use of the Micro BCA 
Protein Assay Rcagcnt Kit (Picrcc, Rockford. IL. U.S.A.). HCl 
was then addcd to a final coiiccntration of 0.5 M ,  and the calcium 
Concentration was dctcrniined on thc basis of thc light absorbance 
of complexes formcd with o-cresolphthalein (Sigma Procedure 
no. 587; Sigma Chemical). 

RESULTS 
Differential Inhibition of Cell Accumulation by 
Ciprofloxacin, Levofloxacin, and Trovafloxacin 

\;t7c studied the effects o f  quinolones on MC3T3-El 
osteoblastic cells, a nontumorigenic cell line derived 
from newborn mouse calvaria (24). These cells un- 
dergo a reproducible diffcrcntiation proccss in vitro, 
with a proliferative period followed by staged devel- 
opment of the osteoblast phenotype. characterized by 
expression of bone phenotypic genes and elaboration 
of mineralized extracellular matrix (2). Initially, we 
examined the elects of ciprofloxacin, levofloxacin. 
and trovafloxacin on proliferation, determincd by cell 
counts during a 3-day treatment. A dose-dependent 
decrease in cell number was observed with all three 
drugs (Fig. 1). The inhibitory effect was most pronii- 
nent with trovafloxacin. with which a 50% reduction 
in cell number was evident at levels as low as 0.5 pg/ml 
at 48 and 72 hours (Fig. 1, left panel). The number of 
cells did not increase as a function 01 time with trova- 
floxacin concentrations of 2.5 pg/ml or greater. The 
effect of ciprofloxacin on cell growth was less pro- 
nounced: a concentration of 20 pgiml was required to 
achieve significant inhibition of cell growth at 48 and 
72 hours (Fig. 1, middle panel). The concentration re- 
sulting in 50% inhibition ( 1 0 )  was approximately 40 
ygiml at 48 and 72 hours. Levofloxacin had the least 
inhibitory effect on the cell counts (Fig. 1, right panel). 
The 1CSO at 48 and 72 hours was roughly 80 pgiml. 
Thus. the decrcased accumulation of MC3T3-El cells 
as a function of time is strongly dependent on the spe- 
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FIG. 1. Inhibition of MC3T3-El cell accumulation by trovafloxacin. ciprofloxacin, and Ievofloxacin. MC3T3-El cells were treated with tro- 
vafloxacin (left). ciprolloxacin (middle), or levofloxacin (right) at the indicated concentrations as described in the Materials and Methods 
section. The cells were counted following 24 (open bars). 48 (hatched bars), or 72 (solid bars) hours. The results are from one of four ex- 
periments with similar results. Each bar represents the average cell count from three to four replicate wells ( iSD) ,  with thc 24-hour control 
value defined as 100. Similar results werc obtained whether the experiments were conducted in medium containing or lacking penicillin 
and streptomycin. At 24 hours, statistically significant inhibition of cell accumulation was achieved only with trovafloxacin at concentra- 
tions of 2.5 pgirnl and higher (p < 0.05). Drug concentrations above which cell counts at 45 and 72 hours werc consistently lower than the 
respective control levels (p < 0.05) were 0.5, 20, and 40 pgiml for trovafloxacin. ciprofloxacin, and levofloxacin, respectively. 

cific quinolone used, with a 40 and 160-fold grcater 
sensitivity to trovafloxacin compared with ciprofloxa- 
cin and levofloxacin, respectively. 

Decreased Cell Accumulation in 
Quinolone-treated Cultures is not Accompanied 
by a Decline in DNA Synthesis 

The decreased cell counts in the quinolone-treated 
cultures (Fig. 1) may have resulted from inhibition of 
DNA synthesis. We therefore examined the effect of 
trovafloxacin and ciprofloxacin on the incorporation 
of S-bromo-2’-deoxyuridinc in to newly synthesi~ed 
DNA during a 20-hour period starting 24 hours after 
the commencement of antibiotic treatment. Inhibition 
of cell accumulation by trovafloxacin at concentra- 
tions of 0.5-2.5 pgiml (Figs. 1 and 2A, insert) was not 

accompanied by a parallel inhibition of 5-bromo-2‘- 
deoxyuridine incorporation per cell. On a per well 
basis, S-bromo-2‘-deoxyuridine incorporation did de- 
crease dose dependently (down to 40% of control lev- 
els at 2.5 pgiml), but this was largely attribulable lo 
the decreased number of cells recorded in the same 
experiment in parallel wells (Fig. 2A, insert). Incorpo- 
ration ol5-bromo-2‘-deoxyuridine per cell at concen- 
trations of 5 pgiml and greater was apparently less 
than 0.04 relative units, but these data (not shown) 
cannot be interpreted because the low number of cells 
in these wells (Fig. 2A. insert) could no longer support 
an incorporation rate of S-bromo-2’-deoxyuridine sig- 
nificantly greater than the background level of the 
assay (see Materials and Methods section). More im- 
portantly, the results for 0 5 2 . 5  pgiml of trovafloxacin 

