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SYNOPSIS 26 

Background: Moxifloxacin retains partial activity against some fluoroquinolone-resistant 27 

mutants of Mycobacterium tuberculosis. Levofloxacin is presumed to be as active as 28 

moxifloxacin against drug-susceptible tuberculosis and to have a better safety profile. 29 

Objectives: To compare the in vivo activity of levofloxacin and moxifloxacin against M. 30 

tuberculosis strains with various levels of fluoroquinolone resistance.  31 

Methods: BALB/c mice were intravenously infected with 10
6 

M. tuberculosis H37Rv and 32 

three isogenic mutants, GyrA A90V, GyrB E540A and GyrB A543V. Treatment with 50 or 33 

100 mg/kg levofloxacin and 60 or 66 mg/kg moxifloxacin was given orally every 6 hours, for 34 

4 weeks. 35 

Results: Levofloxacin 50 and 100 mg/kg/6h and moxifloxacin 60 and 66 mg/kg/6h generated 36 

AUCs in mice equivalent to those of levofloxacin 750 and 1000 mg/day and moxifloxacin 37 

400 and 800 mg/day, respectively, in humans. Moxifloxacin 60 and 66 mg/kg/6h had 38 

bactericidal activity against strain H37Rv (MIC ≤0.25 mg/L) and mutants GyrB E540A and 39 

GyrB A543V (MIC =0.5 mg/L). Against mutant GyrA A90V (MIC =2 mg/L), moxifloxacin 40 

60 mg/kg/6h did not prevent bacillary growth whereas 66 mg/kg/6h had bacteriostatic 41 

activity. Levofloxacin 50 mg/kg/6h had bactericidal activity against H37Rv (MIC ≤0.25 42 

mg/L) but not against the mutant strains. Levofloxacin 100 mg/kg/6h had bactericidal activity 43 

against H37Rv and mutants GyrB E540A (MIC = 0.5 mg/L) and GyrB A543V (MIC = 1 44 

mg/L) but not against mutant GyrA A90V (MIC = 4 mg/L). 45 

Conclusion: All mutations reduced fluoroquinolone activity, even those classified as 46 

susceptible according to phenotypic tests. High-dose levofloxacin is less effective than high-47 

dose moxifloxacin against both fluoroquinolone-resistant and -susceptible M. tuberculosis 48 



 

strains in mice. 49 





 

INTRODUCTION 50 

Misuse of antibiotics has led to the appearance of multidrug-resistant tuberculosis (MDR TB), 51 

defined as resistant to at least isoniazid and rifampin.
1
 Since fluoroquinolones (FQs) and 52 

aminoglycosides have been used largely to treat these MDR TB cases, additionally FQ- and 53 

aminoglycoside-resistant MDR TB strains were selected, leading to extensively drug-resistant 54 

tuberculosis (XDR TB) strains. The World Health Organization (WHO) reported 55 

approximately 480 000 new cases of MDR TB in 2014, including 10% of XDR TB.
2
 56 

Prognosis of MDR and XDR TB is poor since the death rate increases from 10%, of drug-57 

susceptible tuberculosis, to at least 17-24% and 23-61% of MDR and XDR TB, 58 

respectively.
3,4

 FQ resistance appears to be the main factor explaining the poor prognosis of 59 

XDR TB.
5
 The main mechanism of FQ resistance in M. tuberculosis relies on DNA gyrase 60 

mutations, which entail variable levels of resistance. We have shown in previous work in 61 

mice, that a human equivalent dose of 400 mg/day of moxifloxacin retains partial activity 62 

against FQ-resistant M. tuberculosis mutants.
6
 We subsequently showed that this benefit was 63 

maintained against low-level FQ-resistant strains when moxifloxacin was used in combination 64 

with second-line drugs.
7
 This concept of using an FQ despite in vitro resistance was validated 65 

in a clinical study in which gatifloxacin, as part of the 9-month Bangladesh regimen, was as 66 

active against low-level resistant strains as against FQ-susceptible strains.
8
 Levofloxacin, 67 

another FQ with antituberculous activity, has shown higher early bactericidal activity (EBA) 68 

at 1000 mg/day than moxifloxacin and gatifloxacin at 400 mg/day.
9
 When included in an anti-69 

