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In tests with 18 drug-susceptible strains of Mycobacterium tuberculosis, the MIC at which 50% of the strains
are inhibited by levofloxacin (LVFX) was one dilution less than that at which 50% of the strains are inhibited
by ofloxacin (OFLO), but the MICs at which 90% of the strains are inhibited were similar. The in vivo activity
of LVFX against M. tuberculosis was compared with the activities of isoniazid, OFLO, and sparfloxacin (SPFX).
Mice were inoculated intravenously with 1.74 X 10° CFU of H37Rv, and treatments began the next day and
were carried out six times weekly for 4 weeks. The severity of infection and effectiveness of treatment were
assessed by survival rate, spleen weights, gross lung lesions, and enumeration of CFU in the spleen. In terms
of CFU counts, the ranking of the anti-M. tuberculosis activities of the treatments used ran in the following
order: LVFX (300 mg/kg of body weight) = SPFX (100 mg/kg) > isoniazid > SPFX (50 mg/kg) > OFLO (300
mg/kg) = LVFX (150 mg/kg) > OFLO (150 mg/kg) = LVFX (50 mg/kg). It seems, therefore, that the in vivo
activity of LVFX is comparable to that produced by a twofold-greater dosage of OFLO. It is assumed that the
maximal clinically tolerated dosage of LVFX is similar to that of OFLO, i.e., 800 mg daily, which is equivalent
to 300 mg of LVFX per kg in mice. Because LVFX displayed powerful bactericidal activity, promising effects
against human tuberculosis may be achieved if patients are treated with the maximal clinically tolerated

dosage of LVFX.

Today, one-third of the world’s population is infected with
Mpycobacterium tuberculosis, and pulmonary tuberculosis is one
of the most serious public health problems in both developing
and developed countries (17). Furthermore, M. tuberculosis
isolates that are resistant to multiple drugs, especially to iso-
niazid (INH) and rifampin, are increasing (1, 22); for those
multidrug-resistant patients, only a limited number of alterna-
tive chemotherapeutic regimens are available, none of them is
very effective, and the mortality is high (22). Therefore, effec-
tive new antituberculosis drugs with bactericidal mechanisms
different from those of the presently available agents, i.e., INH,
rifampin, pyrazinamide, ethambutol, and streptomycin, are ur-
gently needed.

Our previous experiments demonstrated that among the ma-
jor commercially available fluoroquinolones, ofloxacin
(OFLO) seemed to be the only compound active against M.
tuberculosis both in vitro and in vivo (19). The MIC of OFLO
at which 90% of the clinical isolates of M. tuberculosis, either
susceptible or resistant to both INH and rifampin, are inhib-
ited (MIC,,) was 2 pg/ml on Lowenstein-Jensen medium (19)
or 7H11 agar (10), well below its achievable peak level in
serum in mice or humans. The activity of OFLO in mice was
dosage related: a dosage of 150 mg/kg of body weight six times
weekly displayed only a modest degree of activity against M.
tuberculosis, whereas the activity of a dosage of 300 mg/kg six
times weekly was moderate (12, 19). The pharmacokinetic
studies that will be discussed below estimated that doses of
OFLO at 150 and 300 mg/kg in mice are equivalent, respec-
tively, to 400- and 800-mg doses of OFLO in humans, with the
latter dose being the maximal clinically tolerated dose (5, 9).
Because OFLO at 150 or 300 mg/kg daily in mice showed only
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a modest or moderate degree of activity against M. tuberculosis,
it is understandable that the maximal clinically tolerated dos-
age of OFLO displayed no more than a marginal degree of
therapeutic effect against human tuberculosis (20).

Recently, we have demonstrated that the activity of spar-
floxacin (SPFX) against M. tuberculosis was more powerful
than that of OFLO (10, 12). Its MIC,,, for M. tuberculosis was
0.5 pg/ml on 7H11 agar, two dilutions lower than that of
OFLO (10); in the murine tuberculosis model, its minimal
effective dosage, as assessed by the survival rate, spleen
weights, and gross lung lesions, was 12.5 mg/kg daily, only
one-sixth to one-eighth of that of OFLO (10). SPFX at a
dosage of 50 mg/kg six times weekly in mice displayed stronger
bactericidal activity than that found with OFLO at a dosage of
300 mg/kg six times weekly (12), and SPFX at a dosage of 100
mg/kg six times weekly showed very powerful bactericidal ac-
tivity against M. tuberculosis, comparable to that of rifampin
and significantly greater than those of INH, pyrazinamide, and
SPFX at 50 mg/kg (12). Our pharmacokinetic studies indicated
that, in terms of the area under the concentration-time curve,
SPFX doses of 50 and 100 mg/kg in mice were equivalent,
respectively, to 200- and 400-mg doses in men (12); thus, to
obtain the optimal therapeutic effect for the treatment of pul-
monary tuberculosis, SPFX should ideally be given at 400 mg
daily. Unfortunately, at least for the time being, the manufac-
turer recommends that patients be treated with only 200 mg
daily; on the basis of the results of mouse experiments, this is
most likely a suboptimal dosage for the treatment of tubercu-
losis.