A Y 
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1.25 
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FIG. 2. Effect of trovafloxacin and ciprofloxacin on 5-bromo-2’-deoxyuridine (BrdU) uptake in MC3T3-H cells. Incorporation of S- 
bromo-2’-deoxyuridinc into DNA was dctcrmincd as described in the Materials and Methods section in cultures treated with A trova- 
floxacin or B ciprofloxacin. The inserts show the results o f  cell count experimcnts. pcrformcd in parallel in two to thrcc wclls pcr antibiotic 
concentration. Each bar represents the mean -t SD of triplicate wells, corrected for the corresponding average cell number. Incorporation 
rates at 5, 10. 20, 40, and 80 pgiml of trovafloxacin were lower than thc valuc at 2.5 pgiml hut cannot be interpretcd bccausc of thc low 
cell numbers in thc respective wells (insert. white bars, and see text). Similar results were obtained in two additional experiments. 
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suggest that the inhibitory effect on cell accumulation 
at this concentration range is not attributable to inhi- 
bition of cell cycle progression. The possibility that 
trovafloxacin inhibits the increase in cell number by 
apoptosis remains to be explored. 

Figure 2B dcscribes the incorporation of S-bromo- 
2’-deoxyuridine in MC3T3-El cultures treatcd with 
ciprofloxacin. Similar to our findings with trovafloxa- 
cin, ciprofloxacin concentrations, under which a sig- 
nificant decrease in cell number was recorded (20 and 
40 pgiml), did not inhibit incorporation of S-bromo- 
2‘-deoxyuridine per cell. Again, this suggests that 
ciprofloxacin also exerts its primary effect on MC3T3- 
El growth through a mechanism other than inhibition 
of cell cycle progression. In fact, ciprofloxacin at 40 
pg/ml had a stimulatory effect on S-bromo-2’-deoxy- 
uridine incorporation. Only by 80 and 160 pgiml did 5- 
bromo-2’-deoxyuridine incorporation levels drop (to 
53 and 43% of the control levels, respectively), in- 
dicating inhibition of DNA synthesis at these high 
concentrations. 

The yuinolone trovafloxacin is available clinically 
for intravcnous usage as its L-alanyl-I-alanine deriva- 
tive, alatrovafloxacin. which has a higher degree of 
solubility at physiologic pH. We therefore performed 
ccll count and S-bromo-2’-deoxyuridine incorpora- 
tion experiments in MC3T3-El cells treated with ala- 
trovafloxacin. Alatrovafloxacin dramatically reduced 
the cell counts, with an 1C50 of approximately 0.5 pg/ 
ml at 48 and 72 hours (Fig. 3A). With concentrations 
of 1.25 pgiml and higher. the inhibitory effect was al- 
ready apparent after 24 hours of treatment. The over- 
all inhibition by alatrovafloxacin was similar to that of 
trovafloxacin (Fig. 1). Also similar to trovafloxacin, 
the decreased number of cells in cultures treated with 
0.5 and 1.25 ,ugiml alatrovafloxacin was not attribut- 
able to inhibition of cell cycle progression, because 
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these cells incorporated S-bromo-2’-deoxyuridine at 
rates that are not significantly lower than those deter- 
mined in nontreated cultures (Fig. 3B). Thus, the L- 
alanyl-I-alanine substitution in alatrovafloxacin does 
not influence the effect of this quinolone on osteo- 
blast proliferation. 

Exposure of Confluent MC3T3-El Cultures 
to Quinolones Inhibi*- Calcium Deposition 

