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The correlation between uptake of moxifloxacin by THP-1, a continuous line of monocytic cells devoid of
intrinsic bactericidal properties, and its activity against Staphylococcus aureus ATCC 25923, a susceptible
reference strain (MIC and minimal bactericidal concentration of moxifloxacin, 0.1 mg/liter), was studied in a
5-h assay. The uptake of the drug, added to the culture medium at 0.2 to 32 mg/liter, was evaluated by
high-performance liquid chromatography. The ratio of the cellular to extracellular concentration of moxifloxa-
cin reached, at equilibrium, 4.36 � 0.39 in uninfected cells and 6.25 � 0.41 in infected cells. The intracellular
activity of moxifloxacin, introduced into the extracellular fluid at 0.06 to 8 mg/liter, was determined by the
enumeration of viable bacteria. At concentrations <0.2 mg/liter, the drug inhibited only the intracellular
bacterial growth, while at concentrations >0.5 mg/liter, it decreased the bacterial inoculum by less than 1 log10
unit, with a maximum effect at 3 to 4 h, followed by regrowth of surviving bacteria to 80 to 120% of the original
level at 5 h. In contrast, when killing curves were determined by using Mueller-Hinton broth with a similar
inoculum (107 CFU/ml), moxifloxacin at concentrations >0.2 mg/liter reduced the inoculum by at least 3 log10
units at 3 to 4 h, leaving <0.1% survival at 24 h. Persisters exhibited a fluoroquinolone susceptibility identical
to that of S. aureus ATCC 25923. Our data indicate that moxifloxacin at therapeutic extracellular concentra-
tions accumulates approximately sixfold in infected THP-1 cells and remains active intracellularly, but
significantly less active than under in vitro conditions.

Among bacteria pathogenic to humans, some are intracel-
lular, either obligately, such as chlamydiae and rickettsia, or
facultatively, such as Legionella pneumophila, Listeria monocy-
togenes, and mycobacteria, but most are extracellular (17, 28,
31). However, even typical extracellular pathogens, e.g., Staph-
ylococcus aureus, may occasionally become intracellular (17,
28), at least within monocytes, macrophages, and polymorpho-
nuclear leukocytes (PMNs) when host defense mechanisms are
activated (31). Although phagocytosis is a very effective non-
specific defense mechanism, it may remain ineffective in cer-
tain circumstances, i.e., massive infestation or lack of bacteri-
cidal functions. Thus, intracellular accumulation is always an
important criterion for the clinical effectiveness of an antibi-
otic. However, intracellular penetration is not to be equated
with intracellular activity (16). Fluoroquinolones are claimed
to have a high intracellular penetration and to be highly active
against intracellular microorganisms. Nevertheless, although
many studies were interested in either their cellular uptake
(29) or their intracellular activity (1, 3, 19, 21, 30, 36), much
less have investigated both phenomena (6, 9–11, 13, 14, 22, 23,
25–27, 37). Moreover, the last set of studies usually evaluated
the uptake and intracellular activity of fluoroquinolones in
PMNs, whose intrinsic bactericidal properties certainly inter-

fere, and the single sampling times in short-term experiments
provide no information on the bacterial killing rate (35). Fi-
nally, factors that may alter such evaluation, that is, the num-
ber of ingested bacteria per cell, the level of cell contamination
by remaining extracellular bacteria, and the percentage of cell
recovery, are rarely specified (13, 14, 25–27).

Moxifloxacin (BAY 12-8039) is a newly developed 8-me-
thoxyquinolone with an improved activity against gram-posi-
tive cocci and anaerobes (2); a good penetration and/or bio-
activity in tissues, fluids, and cells (2, 3, 19, 21, 25; H.
Takemura, H. Yamamoto, H. Kunishima, T. Hara, H. Ikejima,
S. Terakubo, K. Kanemitsu, and J. Shimada, Abstr. 40th In-
tersci. Conf. Antimicrob. Agents Chemother., abstr. 2323, p.
191, 2000), and a low propensity for causing phototoxic reac-
tions (2).

The purpose of this study was to develop a model suitable
for correlating uptake and intracellular activity of antibiotics
and to apply it to the new fluoroquinolone moxifloxacin. Thus,
the penetration of moxifloxacin into human monocytic THP-1
cells, which are devoid of bactericidal functions, and its intra-
cellular activity against S. aureus, a common bacterial pathogen
widely used as test organism in analogous investigations (6, 9,
10, 13, 14, 25–27, 37), were studied at several sampling times in
a 5-h assay. In addition, the intracellular activity of moxifloxa-
cin was compared with its in vitro activity, as it is classically
evaluated by microbiologists, i.e., by means of MICs, minimal
bactericidal concentrations (MBCs), and killing curves. Finally,
bacteria persisting after intracellular and extracellular expo-
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sure to moxifloxacin were examined to determine whether they
were selected resistant mutants or not.