OFLO consists of equal amounts of two optically active
isomers, i.e., DR-3355 [levofloxacin (LVFX), I-ofloxacin, or
S-(—)-ofloxacin] and DR-3354 [R-(+)-ofloxacin] (6, 7). Pre-
liminary studies demonstrated that LVFX displayed a broad
spectrum of bactericidal activities and is approximately twice
as active as OFLO and 8 to 128 times more potent than DR-
3354 (6). These observations have been confirmed, both in
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vitro and in vivo, by other investigators who tested LVFX
against a wide range of microorganisms, including M. tubercu-
losis (3, 11, 13, 15, 18, 21, 23), and the differences in the
antimicrobial activities of the two drugs have been shown to be
related to the differences in the anti-DNA gyrase activities of
LVFX and OFLO (7). Because of the greater in vitro activity
of LVFX compared with that of OFLO, because the absorp-
tion rates for the two are similar (3, 14, 18, 21), and because
there is no evidence that the adverse reactions of fluoroquino-
lones are correlated with their anti-DNA gyrase activities,
greater therapeutic effect may be achieved if LVFX is admin-
istered at the same dosage as OFLO. LVFX may be applied to
the treatment of infections, such as tuberculosis, for which
OFLO cannot be prescribed at the optimal therapeutic dosage.
We, therefore, have compared the in vitro and in vivo activities
of LVFX against M. tuberculosis with those of OFLO and
SPFX.

MATERIALS AND METHODS

Antimicrobial agents. LVFX and OFLO were generously provided by Roussel
Uclaf, Romainville, France; SPFX was from Rhone D.P.C. Europe, Antony,
France; and INH was a gift from Roche, Neuilly, France. For in vitro experi-
ments, the fluoroquinolones were initially dissolved in NaOH and subsequently
diluted with distilled water. For mouse experiments, all the agents were sus-
pended in 0.05% agar in distilled water at the desired concentrations; the sus-
pensions were prepared weekly and stored at 4°C.

In vitro susceptibility. The MICs of LVFX, OFLO, and SPFX for 18 strains of
drug-susceptible M. tuberculosis, including strain H37Rv, and 2 strains of fluo-
roquinolone-resistant M. tuberculosis (both isolated from OFLO-treated tuber-
culosis patients) were determined on 10% oleic acid-albumin-dextrose-catalase
(OADC)-enriched 7H11 agar by an established method (19). The MIC was
defined as the lowest drug concentration that inhibited more than 99% of the
bacterial population after incubation at 37°C for 28 days.

Comparison of the in vivo activities of LVFX, OFLO, SPFX, and INH. Two
hundred female outbred Swiss mice (age, 4 to 6 weeks) were inoculated intra-
venously with 0.5 ml of freshly prepared suspension containing 1.74 X 10° CFU
of M. tuberculosis H37Rv. The next day (day 1), 10 inoculated mice were sacri-
ficed to provide the baseline values for spleen weights, lung lesions, and the
number of CFU in the spleen; the remaining mice were allocated randomly to an
untreated control group with 30 mice and eight treated groups with 20 mice each.
Treatments began on the same day. Drugs were administered through an esoph-
ageal cannula six times weekly, and each treated group received one of the
following eight doses: INH, 25 mg/kg; OFLO, 150 or 300 mg/kg; SPFX, 50 or 100
mg/kg; and LVFX, 50, 150, or 300 mg/kg. The total duration of the treatment was
4 weeks, the last dose of the treatment was given on day 28, and all surviving mice
were sacrificed on day 30. The severity of infection and the effectiveness of the
treatment were assessed by the survival rate, the spleen weights, the gross lung
lesions, and the amounts of CFU in the spleens. The severity of gross lung lesions
was scored from 0 to 2+, with the latter referring to a lung extensively infiltrated
with tubercles (10, 19).