MDR TB regimen, levofloxacin at 750 mg/day has proven to be equivalent to moxifloxacin at 70 

400 mg/day, with a 3-month sputum culture conversion rate taken as criterion of 71 

effectiveness.
10

 More importantly, levofloxacin has a better safety profile than moxifloxacin 72 

and gatifloxacin.
9
 In particular, levofloxacin prolongs the QT interval less than moxifloxacin, 73 

which makes it the preferred FQ for combination with drugs that do prolong the QT interval, 74 



 

i.e., new anti-TB drugs such as bedaquiline or delamanid, or also clofazimine which is part of 75 

the short MDR TB treatment recently approved by the World Health Organization (WHO).
11

 76 

Therefore, WHO recommendations proposed levofloxacin as the preferred FQ to be included 77 

in an anti-MDR TB regimen. However, levofloxacin activity has never been evaluated against 78 

FQ-resistant strains. 79 

Our objective was to compare the in vivo activities of levofloxacin and moxifloxacin against 80 

wild-type (WT) M. tuberculosis and strains harboring DNA gyrase mutations responsible for 81 

various levels of FQ resistance, using a murine model of infection. 82 

 83 



 

MATERIALS AND METHODS 84 

 85 

Antimicrobial agents 86 

Solutions were prepared from tablets of moxifloxacin (400 mg; Bayer
®

) and levofloxacin 87 

(500 mg; Arrow Génériques
®
, Lyon, France). Tablets were crushed in a mortar and dissolved 88 

in sterile water at the desired concentration to provide a gavage solution. Levofloxacin and 89 

moxifloxacin powders (Sigma-Aldrich, France) were used to determine minimum inhibitory 90 

concentrations (MIC). 91 

 92 

M. tuberculosis strains 93 

Four M. tuberculosis strains were used, the WT reference strain H37Rv and three isogenic 94 

mutant strains harboring DNA gyrase substitutions: A90V in GyrA and two GyrB mutants 95 

selected in vivo. The latter two harbor the E540A and A543V mutations according to the 96 

numbering system used more frequently in the literature, or E501A and A503V according to 97 

the recently proposed consensus numbering system for GyrB.
12

 M. tuberculosis strains were 98 

isolated from mice lungs and grown on Lowenstein-Jensen medium.
13

 The mutation present 99 

in each strain was checked by sequencing the gyrA and gyrB QRDRs as previously 100 

described.
6
 101 

 102 

Determination of minimum inhibitory concentrations 103 

The MICs of ofloxacin, moxifloxacin, gatifloxacin, levofloxacin and enoxacin were 104 

determined using 7H11 agar supplemented with 10% OADC. MIC was defined as the lowest 105 

concentration that inhibited >99% of bacterial growth.  106 

 107 

Murine model of tuberculosis 108 



 

The study was approved by the Charles Darwin Research Ethics Committee (approval number 109 

4568 2016031411142463 v3). 110 

 111 

Five-week-old inbred BALB/c mice were purchased from the Janvier Breeding center (Le 112 

Genest Saint-Isle, France). Mice were inoculated in the tail vein with a 0.5-mL bacterial 113 

suspension that contained 5.7–6.0 log10 cfu of each M. tuberculosis strain. A first experiment 114 

aimed at comparing the virulence of M. tuberculosis H37Rv WT and mutant strains harboring 115 

substitutions in DNA gyrase. We inoculated three mice for each strain and monitored them 116 

during one month. A second experiment aimed at comparing the residual efficacies of 117 

moxifloxacin and levofloxacin against the FQ-resistant mutants and against the WT strain. 118 

We conducted this experiment twice, with 160 mice inoculated in each case and with two sets 119 

of FQ doses, i.e., first with levofloxacin at 50 mg/kg/6h and moxifloxacin at 66 mg/kg/6h and 120 

second with levofloxacin at 100 mg/kg/6h and moxifloxacin at 60 mg/kg/6h. Mice were 121 

treated for 5 days per week during 4 weeks. 122 

For each experiment and each M. tuberculosis strain (H37Rv WT and mutant strains GyrA 123 

