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Laboratoire de Listeria, Centre National de Référence des Listeria and World Health Organization Collaborating Centre for
Foodborne Listeriosis, Institut Pasteur, 25 rue du Dr Roux, 75015 Paris, France1; Laboratoire de Suivi Thérapeutique et de
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Listeriosis is a rare but life-threatening infection. A favorable outcome is greatly aided by early adminis-
tration of antibiotics with rapid bactericidal activity against Listeria monocytogenes. Moxifloxacin, a new-
generation fluoroquinolone with extended activity against gram-positive bacteria, has proved its effectiveness
in vitro against intracellular reservoirs of bacteria. The efficacies of moxifloxacin and amoxicillin were
compared in vivo by survival curve assays and by studying the kinetics of bacterial growth in blood and organs
in a murine model of central nervous system (CNS) listeriosis. We combined pharmacokinetic and pharma-
codynamic approaches to correlate the observed efficacy in vivo with plasma and tissue moxifloxacin concen-
trations. Death was significantly delayed for animals treated with a single dose of moxifloxacin compared to a
single dose of amoxicillin. We observed rapid bacterial clearance from blood and organs of animals treated
with moxifloxacin. The decrease in the bacterial counts in blood and brain correlated with plasma and cerebral
concentrations of antibiotic. Moxifloxacin peaked in the brain at 1.92 � 0.32 �g/g 1 hour after intraperitoneal
injection. This suggests that moxifloxacin rapidly crosses the blood-brain barrier and diffuses into the cerebral
parenchyma. Moreover, no resistant strains were selected during in vivo experiments. Our results indicate that
moxifloxacin combines useful pharmacokinetic properties and rapid bactericidal activity and that it may be a
valuable alternative for the treatment of CNS listeriosis.

Listeria monocytogenes is a gram-positive bacterium that is
widespread in the environment (10). It is a facultative intra-
cellular food-borne pathogen that causes severe and life-
threatening infections, especially septicemia, abortions, and
central nervous system (CNS) infections (10). Listeriosis
mainly occurs in high-risk groups, including individuals with
severe underlying diseases or with impaired cellular immunity
(13). In these cases, the outcome depends on early admin-
istration of antibiotics with rapid bactericidal activity against
L. monocytogenes (13, 17, 31). Currently, the reference
treatment is based on a synergistic combination of high-dose
amoxicillin or ampicillin and gentamicin administrated in-
travenously (16, 40).

Nevertheless, despite effective treatment, listeriosis is asso-
ciated with a high mortality rate, especially for CNS infections
(30%), and sequels are frequent (13, 31). Indeed, treatment of
CNS listeriosis is particularly complex because efficacy is lim-
ited by the abilities of antibiotics to diffuse extensively into
tissues and cross the blood-brain barrier. Moreover, intracel-
lular activity of the antibiotic is also required to eliminate
intracytoplasmic reservoirs of bacteria (17, 18, 40). Conse-

quently, there are few appropriate candidate molecules com-
bining rapid bactericidal activity and high diffusion within host
cells. Moreover, prospective clinical validations of the effica-
cies of antibiotics against L. monocytogenes infections are dif-
ficult to conduct because listeriosis is a rare disease in humans
and occurs sporadically (10, 17).

Thus, a review of the literature reveals considerable diversity
in the second-line treatment used in case of first-line failure or
contraindication of beta-lactams because of intolerance, and
also variable therapeutic success (2, 5, 10, 13, 17, 22, 31, 34, 39,
40). The classical use of cotrimoxazole, in which trimethoprim
is the more active drug (16, 40), as the second-line treatment
suffers various limitations because some strains isolated from
the environment and, more recently, some strains isolated
from humans are resistant to trimethoprim (8). Moreover,
some episodes of hypersensitivity have been reported, leading
to contraindication of its use (22, 40).