MATERIALS AND METHODS

Bacteria and cell line culture. S. aureus ATCC 25923 was used to assess the
activity of moxifloxacin. Bacterial cells persisting after moxifloxacin exposure in
time-kill studies and in intracellular assays were collected. All these organisms
were routinely cultured on Mueller-Hinton (MH) agar and broth (Sanofi Diag-
nostics Pasteur, Paris, France) at 37°C for 18 h. The THP-1 cell line is a
continuous line of human monocytic cells (33). THP-1 cells were grown in RPMI
1640 medium (Sigma, Saint Quentin Fallavier, France), supplemented with 10%
decomplemented (56°C, 30 min) fetal calf serum (Seromed-Biochrom, Berlin,
Germany) at pH 7.4 in an atmosphere of 5% CO2 at 37°C. Cells were subcul-
tured every fourth day at an initial density of 2 � 105 cells per ml.

Antibiotic susceptibility testing. Standard powder of moxifloxacin (Bayer
Pharma, Puteaux, France) was kindly provided by its manufacturer. MICs were
determined by the broth dilution technique in standard conditions (final inocu-
lum of 105 CFU per ml or per spot) (7). MBCs (per spot MBCs) were deter-
mined as recommended and defined as the lowest concentrations that killed
99.9% of the inoculum (7). Killing curves for moxifloxacin at different concen-
trations (0.06 to 8 mg/liter) were based on testing in MH broth using standard
(105 CFU per ml) and nonstandard (107 CFU per ml) inocula (7). After 0, 1, 3,
4, 5, and 24 h of incubation, viable bacteria were enumerated by a conventional
plating method: 100-�l aliquots were removed and serially diluted 10-fold in
distilled water, and 100-�l portions of the appropriate dilutions were spread on
MH agar plates. Colonies were counted after overnight incubation at 37°C.

Moxifloxacin uptake by THP-1 cells. Uptake of moxifloxacin by THP-1 cells
was determined by high-performance liquid chromatography (HPLC). Moxi-
floxacin was diluted in Dulbecco’s phosphate buffer and added at a final con-
centration of 0.2 to 32 mg/liter to a suspension of 4 � 106 THP-1 cells in RPMI
1640 medium. After different incubation times (3, 15, and 30 min and 1, 3, and
5 h) at 37°C, cells were simultaneously separated from the extracellular solution
by means of differential centrifugation through a water-impermeable silicone-oil
barrier (density � 1.021 g/cm3) and lysed into orthophosphoric acid (29). Cell
pellets were washed twice with 200 �l of 1 M orthophosphoric acid, and super-
natants were pooled. Samples (50 �l) of incubation media and cellular lysates
were directly injected into the chromatograph, composed of two pumps (model
HP1050; Hewlett-Packard Bios Analytic, Labège, France; Kontron model 420;
Bio-Tek Instruments, Milan, Italy), an automatic injector (Hewlett-Packard Bios
Analytic; model HP1050), a double-switching valve (Touzart et Matignon,
Courtaboeuf, France), and a fluorescence detector (model SFM25; Bio-Tek,
Saint-Quentin en Yvelines, France). Moxifloxacin was extracted “on line” by
retention on a precolumn (Merck Clevenot, Fontenay-sous-Bois, France), using
a mobile phase composed of 3% methanol in 10 mM K2HPO4, pH 5.4. A mixture
of acetonitrile and 10 mM K2HPO4 (15/85 [vol/vol], pH 2.5) was used for elution
and chromatographic separation on a Supelcosil ABZ analytical column (Su-
pelco, Saint-Quentin Fallavier, France), with a flow rate of 1.25 ml/min. A
backflush of the precolumn was performed after each elution to avoid clogging.
Moxifloxacin was detected by fluorescence, using an excitation wavelength set at
296 nm, and a cutoff filter set at 485 nm. The standards were prepared extem-
poraneously by spiking cell lysates or incubation media with known amounts of
moxifloxacin. The calibration curves were obtained by linear regression between
the concentrations, and the areas of moxifloxacin peaks were determined by
electronic integration. The calibration curves were linear up to concentrations of
1,000 ng/ml in 1 M orthoposphoric acid and 4,000 ng/ml in RPMI 1640 medium.
Precision and accuracy of the HPLC assay were tested on 10 samples for three
different concentrations; intraday and interday coefficient variations were lower
than 4%. The lower limit of detection was 1 ng/ml. Intracellular concentrations
of moxifloxacin were determined by dividing the amount of drug in the intracel-
lular lysate by the volume of monocytes calculated according to the following
formula: V � �/6 � D3 � y � 106, where D is the mean diameter and y � 106 is the
number of cells estimated by microscopic examination. The uptake of moxifloxa-
cin in THP-1 cells was expressed as the cellular-to-extracellular (C/E) ratio.
Moxifloxacin uptake in THP-1 cells infected by S. aureus ATCC 25923 was also
measured by the same procedure.