A90V, GyrB E540A and GyrB A543V), 40 mice were inoculated: ten for determining the 124 

initial bacillary load in lungs (D0), ten for survival analysis and ten for assessing the treatment 125 

efficacy of moxifloxacin and levofloxacin. The moxifloxacin doses used aimed at mimicking 126 

the human equivalent 400 and 800 mg/day doses; the levofloxacin doses used aimed at 127 

mimicking the 750 and 1000 mg/day doses.
9,14–18

 128 

Since the optimal AUC0-24h/MIC ratio of levofloxacin against M. tuberculosis was unknown, 129 

we added a dose-ranging evaluation against H37Rv during the second experiment. We treated 130 

six H37Rv-infected mice with 25 mg/kg of levofloxacin and six with 35 mg/kg, given by oral 131 

gavage every 6 hours, 5 days per week during 4 weeks. 132 

 133 



 

Assessment of efficacy 134 

Treatment efficacy was measured in terms of survival rates and lung cfu counts. Ten mice 135 

from each treatment group were sacrificed one day after infection (D0). Surviving mice were 136 

sacrificed at the completion of treatment. The bacillary load was compared between end and 137 

start of treatment. When there was a statistically significant decrease, the activity was 138 

considered bactericidal. When the bacillary load was not statistically different from that at the 139 

start of treatment, the activity was considered bacteriostatic.  140 

 141 

Levofloxacin and moxifloxacin dose-effect model 142 

Nonlinear regression analysis using a sigmoid Emax effect model
19

 was done based on 143 

bacterial concentrations in the lung after 4 weeks of treatment. Dose-effect sigmoid curves 144 

were drawn using the following Hill equation: bactericidal effect = Emax  / [1 + 10 power 145 

[(logEC50- x) x N]] where EC50 is the 50% effective exposure and N is the Hill coefficient. 146 

FQ exposure was expressed in Cmax/MIC and AUC0-24h/MIC ratios.  147 

 148 

Statistical analysis 149 

We compared cfu counts using the non-parametric Wilcoxon test and we evaluated survival 150 

data using the log-rank test. Statistical calculations were done using the website BiostaTGV 151 

(http://www.u707.jussieu.fr/biostatgv/). In the dose-effect model, levofloxacin and 152 

moxifloxacin effects were compared using the non-parametric Wilcoxon and Spearman tests. 153 

Calculations were done using SigmaPlot
®
 software. Differences were considered statistically 154 

significant when p was <0.05.  155 

 156 

Pharmacokinetic analysis in mice 157 

http://www.u707.jussieu.fr/biostatgv/


 

We measured the pharmacokinetic parameters of each moxifloxacin and levofloxacin dose 158 

after the first dose was administered. Once the drug was administered orally, we anaesthetized 159 

the mice using halogenic gas (isoflurane). We collected blood by performing cardiac puncture 160 

in three mice for each time point. Blood was drawn 0, 10, 20, 30, 90, 240 and 360 minutes 161 

after gavage. The total fractions of levofloxacin and moxifloxacin were measured using a 162 

microbiological assay with Escherichia coli as assay organism.
20

 We determined the 163 

maximum serum concentration (Cmax) and area under the concentration (AUC) time curve in a 164 

compartmental and a non-compartmental model using Phoenix
®
 software. Drug accumulation 165 

was assessed by determining the residual plasma concentrations in three mice after 7, 14 and 166 

21 days of treatment. 167 

 168 



 

RESULTS 169 

Characteristics of FQ-resistant strains of M. tuberculosis 170 

Levofloxacin and moxifloxacin MICs were, respectively, ≤0.25 and ≤0.25 mg/L for the WT 171 

strain H37Rv, 0.5 and 0.5 mg/L for the GyrB E540A mutant, 1 and 0.5 mg/L for the GyrB 172 

A543V mutant and 4 and 2 mg/L for the GyrA A90V mutant (Table 1).  173 

 174 

Pharmacokinetic analysis in mice 175 

Since the AUC/MIC ratio is believed to be the pharmacodynamic driver of FQ activity against 176 