More recently, new-generation fluoroquinolones with ex-
tended activity against gram-positive bacteria have been sug-
gested and tested against L. monocytogenes (7, 24, 32, 36). They
share several useful pharmacokinetic properties, such as good
bioavailability and the ability to penetrate and concentrate
intracellularly, giving them activity against intracellular patho-
gens, including L. monocytogenes (4, 36, 41). A range of phar-
macodynamic properties of the newer fluoroquinolones have
been described in vitro (27, 43). Moxifloxacin, clinafloxacin,
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and gemifloxacin are the most effective against intracellular L.
monocytogenes (28, 36). However, moxifloxacin is the only one
of these antibiotics released on the market and still commer-
cially available that combines useful pharmacokinetic and
pharmacodynamic properties with rapid bactericidal activity in
vitro against both extracellular forms of L. monocytogenes and
intracellular reservoirs of bacteria (6, 14, 28, 36). Determina-
tion of MICs for a large collection of strains did not detect any
resistant strains, whatever their origins (14). Moreover, no
cross-resistance was observed with ciprofloxacin resistance ex-
pressed by clinical isolates due to an efflux mechanism (12, 14).

However, the results of in vitro efficacy studies do not nec-
essarily predict in vivo efficacy with accuracy, as the concen-
trations of antibiotic in vivo depend on the pharmacokinetic
parameters of the particular antibiotic (17, 18, 30, 43). Various
experimental animal models of listeriosis (gerbil, rat, guinea
pig, rabbit, and mouse) have been used to confirm the in vivo
efficacies of antibiotics (3, 17, 26, 32, 38). Some results can
even be misleading: fosfomycin has recently been shown to be
effective against L. monocytogenes in vivo, whereas it is not in
vitro (35).

We compared the efficacy of moxifloxacin with that of
amoxicillin using survival curve assays and studies of the kinet-
ics of bacterial growth in blood and organs in a murine model
of CNS listeriosis. We combined pharmacokinetic and phar-
macodynamic approaches to correlate the observed efficacy in
vivo with plasma and tissue moxifloxacin concentrations.

MATERIALS AND METHODS

Antibiotics. Moxifloxacin and amoxicillin were provided by Bayer Pharma
(Bayer AG, Wuppertal, Germany) and GlaxoSmithKline (Marly-le-Roi, France),
respectively. Antibiotics were diluted to the appropriate concentration with iso-
tonic saline solution.

Bacterial strains. The virulent strain L. monocytogenes EGD-e (11) was used
for survival curve assays and studies of the kinetics of bacterial growth in organs
and blood associated with the two antibiotics. The MICs of moxifloxacin and
amoxicillin for the EGD-e strain were 0.5 and 0.125 mg/liter, respectively. Before
each experiment, a calibrated suspension of bacteria was obtained by appropriate
dilution in saline isotonic solution from a frozen stock.

Experimental CNS infection in mice. (i) Mice. BALB/c female mice, 7 to 8
weeks old, purchased from Elevage Janvier (Le Genest-St-Isle, France) were
used. The mice were housed in wire bottom cages, with free access to food and
water, and held under these conditions for at least 72 h before infection. The
animal experimentation protocol was approved by the Animal Welfare Commit-
tee of the Institut Pasteur.

(ii) Infection of mice. The mice were weighed and then injected intravenously
via the lateral tail vein with 1 � 105 L. monocytogenes organisms in 0.5 ml. All
animals were examined daily.

(iii) Survival curves. The animals were checked for death twice a day starting
from the 36th hour after infection. The time of death was noted for five exper-
imental treatment groups: a single injection of amoxicillin (n � 12), a single
injection of moxifloxacin (n � 12), injections of amoxicillin every 12 h for 5 days
(n � 20), injections of moxifloxacin every 12 h for 5 days (n � 20), and untreated
control mice (n � 5). The surviving animals were followed for 2 months to detect
any relapse of infection.

(iv) Kinetics of bacterial growth in organs. At intervals after infection (1, 6, 24,
48, and 72 h), groups of three mice were anesthetized by intramuscular injection
of 200 �l of a mixture of 200 mg � kg of body weight�1 ketamine (Imalgene 100;
Merial, Lyon, France) and 10 mg � kg�1 xylazine hydrochloride (Rompun 2%;
Bayer, Puteaux, France) and killed. The abdominal cavity was then aseptically
opened, and each mouse was bled by intracardiac puncture with a previously
heparinized syringe (Heparin sodic; Sanofi-Wintrop, France). We performed a
whole-body wash using 40 ml of sterile isotonic saline injected into the right
cardiac ventricle. Organs (liver, spleen, and brain) were aseptically removed and
homogenized in isotonic saline. These organ homogenates were serially 10-fold
diluted and plated on brain heart infusion (Becton Dickinson, Le Pont de Claix,

France) agar plates and on brain heart infusion agar supplemented with 2 �g/ml
of moxifloxacin and incubated for 24 and 48 h. Bacterial counts were determined
after 24 h of incubation at 37°C. The results were expressed as the mean �
standard error of log10 CFU per organ.