Enumeration of CFU. During sacrifice, the spleens were removed aseptically
and homogenized (4), and a suspension of up to 3.5 ml was made for each spleen.
At least three serial 10-fold dilutions of the suspension were plated onto Lo-
wenstein-Jensen medium, with three to five tubes per dilution. The results of the
cultures were recorded after incubation at 37°C for 6 weeks. The bactericidal
effect of the treatment was defined as a significant decrease in the mean number
of CFU in the treated group compared with the pretreatment value.

Statistical analysis. The results were analyzed by the Student ¢ test and
Fisher’s exact probability calculation. Differences were considered significant at
the 95% level of confidence.

RESULTS

In vitro susceptibility. In tests with 18 drug-susceptible
strains of M. tuberculosis, the MICs, of LVFX was one dilution
(log,) less than that of OFLO, but its MIC,, was the same as
that of OFLO; both the MIC,, and MIC,, of LVFX were one
dilution more than those of SPFX (Table 1). For H37Ryv, the
MICs of OFLO, LVFX, and SPFX were 1.0, 0.5, and 0.12
pg/ml, respectively. The MICs of OFLO, LVFX, and SPFX
against two quinolone-resistant strains were significantly
higher than those for drug-susceptible strains and were 8.0, 8.0,
and 4.0 and 8.0, 2.0, and 4.0 pg/ml, respectively.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. MICs of OFLO, LVFX, and SPFX for 18 drug-
susceptible strains of M. tuberculosis

MIC range MICs, MICy,
Drug (ng/mi) (ng/ml) (ng/ml)
OFLO 0.5-2.0 1.0 1.0
LVFX 0.25-1.0 0.5 1.0
SPFX 0.12-0.5 0.25 0.5

In vivo activities. (i) Survival rates for 30 days after inocu-
lation. As expected (10, 19), after the mice were inoculated
with more than 10° CFU (0.1 mg wet weight) of virulent
H37Rv per mouse, only 10% of the untreated controls survived
after 30 days, and the first deaths occurred at 18 days after
inoculation (Fig. 1); on the other hand, no mortality was ob-
served for mice treated daily with INH, SPFX at 50 or 100
mg/kg, or OFLO at 300 mg/kg. The survival rate for mice
treated daily with OFLO at 150 mg/kg was 70%, significantly
lower than those for the four above-mentioned treated groups
(P < 0.01). Various survival rates were observed for mice
treated with LVFX, and the rates correlated with the dosages
of the LVFX treatment. The survival rate for mice treated
daily with LVFX at 50 mg/kg was only 20%, significantly lower
than that for mice treated daily with OFLO at 150 mg/kg (P <
0.01), and it did not differ significantly from that for control
mice. However, the rates for mice treated daily with LVFX at
150 or 300 mg/kg were high and did not differ significantly from
those for mice treated daily with INH, SPFX, or OFLO at 300
mg/kg. One death in each group was observed on days 9 and 11
(Fig. 1), and the causes for the deaths were most likely unre-
lated to the tuberculosis infection.

(ii) Spleen weights. As Fig. 2 shows, the mean spleen weight
of the control mice surviving 30 days after inoculation (Control
D30) was significantly greater than that for the same group of
mice sacrificed the day after inoculation (Control D1). The
mean spleen weight of mice treated daily with INH remained
at the pretreatment level, indicating that a highly effective
treatment may prevent the development of splenomegaly
caused by tuberculosis infection. The values for all quinolone-
treated groups were significantly lower than those for the cor-
responding control mice but were dose related: the higher the
dosages of the compound, the lower the spleen weights. How-
ever, except for those for mice treated daily with LVFX at 300
mg/kg, the spleen weights for all quinolone-treated mice were
significantly greater than the pretreatment weights or those for
mice treated with INH, suggesting that even the higher dose
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FIG. 1. Survival rates of mice for 30 days after intravenous infection with 1.74
X 10° CFU of M. tuberculosis H37Rv. At the time (day 1) the treatments were
begun, there were 30 mice in the control group and 20 mice in each treated
group. The numbers after the abbreviations for the various drugs indicate daily
doses.



VoL. 39, 1995

800 7

600 +

400 A

200 A

Mean spleen weight (mg)

- 8 o 9o o @ o o
a 2 %— D o B & 3 B S
-~ 8 2 - & o - w T ®
g B 0O o0 L x & x x
T = J 2 a4 b3S L w
1<} g “w L o o I > >
o o o O %] -1 —

FIG. 2. Mean spleen weights for mice surviving at 30 days. The “control D1”
bar represents the spleen weights for mice sacrificed the next day after intrave-
nous infection with M. tuberculosis H37Rv. Error bars represent standard devi-
ations. The numbers after the abbreviations for the various drugs indicate daily
doses.