M. tuberculosis,
21

 50 and 100 mg/kg/6h of levofloxacin in mice were considered to be 177 

equivalent to, respectively, 750 and 1000 mg/day in humans (Tables 2 and 3). For 178 

moxifloxacin, 60 and 66 mg/kg/6h in mice were considered to be equivalent to, respectively, 179 

400 and 800 mg/day in humans. Weekly monitoring of residual moxifloxacin and 180 

levofloxacin concentrations did not show any accumulation of these drugs. 181 

 182 

Virulence of FQ-resistant M. tuberculosis strains 183 

Mice were infected with inocula ranging from 5.7 to 6.0 log10 cfu. Mortality of untreated 184 

H37Rv-infected mice was not different from that of mice infected with mutant strains 185 

(p>0.22) in the two experiments (data not shown).  186 

 187 

Comparison of levofloxacin and moxifloxacin activities against FQ-resistant 188 

M. tuberculosis  189 

 190 

Survival analysis  191 

A 50 mg/kg/6h levofloxacin dose prevented mortality in GyrB E540A-infected mice (p=0.02) 192 

and delayed mortality in GyrB A543V-infected mice (p=0.02) but not in GyrA A90V- and 193 



 

H37Rv-infected mice (Figure 1, supplementary data). A 100 mg/kg/6h levofloxacin dose 194 

prevented mortality in H37Rv-, GyrB E540A- and GyrB A543V-infected mice (p<10
-5

) but 195 

not in GyrA A90V-infected mice (p=0.07) (Figure 2, supplementary data). A 60 mg/kg/6h 196 

moxifloxacin dose prevented mortality in H37Rv-, GyrB E540A-, GyrB A543V- and GyrA 197 

A90V-infected mice (p<0.0001) (Figure 3, supplementary data). A 66 mg/kg/6h moxifloxacin 198 

dose prevented mortality in GyrB E540A-, GyrB A543V- and GyrA A90V-infected mice 199 

(p=0.01, p=0.001 and p=0.01, respectively) (Figure 4, supplementary data). A 66 mg/kg/6h 200 

moxifloxacin dose was more effective than a 50 mg/kg/6h levofloxacin dose in GyrB A543V- 201 

and GyrA A90V-infected mice (p=0.004 and p=0.002, respectively) but not in GyrB E540A 202 

and H37Rv-infected mice. A 60 mg/kg/6h moxifloxacin dose was more effective than a 100 203 

mg/kg/6h levofloxacin dose in GyrA A90V-infected mice (p=0.0001) but not in GyrB 204 

A543V-, GyrB E540A- and H37Rv-infected mice. 205 

 206 

Lung cfu counts 207 

Figure 1 shows lung cfu variations between the day before and 4 weeks after treatment 208 

initiation, depending on FQ dose and M. tuberculosis strain. Compared to D0, a 50 mg/kg/6h 209 

levofloxacin dose reduced lung cfu counts by 2.4 log10 cfu in H37Rv-infected mice (p=0.02), 210 

whereas the counts increased in GyrB E540A-, GyrB A543V- and GyrA A90V-infected mice 211 

(p=0.003, p=0.001 and p=0.0003, respectively). Compared to D0, a 100 mg/kg/6h 212 

levofloxacin dose reduced lung cfu counts by 3.0 log10 cfu in H37Rv-infected mice 213 

(p=0.0002), by 1.1 log10 cfu in GyrB E540A-infected mice (p=0.0002) and by 0.9 log10 cfu in 214 

GyrB A543V-infected mice (p=0.0003), whereas the counts increased in GyrA A90V-215 

infected mice (p=0.001). 216 

Compared to D0, a 60 mg/kg/6h moxifloxacin dose reduced lung cfu counts by 3.7 log10 in 217 

H37Rv-infected mice (p=0.0002), by 2.3 log10 cfu in GyrB E540A-infected mice (p=0.0002) 218 



 

and by 2.7 log10 cfu in GyrB A543V-infected mice (p=0.0002), whereas the counts tended to 219 

increase in GyrA A90V-infected mice (p=0.07). Compared to D0, a 66 mg/kg/6h 220 

moxifloxacin dose reduced lung cfu counts by 3.4 log10 in H37Rv-infected mice (p=0.001), 221 

by 2.1 log10 cfu in GyrB E540A-infected mice (p=0.0003) and by 1.6 log10 cfu in GyrB 222 