(v) Treatment of mice. Groups of infected BALB/c mice were treated 36 h
after infection by a single intraperitoneal (i.p.) injection of moxifloxacin (50
mg � kg�1; volume, 0.1 ml), amoxicillin (50 mg � kg�1; volume 0.1 ml), or isotonic
saline (0.1 ml) for untreated controls. Some mice were subjected to this treat-
ment every 12 h for 5 days.

Analytical procedure. During kinetics of bacterial growth in organ experi-
ments, moxifloxacin was dosed in brain homogenates and plasma in which bac-
teria had been counted.

(i) Preparation of samples and extraction. Brains were washed to clean out the
circulating blood, dried, weighed (0.5 � 0.01 g), crushed, homogenized asepti-
cally, and centrifuged. Plasma was obtained from the blood by centrifugation.
The brain supernatants and plasma were frozen and stored at �80°C until
moxifloxacin assays were performed.

The brain homogenates and plasma (100 �l) were mixed with 100 �l aceto-
nitrile and 20 �l of methanolic ciprofloxacin (3.0 mg/liter) used as an internal
standard; the samples were centrifuged at 4,000 rpm for 10 min and diluted with
water (1:4), and the moxifloxacin concentration was determined by high-perfor-
mance liquid chromatography (HPLC).

(ii) HPLC analysis. The HPLC technique used for dosing moxifloxacin was as
described by Grayo et al. (15). Briefly, chromatographic separation was carried
out on an inverse-phase column coupled with fluorescence detection (excitation
at 290 nm and emission at 550 nm). Analytical methods for quantification of
moxifloxacin in plasma and brain were fully validated according to bioanalytical
method validation (1). Moxifloxacin/ciprofloxacin area ratio data are linear func-
tions of the moxifloxacin concentration in plasma and brain. The limits of quan-
tification were 5 �g/liter of plasma and 5 ng/g of brain, respectively. The within-
assay and between-assay precision levels (n � 6) were �6%.

(iii) Pharmacokinetic analysis of moxifloxacin in infected mice. Moxifloxacin
concentrations were determined as previously described by Grayo et al. (15) in
the plasma and the cerebral parenchymas from groups of six mice killed 0, 5, 15,
30, 60, 120, 240, 360, and 480 min after single-dose treatment. The maximum
concentrations (Cmax) in plasma and brain were determined directly by analysis
of the experimental concentration-time curves. Areas under the curve at 24 h
(AUC24) were estimated by using the trapezoidal rule up to the last concentra-
tion measured, and the area under the inhibition curve (AUIC) (or the AUC24/
MIC ratio), Cmax/MIC ratio, and coefficient of diffusion (AUCbrain/AUCplasma

ratio) were then calculated. The results were expressed as means � standard
errors in �g/g of brain or ng/ml of plasma.

Statistical analysis. The survival of animals following infection was analyzed
using Kaplan-Meier estimates. Survival rates across groups were compared using
log rank tests. P values of �0.05 were considered to be statistically significant.
Statistical analyses were performed using Stata 9 (Statacorp, College Station, TX).

RESULTS

Survival curves. The survival of infected mice was scored
following single or multiple injections of moxifloxacin or
amoxicillin performed 36 h after infection with 1 � 105 bacte-
ria. After that time, with no antibiotic treatment, 80% of the
animals died within 60 h, and all had died within 84 h (Fig. 1).