We next examined the effect of the yuinolone anti- 
biotics on thc elaboration of mineralizcd cxtracellular 
matrix by MC3T3-El cells cultured for 2 weeks in the 
presence of ascorbic acid and P-glycerophosphate. In 
the absence of quinolones, these cultures develop nu- 
merous nodules with heavy calcium-phosphate de- 
posits, demonstrable by alizarin red (Fig. 4) and von 
Kossa (not shown) staining. Chronic exposurc of post- 
confluent (day 5 )  cultures to quinolones attenuated 
calcium deposition as determined on day 14 by his- 
tochemical (Fig. 4A) and biochemical (Fig. 4B) analy- 
sis. With trovafloxacin, a significant inhibition (36% 
reduction in calcium accumulation compared with 
control) was apparent at 2.5 pgiml, and calcium depo- 
sition was almost completely obliteratcd (91%) at S 
pgiml (Fig. 4). Ciprofloxacin had a similar effect, 
again exhibiting strong inhibition (50% of control) at 
2.5 pg/ml. Highcr concentrations of ciprofloxacin 
resulted in progressive further inhibition but were 
generally more conservative than the respective con- 
centrations of trovafloxacin. Finally, levofloxacin also 
inhibited the mineralization of MC3T3-El cultures 
but only at concentrations of 5 pgiml (48% reduction 
in calcium deposition) or higher (Fig. 4). Thus, min- 
eral deposition progressed normally with all of the 
tested quinolones at 1.25 pg/ml, but strong inhibition 
was observed histologically and biochemically at 2.5 
(trovafloxacin and ciprofloxacin) or 5 pgiml, with near 
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FIG. 3. Effect of alatrovafloxacin on cell accumulalion and S-bromo-2’-deoxyuridine (BrdU) uptake. A MC3T3-El cell accumulation was 
evaluated as in Fig. 1 (mean -t SD, n = 3). Cell counts in cultures treated with 0.5 pgiml and higher concentrations of alatrovafloxacin were 
significantly lower than thosc in the control cultures (p < 0.05). B: The effect of alatrovafloxacin o n  DNA synthesis was determined with 
use ol5-bromo-2‘-deoxyuridine as in Fig. 2. One of two experiments with similar results is presented. 
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FIG. 4. Inhibition of extracellular matrix mineralization in MCIT3-El cell culturcs treated with trovafloxacin, ciprofloxacin, and levo- 
floxacin. Cells wcrc subjected Lo a difrerentialion protocol as described in the Materials and Methods section. The cultures wcre treated 
with the indicated quinolones starting on day 5 (postconfluency). Cultures were harvested on day 14. A: Mineralization of the extracellular 
matrix is demonstrated by alizarin red staining as described in the Materials and Methods section. The quinolone concentrations arc dc- 
picted in pg/mi below the micrographs. A representative field is shown for each cxperimcntal condition. Original magnification, XlOO. B: 
Biochemical analysis of calcium accumulation in the cell layer. Cells were lysed in Triton followed by acid extraction and determination 
of the calcium content in cell layers. Calcium levels are corrected for the protein coiiccntrations dctcrmincd in thc Triton lysate. Results 
are shown for one of three experiments with similar results (mean ir SD, n = 3). 

obliteration at 40 pglml for all three antibiotics. 

DISCUSSION 
We studied the effects of each of the quinolone an- 

tibiotics trovafloxacin, ciprofloxacin. and levofloxacin 
on the proliferation and mineralization of MC3T3-El 
murine osteoblastic cell culture. All three quinolones 
tested inhibited cell growth and mineralization in a 
dose-dependent manner. The most dramatic effect on 
cell accumulation was observed with trovafloxacin 
and its prodrug derivative alatrovafloxacin, with ap- 
proximately SO% reductions at concentrations of only 
0.5 yglml and virtual obliteration of thc MC3T3-El 
cell cultures at 2.5 pglml. To our knowledge, this is the 
first demonstration of the toxicity of this quinolone 
toward osteoblastic cells. For ciprofloxacin, the inhib- 
itory effect occurred at higher concentrations with an 

ICS0 of approximately 40 yg/ml. These data are con- 
sistent with the recently published findings of Miclau 
et al. (17), who found a 27% inhibitory effect of cipro- 
floxacin on the growth of MG-63 human osteosar- 
coma cells at a concentration of 40 ygiml at 72 hours. 
Prior studies by Forsgren et al. ( 5 7 )  revealed a 30- 
50% growth-inhibitory effect on human lymphocytes 
at a ciprofloxacin coiicentration of 20 pgml, with total 
inhibition of cell growth in the 80-160 ygiml range, 
similar to our results with MC37’3-El osteoblastic 
cells. Levofloxacin was the least toxic agent in our 
study, with no inhibitory effect on cell number at 24 
hours and a relatively mild effect at 72 hours (ICSO of 
-80 pglml). 

Because the antibacterial effect of quinolones is 
mediated by the targeting of prokaryotic DNA topo- 
isomerase I1 (15), it seemed possiblc that the inhibi- 
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tion of eukaryotic cell proliferation would involve the 
corresponding eukaryotic topoisomerase. This notion 
is supported by our results showing that high cipro- 
floxacin concentrations (80 pg/ml and greater) caused 
a significant decrease in incorporation rates of 5- 
bromo-2'-deoxyuridine. These findings are consistent 
with those ol' Forsgren et al. (6). showing a decrease in 
['Hlthymidine incorporation into human lymphocytes 
at 50-200 pgiml of ciprofloxacin, and those of Hussy et 
al. (13), who rcportcd a 50% inhibition of mammalian 
topoisomerase I1 by ciprofloxacin at 150 pg/ml. 