A543V-infected mice (p=0.00002) but not in GyrA A90V-infected mice in which the cfu 223 

counts remained unchanged. 224 

Mice infected with GyrB E540A, GyrB A543V and GyrA A90V and treated with 66 225 

mg/kg/6h of moxifloxacin had final lung cfu counts lower than those treated with 50 226 

mg/kg/6h of levofloxacin (p<0.0004). Mice infected with each M. tuberculosis strain and 227 

treated with 60 mg/kg/6h of moxifloxacin had final lung cfu counts lower than those treated 228 

with 100 mg/kg/6h of levofloxacin (p<0.01). 229 

 230 

Bactericidal activities of levofloxacin and moxifloxacin against M. tuberculosis in a 231 

sigmoid-Emax effect model 232 

Nonlinear regression analyses showed a good fit for moxifloxacin in the AUC0-24h/MIC 233 

exposure model (r
2
=0.95) and in the Cmax/MIC exposure model (r

2
=0.86) (Figure 2). For 234 

levofloxacin, nonlinear regression analyses showed a lesser fit in the AUC0-24h/MIC exposure 235 

model (r
2
=0.71) and in the Cmax/MIC exposure model (r

2
=0.79) (Figure 3). As shown, the 236 

levofloxacin dose-effect model exhibited an Emax of 5 log10 lung cfu reduction after 4 weeks 237 

with an EC50 AUC0-24h/MIC ratio of 110 and a Cmax/MIC ratio of 30. The moxifloxacin dose-238 

effect model exhibited an Emax of 6.5 log10 lung cfu reduction after 4 weeks with an EC50 239 

AUC0-24h/MIC ratio of 90 and a Cmax/MIC ratio of 10. The observed and calculated 240 

bactericidal effects of levofloxacin and moxifloxacin were statistically different in both the 241 

AUC0-24h/MIC and the Cmax/MIC exposure models (p<0.04). 242 

 243 





 

DISCUSSION 244 

Low-level resistance has been observed in vitro with many antibiotics for many years. In 245 

some cases, this low-level resistance allows successful use of antibiotics in vivo, as has been 246 

demonstrated with the tazobactam/piperacillin combination against extended-spectrum 247 

betalactamase-producing Enterobacteriacea.
22

 Regarding antituberculous drugs, there have 248 

been descriptions of various levels of resistance against many antibiotics including the major 249 

compounds such as rifampin, isoniazid or FQs.
8,13

. Knowing the strong impact of FQ 250 

resistance on the prognosis of MDR TB,
5
 and despite the risk of increasing FQ resistance by 251 

creating second-step mutants,
23

 the use of FQs has been suggested in cases of low-level 252 

resistance.
11,24

  253 

Data from clinical studies, including those on gatifloxacin or moxifloxacin, support the use of 254 

these drugs in cases of low-level resistance. In particular, it has been shown that a high-dose 255 

gatifloxacin-containing regimen (800 mg/d) is as active against gatifloxacin-susceptible 256 

strains as against strains with low-level gatifloxacin resistance (MIC<2 mg/L).
8
 In a murine 257 

model of tuberculosis we demonstrated that moxifloxacin retained bactericidal activity against 258 

strains with low-level resistance (GyrB D500N; MIC, 0.5 mg/L) and displayed bacteriostatic 259 

activity in cases of intermediate-level resistance (GyrA A90V; MIC, 2 mg/L) but was not 260 

active in cases of high-level resistance (GyrA D94G; MIC, 4 mg/L).
6
 We subsequently 261 

demonstrated that a similar gradual decrease in activity was also measurable when 262 

moxifloxacin was included in a very active second-line regimen containing pyrazinamide, 263 

ethionamide and amikacin.
7
 264 

In the present work we wished to extend our previous studies to another FQ, levofloxacin, and 265 

to other low-level resistant mutants (GyrB E540A and GyrB A543V). Accumulating data on 266 

these low-level resistant strains is important since the choice to include a drug, although 267 

active in vitro, should be made with caution because of its possibly greater toxicity. 268 