Animals that received a single dose of antibiotics survived
longer than untreated animals (P � 0.0001) (Fig. 1). Moreover,
survival after a single dose of moxifloxacin was significantly
longer than after a single dose of amoxicillin (24 h and 12 h,
respectively, longer than controls, according to the 50% sur-
vival time; P � 0.0002) (Fig. 1). The behavior of animals
treated with moxifloxacin changed rapidly after the first injec-
tion: they recovered from prostration and listlessness and
started moving again. Multiple injections of antibiotics (twice a
day for 5 days) led to better survival (75% with amoxicillin and
100% with moxifloxacin). None of the animals that survived for
5 days died during the 2-month follow-up period.

Kinetics of bacterial growth in organs and blood. In the
absence of antibiotic treatment, there was rapid and uncon-
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trolled growth of L. monocytogenes in blood, liver, spleen, and
brain until the mice died (Fig. 2).

We then studied bacterial growth in organs and blood from
groups of three mice treated with moxifloxacin or amoxicillin.

A single dose of moxifloxacin or amoxicillin had a rapid but
partial and temporary effect on the bacterial count in blood:
the count declined by about 1 log CFU/ml within the first hour.
This corresponded to the time when the peak plasma concen-

FIG. 1. Kaplan-Meier survival estimates for mice infected by L. monocytogenes according to various schemes of antibiotic administration. BALB/c
mice were treated 36 h after intravenous infection by 1 � 105 L. monocytogenes (EGD-e) organisms with a single dose of amoxicillin (50 mg � kg�1 i.p.;
n � 12) E, a single dose of moxifloxacin (50 mg � kg�1 i.p.; n � 12) F, one dose of amoxicillin every 12 h for 5 days (50 mg � kg�1 i.p.; n � 20) ‚, one
dose of moxifloxacin every 12 h for 5 days (50 mg � kg�1 i.p.; n � 20) Œ, or sterile isotonic saline (control; n � 5) f. The arrows indicate intravenous
infection and the start of treatment.

FIG. 2. Kinetics of bacterial growth in blood and organs and correlation with concentrations of moxifloxacin. BALB/c mice were treated 36 h
after intravenous infection by 1 � 105 L. monocytogenes (EGD-e) organisms with a single dose of amoxicillin (50 mg � kg�1 i.p.) �, moxifloxacin
(50 mg � kg�1 i.p.) E, or sterile isotonic saline (control) }. Bacterial counts in blood and organs were determined after 1, 6, 24, and 48 h. The results
shown are means plus standard errors of groups of three mice expressed as log10 CFU/organ, or log10 CFU/ml for blood. Concentrations of
moxifloxacin determined in the same plasma and brain are represented by dotted lines, and the corresponding scale is on the right side of each
panel. The results of moxifloxacin concentrations are expressed as means plus standard errors in ng/ml of plasma or �g/g of brain from six animals.
The arrows represent the start of treatment 36 h after intravenous infection, and deaths are symbolized by crosses.
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tration of moxifloxacin was reached (Cmax � 17.3 � 6.7 mg/
liter) (Fig. 2). Thereafter, from 1 hour, the concentration of
moxifloxacin decreased rapidly to become undetectable in the
plasma after 6 hours. The AUC24 were 27.1 mg � h � liter�1

and 2.9 �g � h � g�1 for plasma and brain, respectively. The
AUC24/MIC ratio (AUIC) for moxifloxacin was 54, and the
Cmax /MIC ratio was 34. The bacterial counts then increased
again. However, the increase occurred earlier in animals
treated with amoxicillin than in animals treated with moxi-
floxacin (Fig. 2).

Moxifloxacin killed bacteria residing within the liver and
spleen; there was a rapid reduction in the bacterial counts from
the first hour following treatment. In contrast, amoxicillin in-
hibited the bacterial growth in these organs only during the
first 6 hours following treatment (Fig. 2).

Moxifloxacin was rapidly detected in the brain and peaked at
1.96 � 0.32 �g/g of brain tissue within 1 hour of i.p. adminis-
tration (Fig. 2). After 1 hour, the cerebral concentrations of
moxifloxacin decreased, but it was still detected 6 hours after
administration (Fig. 2).