(100 mg/kg) of SPFX was unable to prevent completely the
development of splenomegaly.

The mean spleen weight of mice treated with LVFX at 150
mg/kg was significantly lower than that for mice treated with
OFLO at 150 mg/kg (P < 0.01) but higher than that for mice
treated with OFLO at 300 mg/kg (P < 0.05) or with SPFX at
50 mg/kg (P < 0.01). The mean spleen weight for mice treated
with LVFX at 300 mg/kg was lower than that for the latter two
groups and did not differ significantly from that for mice
treated with either INH or SPFX at 100 mg/kg.

(iii) Lung lesions. No lung lesions were observed in un-
treated mice sacrificed at day 1 or in mice that had been
treated daily with INH or SPFX at 50 or 100 mg/kg or with
LVFX at 300 mg/kg and that were sacrificed at day 30. Severe
(++) lesions were encountered in all controls surviving on day
30 and in mice treated daily with OFLO at 150 mg/kg or with
LVFX at 50 mg/kg daily. Moderate (+) lesions developed in
35% of the mice treated daily with OFLO at 300 mg/kg and in
65% of the mice treated daily with LVFX at 150 mg/kg. The
difference between the two groups did not attain statistical
significance (n = 20, P > 0.05).

(iv) Enumeration of CFU in the spleens. By the time the
treatment was begun, i.e., 1 day after inoculation, all the
spleens of 10 mice were culture positive for M. tuberculosis and
the mean number of CFU (log,,) per spleen was 5.20 = 0.13.
As Fig. 3 shows, the mean number of CFU for surviving control
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FIG. 3. Enumerations of M. tuberculosis CFU in the spleens of mice. Mice
were inoculated intravenously with 1.74 X 10° CFU of M. tuberculosis H37Rv,
and treatments were begun the day after inoculation. Drugs were administered
by gavage six times weekly for 4 weeks. Each curve represents the mean numbers
of CFU for 3 to 20 mice. The error bar represents the standard deviation for the
control mice. The numbers after the abbreviations for the various drugs indicate
daily doses.
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mice significantly increased at day 30 by comparison with the
value for day 1 (P < 0.01). Because 90% of the control mice
died from tuberculosis infection before day 30, it is very likely
that the mean value of 6.31 = 0.11 for the control group was
underestimated. On day 30, the mean numbers of CFU for all
treated groups were significantly smaller than those for the
corresponding control mice (P < 0.01), indicating that all the
treatments displayed various degrees of anti-M. tuberculosis
activity. The mean numbers of CFU for mice treated daily with
LVFX at 50 mg/kg or OFLO at 150 mg/kg were virtually the
same, and both of them were significantly greater than the
pretreatment value (P < 0.01), demonstrating that both treat-
ments displayed only a partial bacteriostatic effect. The anti-M.
tuberculosis activity of LVFX at 150 mg/kg daily was so close to
that of OFLO at 300 mg/kg daily that the growth curves of M.
tuberculosis for both groups overlapped (Fig. 3). For both
groups, the mean number of CFU was reduced by about 0.5
log,, from the pretreatment value, suggesting that the treat-
ments showed only modest bactericidal activities. The mean
numbers of CFU were reduced by around 1.7, 2.3, 3.5, and 3.8
log,, for mice treated, respectively, with SPFX at 50 mg/kg,
INH, SPFX at 100 mg/kg, and LVFX at 300 mg/kg daily,
indicating that SPFX at 50 mg/kg displayed a stronger bacte-
ricidal activity than did OFLO at 300 mg/kg or LVFX at 150
mg/kg (P < 0.01). INH was more active than SPFX at 50 mg/kg
(P < 0.01) but less potent than SPFX at 100 mg/kg and LVFX
at 300 mg/kg (P < 0.01), and the bactericidal activities of the
latter two treatments did not differ significantly.

DISCUSSION

In experimental infections of mice with various bacterial
pathogens, the protective effect of orally administrated LVFX
was superior to those of OFLO and ciprofloxacin (3, 11, 18).
The superior in vivo activity of LVFX is probably due to its
greater in vitro activity and also to its favorable physicochem-
ical and pharmacokinetic properties. LVFX is 10 times more
soluble in water than OFLO (21), is as well absorbed in mice
and humans as OFLO (3, 14, 18, 21), and reached significantly
higher intracellular concentrations than OFLO (16).