 

Moreover, with the increase in genotypic diagnoses of resistance, therapeutic choices will be 269 

made increasingly on the basis of the genotype only or they will be based initially on the 270 

genotype and subsequently adapted to the phenotype.
25

 The murine model offers a unique 271 

opportunity to compare the activity of human equivalent doses of FQs against isogenic 272 

mutants of the WT reference strain H37Rv.  273 

The present study contributes information on the use of FQs in cases of FQ-resistant 274 

tuberculosis. One important finding was that, against strains with the GyrA A90V mutation, 275 

which is the second most frequently encountered
13

 and which entails intermediate-level 276 

resistance with MICs of moxifloxacin and levofloxacin of 2 and 4 mg/L, respectively, both 277 

FQs had, at most, bacteriostatic activity even when mimicking high human doses, i.e., 800 278 

mg/day of moxifloxacin and 1000 mg/day of levofloxacin. These results are concordant with 279 

the outcomes of patients infected with a strain harboring the GyrA A90V substitution that 280 

were unfavorable in three of five cases.
24

 Thus, the benefit of adding an FQ to a regimen used 281 

against a strain harboring the GyrA A90V substitution is probably limited and, moreover, 282 

may increase FQ resistance by creating second-step mutants. 
6,23

 283 

Regarding the two GyrB mutants with low-level resistance (moxifloxacin and levofloxacin 284 

MICs = 0.5 and 1 mg/L), the efficacy of the drugs was variably dose-dependent. While 285 

moxifloxacin was bactericidal independent of the dose, levofloxacin did not prevent bacterial 286 

growth at 50 mg/kg/6h (the human equivalent of 750 mg/day) but displayed bactericidal 287 

activity at 100 mg/kg/6h (the human equivalent of 1000 mg/day). Interestingly, for both GyrB 288 

mutants against which moxifloxacin and levofloxacin have reduced activity at conventional 289 

dosing, the respective MICs fall in the susceptible range according to WHO criteria.
26

 Thus, if 290 

only a phenotypic diagnosis of resistance is made without genotypic analysis, low-level 291 

resistance in strains such as these may be overlooked. 292 



 

Taken together, these results suggest that the greatest benefit would be obtained with the use 293 

of moxifloxacin at 800 mg/day against strains with moxifloxacin MICs < 2mg/L. The 294 

possibility of using FQs despite in vitro resistance depends on the relative abundance of 295 

different DNA gyrase mutants in a given population and on their phenotypic susceptibility. 296 

The genotypic or phenotypic methods used to measure FQ susceptibility vary in the literature. 297 

We believe that the percentage of cases in which moxifloxacin could be active, i.e., cases 298 

caused by strains for which the MIC is < 2 mg/l, ranges between 30% and 90% of ofloxacin-299 

resistant MDR cases, depending on the methods used and on geographical variations.
13,24,27,28

 300 

Another limitation of the use of moxifloxacin against FQ-resistant strains is the inter-patient 301 

pharmacokinetic variability.
16,29

 302 

Considering our results, levofloxacin appears to be a much less attractive option for the 303 

treatment of FQ-resistant strains. Indeed, based on our model, this FQ at the human 304 

equivalent dose of 750 mg/day should not have any activity, whereas at 1000 mg/day it would 305 

have activity against mutants of M. tuberculosis with levofloxacin MICs ≤1 mg/L. In 306 

particular, no activity is expected against the frequent GyrA A90V mutants. A higher dose of 307 

levofloxacin has been used recently (20 mg/kg) and may be an interesting option.
9,30

 308 

A second important finding of this study concerns the difference in activity of moxifloxacin 309 

and levofloxacin against both FQ-resistant and FQ-susceptible strains. Moxifloxacin and 310 

levofloxacin have different pharmacokinetic profiles and in vitro activities. Moxifloxacin is 311 

more active than levofloxacin in vitro since its MICs for M. tuberculosis are usually one 312 

dilution lower.
31,32

 Conversely, levofloxacin has a better pharmacokinetic profile in humans, 313 

with both AUC and Cmax values 2- to 3-times higher than those determined for 314 

moxifloxacin.
14,18,33

 Since the pharmacokinetic advantage of levofloxacin outweighed the 315 

MIC-related disadvantage, we expected that levofloxacin would have been more active than 316 