These results underlined the high capacity of moxifloxacin to
cross the blood-brain barrier and to diffuse into the cerebral
parenchyma. Moxifloxacin reduced the bacterial count in the
brain by about 1 log CFU within the first hour, whereas amoxi-
cillin did not. The effect of moxifloxacin on bacterial growth
seemed to persist beyond the time when moxifloxacin could no
longer be detected in the brain (Fig. 2). Untreated control
mice died with bacterial counts higher than 1 � 104 CFU/brain.
Bacterial counts in the brains of mice treated with a single dose
of amoxicillin reached similar values, and the mice died be-
tween 24 and 48 h after treatment, whereas mice treated with
single-dose moxifloxacin died between 48 and 72 h after treat-
ment (Fig. 2).

Selection of strains resistant to moxifloxacin. No strains
resistant to moxifloxacin were selected from any blood or or-
gan samples after 48 h of incubation. In addition, we did not
detect increased MICs of moxifloxacin for strains isolated dur-
ing the experiments with the kinetics of bacterial growth in
organs and blood (data not shown).

DISCUSSION

Recently, we showed rapid bactericidal activity of moxifloxa-
cin in vitro against the intracellular reservoir of L. monocyto-
genes in infected BALB/c mouse bone marrow-derived macro-
phages (14). Here, we report a study of BALB/c mice
experimentally infected with a virulent strain of L. monocyto-
genes (EGD-e), a model that is easily accessible and widely
used (17, 19, 32).

The experimental conditions for infection (1 � 105 L. mono-
cytogenes organisms) and treatment (50 mg � kg�1, i.p., 36 h
postinfection) were chosen on the basis of a review of the
literature (17, 19, 32, 37) and the results of preliminary studies
with various sublethal inocula and doses of antibiotics (data
not shown). We obtained a reproducible model of listeriosis
associated with CNS infection confirmed by the observation of
cerebral abscesses in histological examination of brain sections
(19). The time chosen for treatment was before any deaths
occurred.

To be effective, antibiotics have to be present at a sufficiently

high concentration at the site of infection. Their ability to
reach these sites depends on their pharmacokinetic properties
(30, 43). Moxifloxacin is rapidly and completely absorbed (37).
In our animal model, i.p. administration provided rapid and
high bioavailability in the bloodstream and good diffusion into
various tissues, as previously shown in both uninfected and
infected mice (15, 20, 37). We observed rapid diffusion into the
cerebral parenchyma in infected mice, probably enhanced by
inflammation of the meninges, leading to prolonged detection
of the drug in the brain beyond 6 hours after its administration
(15, 44). This substantial diffusion into tissues, including the
cerebral parenchyma, should be beneficial for patients by min-
imizing the occurrence of sequels and mortality. The adminis-
tration of clinically relevant doses of moxifloxacin to humans
twice a day is expected to lead to sufficiently high concentra-
tions in tissues (20, 37).

However, the concentrations achieved in animal models are
not in themselves predictive of clinical efficacy. The clinical
outcome, antimicrobial effect in organs, and emergence of
resistant strains are also important factors (30, 43).

In infected mice, a single dose of moxifloxacin rapidly and
significantly decreased bacterial counts in blood and organs,
associated with a rapid improvement in the behavior of in-
fected animals, and significantly delayed death. Pharmacody-
namic parameters clearly linked the antimicrobial activity in
blood and brain to the concentrations of moxifloxacin obtained
in vivo. Most investigators and drug companies have now
adopted the AUC24/MIC ratio as a practical predictive param-
eter for in vivo efficacy (41). Concerning the AUIC, the ques-
tion remaining unanswered is the minimal value of this param-
eter. For fluoroquinolones, a reviewed value that appears
sufficient in vitro and in animal and clinical trials, and for other
infections, is between 30 (21) and 125 (29). Moreover, moxi-
floxacin was rapidly bactericidal against Streptococcus pneu-
moniae in a rabbit model, with an AUIC of 1.3 to 102 (20).