To date, information about the in vitro and/or in vivo activity
of LVFX against M. tuberculosis is very limited (11, 13, 23). In
terms of MIC and MBC, it was reported that LVFX exhibited
twofold greater inhibitory and bactericidal activities than
OFLO against either extracellular or intracellular tubercle ba-
cilli (13, 23). The preliminary studies with a murine tubercu-
losis model indicated that the daily treatment with LVFX at
200 mg/kg had a more than twofold greater activity than OFLO
at the same dosage but was less active than daily treatment
with SPFX at 100 mg/kg (11). The results of the present ex-
periments demonstrated that the MICs, of LVFX for 18 drug-
susceptible strains of M. tuberculosis was one dilution smaller
than that of OFLO but that its MIC,, was the same as that of
OFLO, indicating that the in vitro activity of LVFX was supe-
rior to but less than twofold greater than that of OFLO. In
terms of CFU counts, the ranking of the anti-M. tuberculosis
activities of the tested treatments ran in the following order:
LVFX (300 mg/kg) = SPFX (100 mg/kg) > INH (25 mg/kg) >
SPFX (50 mg/kg) > OFLO (300 mg/kg) = LVFX (150 mg/kg)
> OFLO (150 mg/kg) = LVFX (50 mg/kg). A tendency for the
same ranking was also observed for survival rate, spleen
weights, and gross lung lesions, although the differences were
less distinctive than those of the CFU counts. It is very encour-
aging to observe that daily treatment of mice with LVFX at 300
mg/kg resulted in a very powerful bactericidal activity against
M. tuberculosis, an activity comparable to that of SPFX at 100
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mg/kg and significantly greater than that of INH at 25 mg/kg.
The latter observation was very different from that of other
investigators, who claimed that LVFX at 300 mg/kg was far less
active than INH (11). It appears that there are at least three
potential explanations for the differences between the two ex-
periments: the use of different strains of M. tuberculosis that
probably have different degrees of virulence, the use of differ-
ent in vivo protocols, and the possible variability inherent in a
small study using only a single isolate. Because the results by all
measures except the spleen weight were very similar for mice
treated with LVFX at 150 mg/kg and mice treated with OFLO
at 300 mg/kg and were significantly better than the results for
mice treated with OFLO at 150 mg/kg, it seems reasonable to
conclude that the in vivo activity of LVFX is comparable to
that of a twofold greater dosage of OFLO.

Up to now, the pharmacokinetic data on LVFX in mice and
humans have been very scant (3, 12, 16), and no chronic tox-
icological data are available. Therefore, it is very difficult to
identify the optimal dosage of LVFX for the treatment of
human tuberculosis by extrapolating the results of the mouse
experiment. However, because preliminary studies indicated
that the pharmacokinetic properties of LVFX in healthy vol-
unteers and presumably also in mice were very similar to those
of OFLO (14) and because there is no evidence that the ad-
verse reactions to fluoroquinolones are correlated with their
anti-DNA gyrase activities, it is likely that the maximal clini-
cally tolerated dosage of LVFX is similar to that of OFLO, i.e.,
800 mg per day (5, 9). Since the half-life of OFLO in humans
(2, 8, 24) is significantly longer than that in mice (19), there is
a very significant accumulation effect after multiple doses in
healthy human volunteers (8) but probably not in mice; there-
fore, to extrapolate the results of the mouse experiments for
the treatment of humans, it is appropriate to take into account
the pharmacokinetic data for OFLO and LVFX in humans
after multiple doses. Because the area under the concentra-
tion-time curve, 48.8 pg - h/ml, for mice treated with a single
dose of OFLO at 150 mg/kg (19) is very similar to the area
under the concentration-time of 48.1 (8) or 41.20 = 6.98 (2)
pg + h/ml for humans treated with multiple doses of OFLO at
400 mg every 12 h, it is reasonable to estimate that in terms of
the area under the concentration-time curve, OFLO at 300
mg/kg in mice is equivalent to OFLO at 800 mg, or the max-
imal clinically tolerated dosage, in humans. Daily treatment of
mice with LVFX at 300 mg/kg revealed that LVFX has a very
powerful bactericidal activity against M. tuberculosis. A similar
promising effect could possibly be achieved for human tuber-
culosis if patients were treated daily with LVFX at 800 mg.
Nevertheless, in order to confirm the powerful bactericidal
activity of LVFX at 300 mg/kg in mice and the bioequivalence
of LVFX at 300 mg/kg in mice and LVFX at 800 mg in hu-
mans, additional experiments should be carried out before a
clinical trial is conducted.
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