 

moxifloxacin. Surprisingly, the opposite was observed, with moxifloxacin being more active 317 

than levofloxacin against both FQ-resistant and FQ-susceptible strains.  318 

In order to compare the two drugs, we correlated the respective AUC0-24h/MIC and Cmax/MIC 319 

ratios to the cfu decrease (Table 3). These ratios abolish the pharmacokinetic and MIC 320 

differences, merging them into a unique indicator of activity. Our moxifloxacin dose-effect 321 

model exhibited an Emax of 6.5 log10 lung cfu reduction and an EC50 AUC0-24h/MIC ratio of 90 322 

after 4 weeks of treatment. These data are in accordance with the AUC0-24h/MIC target ratio of 323 

at least 100 suggested by Shandil et al.
21

 The levofloxacin dose-effect model exhibited a 324 

lower Emax (5 log10  lung cfu reduction) with a higher EC50 (AUC0-24h/MIC ratio of 110). Thus, 325 

for the same exposure (i.e,. AUC0-24h/MIC and Cmax/MIC ratios) moxifloxacin was more 326 

bactericidal than levofloxacin.  327 

This difference in activity between the two drugs could be explained in part by a difference in 328 

the effects of the anti-DNA gyrase activities of these two FQs. The FQ target is DNA gyrase, 329 

a ubiquitous enzyme that introduces negative supercoils into DNA and contributes to 330 

maintaining bacterial chromosome superstructure and integrity. Structural data revealed only 331 

few differences in levofloxacin– and moxifloxacin–enzyme interactions that involved the 332 

formation of a water/magnesium-ion bridge network between the enzyme and the C3/C4 keto 333 

acid of the FQs. On the other hand, cleaved-complex stability correlates well with in vivo 334 

efficacy and is likely to be related to the killing of M. tuberculosis cells. Thus, the better 335 

activity of moxifloxacin compared to levofloxacin could be correlated to its ability to promote 336 

the formation of more stable gyrase-DNA-FQ complexes.
3435

   337 

Thus, these results suggest that moxifloxacin should be the preferred FQ in an MDR TB 338 

regimen against both FQ-susceptible and FQ-resistant strains. At first view, these results seem 339 

to contradict those of a clinical study that has shown the equivalence at 3 months of two 340 

regimens containing either moxifloxacin, 400 mg/day, or levofloxacin, 750 mg/day, for the 341 



 

treatment of MDR TB.
10

 However, previous studies in murine models of tuberculosis have 342 

shown that, despite differences at late time points (≥6 months) there is no difference at early 343 

time points (2 or 3 months) between levofloxacin- or moxifloxacin-containing regimens.
36,37

 344 

Thus, the superior activity of moxifloxacin shown here may also be seen in humans if the 345 

analysis were done at later time points. 346 

This study had several limitations. First, FQ activities were assessed in mice during a 4-week 347 

monotherapy regimen. The better activity of moxifloxacin against FQ-resistant strains should 348 

be confirmed by further studies that assess it in a multidrug regimen for the treatment of XDR 349 

TB with various levels of phenotypic FQ resistance. Second, we noted early mortality in 350 

H37Rv-infected mice during the first study. This mortality was observed during the ten first 351 

days among mice treated with levofloxacin at 50mg/kg/6h or moxifloxacin at 66mg/kg/6h. It 352 

was induced by the intensive oral gavage regimen. These mice were included in an intent-to-353 

treat survival analysis in order not to underestimate the mortality of treated mice. These mice 354 

were excluded from lung cfu count analysis in order not to overestimate cfu counts in lungs of 355 

treated mice. Also BALB/c mice develop a TB disease that is characterized by larger 356 

intracellular bacillary populations than those seen in humans.
38,39

 This difference may favor 357 

moxifloxacin over levofloxacin because of better intracellular penetration.
40, 41