Whereas high ciprofloxacin concentrations inhib- 
ited DNA synthesis, our S-bromo-2'-deoxyuridine 
incorporation results with low ciprofloxacin and tro- 
vafloxacin conccntrations suggest these quinolones 
may exert toxic effects on MC3T3-El cells by ad- 
ditional mechanisms. For example, ciprofloxacin at 
concentrations up to the IC50 (40 pgiml) did not 
result in dccrcascd rates of S-bromo-2'-deoxyuridine 
incorporation per cell. Similarly, for trovafloxacin, 5-  
bromo-2'-deoxyuridine incorporation was well pre- 
served up to 1.25 pgiml. which is well past the point 
where a significant decline in cell number was ob- 
served. Therefore, it seems unlikely that inhibition of 
MC3T3-El cell accumulation by either of these qui- 
nolones is mediated exclusively by topoisomerase 11. 
because inhibition of this enzyme would have resulted 
in decreased rates of S-bromo-2'-deoxyuridine incor- 
poration. This finding is in keeping with the work of 
Gootz et al. (lo), who found no significant effect on 
eukaryotic topoisomerase I1 activity by trovafloxacin. 
The possibility of mechanisms mediating quinolonc- 
associated cytotoxicity by means other than inhibition 
of nuclear DNA replication is further supported by 
the studies of Dalhoff and Doring ( 3 )  with prokary- 
otes and of Hussy et al. (13) with human lymphocytes, 
suggesting quinolone action at the cell membrane and 
mitochondria levels, respectively. It is noteworthy that 
Riesbeck et al. (21) found no significant effect of 
ciprofloxacin on mitochondria1 DNA replication, pro- 
tein synthesis, or oxidative phosphorylation. None- 
theless. at least two mechanisms appear to mediate 
the toxic effects of quinolones in mammalian cells: in- 
hibition of DNA synthesis occurs at high drug concen- 
trations and other, as yet unidentified, mechanisms 
are operative at low Concentrations. 

Diverse actions of quinolones on MC3T3-El os- 
teoblastic cells are also suggested by comparing the 
effects of ciprof-loxacin and levofloxacin on cell prolif- 
eration with the effects on differentiation. Ciprofloxa- 
cin started to inhibit calcium deposition in MC3T3-El 
culturcs at 2.5 pgiml, a concentration significantly 
lower than that affecting cell growth (20 pg/ml). Levo- 
floxacin inhibited these cultures in a similar fashion, 
albeit at overall higher levels. Mineralization was af- 
fected alrcady at 5 pgiml. whcreas several-fold higher 

concentrations were rcquired to inhibit proliferation. 
In this respect, trovafloxacin was different from the 
other two quinolones, because the decrease in cell 
counts was apparent at concentrations (0.5 pgiml) 
lower than those al'fecting calcium dcposition (2.5 pg/ 
ml). Thus, our data suggest that quinolones affect os- 
teoblast function by diverse pathways and that dif- 
ferent quinolones may have different mechanisms of 
action. 

Previous in vitro studies with osteoblastic cells have 
demonstrated deleterious effects of nonquinolone an- 
tibiotics used in the treatment of musculoskeletal 
infections. However, these effects occur at concentra- 
tions far higher than those reported by Miclau et al. 
(17) and those used in the present study for thc qui- 
nolonc antibiotics. Specifically, significant inhibitory 
effects were observed with 200,400, and 10,000 pgiml 
for cefazolin, tobramycin, and vancomycin, respec- 
tively (4,16), compared with 0.5-5 pg/ml in the present 
study. Moreover, ciprofloxacin and trovafloxacin in- 
terfere with experimental fracture healing in the rat 
(12,20). Given the clinically achievable serum levels 
and the bone penetration of quinolones, it is not in- 
conceivable that quinolones might exert an adverse 
effect on bone healing under certain circumstanccs. 
Serum peak levels for ciprofloxacin are approxi- 
mately 2.5 pgiml, and cortical bone concentrations are 
around 1.4 pgiml (1 5).  Thus, whereas systemic admin- 
istration of ciprofloxacin is unlikely to pose a serious 
risk to bone healing, our results support the concerns 
of Miclau et al. (17) with regard to local administra- 
tion 01 this or other quinolones. Trovafloxacin has 
high oral bioavailability, achieving maximal serum 
conccntration of 3 pg/ml after a single 300-mg oral 
dose (27). Because conccntrations as low as 0.5 pg/ml 
strongly inhibited osteoblast proliferation in our 
study, there is a clear need for further studies address- 
ing bone healing in vivo following even systemic ad- 
ministration of trovafloxacin. In thc interim, caution 
should be exercised. 
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