Moxifloxacin diffuses into several cellular compartments (6,
28, 36). Thus, the in vivo efficacy of moxifloxacin is probably a
consequence of its rapid bactericidal activity against intracel-
lular reservoirs of bacteria, including those within macro-
phages (6, 14, 17) recruited in large numbers at infectious foci,
especially in brain abscesses. We recently showed early inhibi-
tion by moxifloxacin of cell-to-cell spreading and prevention of
the lysis of infected macrophages in vitro (14). This probably
reduces bacterial release from infected cells and prevents bac-
terial dissemination within sites of infection. Moreover, by
acting against intracellular bacteria, moxifloxacin most likely
prevents bacterial dissemination within infected phagocytes
that are able to cross the blood-brain barrier (19). These var-
ious effects all contribute to a subsequent decrease in the
bacterial inoculum in organs, including the brain.

During the study, we failed to select for strains resistant to
moxifloxacin, as we had failed during in vitro efficacy studies
(14). Moxifloxacin has a weak intrinsic ability to select for
resistant strains due to its original structure, an 8-me-
thoxyquinolone that provides enhanced activity against DNA
gyrase and topoisomerase IV, and reduced efflux from bacte-
rial cells due to its 7-diazobicyclonyl group (33, 43, 45). More-
over, a Cmax/MIC ratio of �10 was shown to be sufficient to
prevent the selection of strains resistant to fluoroquinolones
(9, 43). This may explain why we did not detect resistant bac-
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teria during bacterial growth in organs and blood despite con-
centrations of moxifloxacin that were below the detection
threshold for longer times after administration. This may be
due to the postantibiotic effect previously described for the
newer fluoroquinolones, including moxifloxacin (4, 41, 43).

Although amoxicillin also delayed death, the delay was
shorter. Amoxicillin has nearly the same activity as moxifloxa-
cin against the easily accessible bacteria in blood after a single
injection. However, it is less effective against tissue reservoirs
of bacteria, only inhibiting bacterial growth, whereas moxi-
floxacin kills bacteria, thereby decreasing bacterial counts.
Moxifloxacin has the advantage of reducing L. monocytogenes
organisms residing and multiplying intracellularly, predomi-
nantly within macrophages. This leads to delay in bacterial
recirculation in blood observed after antibiotic clearance (26,
32). In contrast, amoxicillin has only slow and weak activity
against intracytoplasmic reservoirs of bacteria, as only a small
proportion of the drug reaches the cytoplasmic compartments
of infected cells (7, 14, 25). Moreover, this may also have been
due to the poor diffusion of amoxicillin into tissues, particularly
into the cerebral parenchyma (17, 23). Thus, high doses of
amoxicillin are required to ensure sufficient concentrations at
the sites of infection, as the in vivo efficacy of beta-lactams
largely depends on the dose and the duration of treatment (16,
23, 40).

The results obtained for treatment with multiple doses of
moxifloxacin and amoxicillin are difficult to compare because
these antibiotics do not share the same characteristics and the
same rhythm of administration. However, all animals treated
with repeated doses of moxifloxacin were cured, with no re-
lapse after 2 months of follow-up. Similar results have been
reported for other new-generation fluoroquinolones, including
clinafloxacin, which unfortunately cannot be used clinically
because of its toxicity (32).

Successful treatment of L. monocytogenes meningitis with
amoxicillin may well be due to the fact that in this setting most
of the bacteria are located extracellularly and therefore are
accessible to antibiotics (16, 31, 42). Nevertheless, amoxicillin
is also able to cure meningoencephalitis (3, 17, 26), but it
seems to achieve this task rather late and only in cooperation
with the immune system or in association with gentamicin,
which is rapidly bactericidal in vitro even though it does not
penetrate infected cells (16, 40). Indeed, for immunocompro-
mised mice, there is no apparent cure, as in these cases the role
of antibiotics is much more decisive, especially rapid bacteri-
cidal activity (17, 23, 32).

Conclusions. We show for the first time that moxifloxacin
has rapid bactericidal activity against L. monocytogenes in
BALB/c mice. Moreover, this nontoxic and well-tolerated fluo-
roquinolone diffuses well into tissues, including in particular
the cerebral parenchyma. Thus, moxifloxacin is a promising
alternative for the treatment of CNS listeriosis, especially in
cases of first-line treatment failure or contraindication for the
use of beta-lactams or cotrimoxazole. However, care is re-
quired when extrapolating results in mice to clinical applica-
tions. Careful analysis of CNS listeriosis cases treated with
moxifloxacin will provide information that will be helpful in
further use of the molecule.
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