 Finally, it 358 

should be recalled here that there are other drugs with the potential of circumventing common 359 

quinolone-resistance mutations, e.g., quinazolinediones (diones). 
42

 360 

In conclusion, the human equivalent high dose of moxifloxacin (800 mg/day) exhibited 361 

greater bactericidal activity in mice than that of levofloxacin (1000 mg/day) against 362 

susceptible or low-level FQ-resistant M. tuberculosis strains. In the absence of potential 363 

toxicity limiting its use, moxifloxacin should be preferred to levofloxacin for the treatment of 364 

MDR and XDR tuberculosis with low-level fluoroquinolone resistance.  365 

 366 
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 496 

M. tuberculosis strain 

MIC (mg/L) 

Enoxacin Ofloxacin Levofloxacin Moxifloxacin 

H37Rv (WT) 8   ≤0.5   ≤0.25   ≤0.25 

Gyr B E540A 16 1  0.5  0.5 

Gyr B A543V 16 2 1  0.5 

Gyr A A90V >32 8 4 2 

Table 1: MICs of FQ for H37Rv WT and GyrA A90V, GyrB E540A and GyrB A543V mutant strains of M. tuberculosis 497 

  498 



 

Drug 

Structure  Mice  Humans* 

Dose 

(mg/kg/6h) 

Cmax 

(mg/L) 

AUC 0-

24h
** 

(mg.h/l) 

 Dose 

(mg/kg/day) 

Cmax 

(mg/L) 

AUC 0-24h 

(mg.h/l) 

Levofloxacin 

 

50 15 68  750 7-12 63-93 

100 18 148 

 

1000 12-16 129-137 

Moxifloxacin 

 

60 6 56  400 3-6 48-58 

66 8 70 

 

800 6-7 60-87 

AUC: area under the concentration time curve; Cmax: maximum concentration;  499 

* human pharmacokinetic data were obtained from  
9,14,17,18,33

   for levofloxacin and 
14,16,29

 for moxifloxacin. 500 

** the AUC0-24h was obtained by multiplying by 4 the AUC measured after 1 dose . 501 

Table 2: Pharmacokinetic parameters for levofloxacin and moxifloxacin in mice after a single dose by gavage compared to those in humans 502 
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 504 

Strain 

Levofloxacin  Moxifloxacin 

MIC 

(mg/L) 

50 mg/kg/6h 100 mg/kg/6h 

MIC 

(mg/L) 

60 mg/kg/6h 66 mg/kg/6h 

Cmax/MIC AUC 0-24h /MIC* Cmax/MIC AUC 0-24h /MIC*  Cmax/MIC AUC 0-24h /MIC* Cmax/MIC AUC 0-24h /MIC* 

H37Rv (WT) ≤0.25 60 272 72 592 ≤0.25 24 224 44 280 

GyrB E540A 0,5 30 136 36 296 0,5 12 112 22 140 

GyrB A543V 1 15 68 18 148 0,5 12 112 22 140 

GyrA A90V 4 3.75 17 4.5 37 2 3 28 5.5 35 

 505 

AUC 0-24h: area under the concentration time curve during 24h; MIC: minimum inhibitory concentration; Cmax: maximum concentration 506 

* AUC 0-24h was obtained by multiplying by 4 the AUC measured after 1 dose. 507 

Table 3: AUC/MIC and Cmax/MIC ratios of levofloxacin and moxifloxacin for H37Rv, GyrA A90V, GyrB E540A and GyrB A543V mutant 508 

strains of M. tuberculosis 509 



 

510 





 

 511 

Figure 1: Lung cfu count variations in the interval between D0 (before) and 4 weeks after 512 

treatment initiation according to FQ dose and M. tuberculosis strain 513 
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514 

Figure 2: Effects after a 4-week treatment of increasing AUC0-24h/MIC ratios on levofloxacin 515 

and moxifloxacin in vivo activities against M. tuberculosis strains in a sigmoid-Emax effect 516 

model.   517 

 518 

 519 

520 

Figure 3: Effects after a 4-week treatment of increasing Cmax/MIC ratios on levofloxacin and 521 

moxifloxacin in vivo activities against M. tuberculosis strains in a sigmoid-Emax effect model 522 
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