Intracellular activity of moxifloxacin. After infection of THP-1 cells, moxi-
floxacin was added to the extracellular medium at eight concentrations ranging
between 0.06 and 8 mg/liter, and intracellular viable bacteria were enumerated
after incubation. Briefly, 2 ml of S. aureus ATCC 25923 suspension (108 CFU/
ml), preopsonized in 40% pooled human serum, and 2 ml of THP-1 cells (106

cells/ml) were combined in a series of propylene biovials (Polylabo, Strasbourg,
France). Extracellular bacteria were removed from the incubation medium after

a 40-min incubation at 37°C by double differential centrifugation. First, the cell
suspension was layered on a mixture composed of 50% phosphate-buffered
saline (PBS), pH 7.2 and density of 1 g/cm3 (Biochrom KG, Berlin, Germany),
and 50% lymphoprep, density 1.078 g/cm3 (Nycomed, Oslo, Norway), and was
centrifuged at 14,000 � g for 5 min at 37°C. Then, the supernatant was discarded,
and the remaining medium was diluted with PBS to decrease the density to 1.019
g/cm3. The suspension was centrifuged again (14,000 � g for 5 min at 37°C), and
the pellet was resuspended in 2 ml of RPMI 1640. At this time (designated time
zero), moxifloxacin was added at different final concentrations and the vials were
reincubated at 37°C. Vials were removed after 0, 1, 3, 4, and 5 h of incubation
(control without antimicrobial agent, and sample containing moxifloxacin at a
defined concentration). Cells were pelleted (14,000 � g for 5 min at 37°C),
washed in PBS, and then lysed in distilled water. Viable bacteria were enumer-
ated by washing supernatants and cell lysates as indicated above. The number
and the morphological aspect of the cells were checked by light microscopy
examination at each step.

Statistical analysis. All data concerning intracellular penetration of moxifloxa-
cin were expressed as the means � standard deviations of six independent tests;
a statistical analysis of variance was performed by the Student t test with a P value
�0.05 considered significant.

RESULTS

Antibiotic susceptibility of S. aureus ATCC 25923 and per-
sisters. S. aureus ATCC 25923 was susceptible to all 18 anti-
biotics tested by the disk diffusion method, and the persisters
exhibited the same susceptibility profile. MICs and MBCs of
moxifloxacin (Table 1) confirmed these data and demonstrated
that moxifloxacin was bactericidal (MBC/MIC ratios of 1 to 2).
Moxifloxacin exerted the same inhibitory and bactericidal ef-
fect on S. aureus ATCC 25923 and on the persisters.

Time-kill studies. Killing curves for moxifloxacin against S.
aureus ATCC 25923 were based on testing performed in MH
broth at concentrations of 0.06 to 8 mg/liter, first using the
recommended inoculum of 105 CFU/ml (7). Results (Fig. 1A)
were consistent with MBC data. Indeed, moxifloxacin at 0.06
and 0.1 mg/liter only inhibited the bacterial growth. The drug
was bactericidal (reduction of the bacterial inoculum by at
least 3 log10 units after a 24-h incubation) at concentrations
equal to or greater than 0.2 mg/liter. These concentrations (0.2
to 8 mg/liter) led to highly similar curves. There was a rapid
initial decrease in viable bacteria, with a maximum effect (re-
duction of 3 to 4 log10 units) after 3 to 5 h of incubation,
followed by a bacterial regrowth leaving persistent cells at 24 h
(less than 0.1% of the inoculum at concentrations �0.2 mg/
liter).

Then, the same experiments were done using a higher inoc-
ulum (107 CFU/ml), equivalent to the number of organisms
per milliliter of cells. There was a slight inoculum size effect

TABLE 1. Fluoroquinolone susceptibility of S. aureus
ATCC 25923 and moxifloxacin persistersa

Bacteria
Moxifloxacin

MIC (mg/liter) MBC (mg/liter)

S. aureus ATCC 25923 0.1 0.1
Persisters

Time-kill studies
Low inoculum (105 CFU/ml) 0.1–0.2 0.1–0.2
High inoculum (107 CFU/ml) 0.1–0.2 0.1–0.2

Intracellular assays 0.1–0.2 0.1–0.2

a The concentrations allowing growth of persisters ranged between 0.06 and 8
mg/liter for each experiment in time-kill studies and intracellular assays. All
colonies of persisters were pooled for each concentration of moxifloxacin tested.
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(Fig. 1B). Indeed, a bactericidal activity was observed for
slightly higher concentrations (�0.5 mg/liter), which gave anal-
ogous curves. The maximal effect was slightly less marked
(reduction of the inoculum by 2.5 to 3 log10 units) and delayed
(at 4 to 5 h) and was followed by bacterial persistence (less
than 0.1% of the inoculum at concentrations �0.5 mg/liter).

Uptake of moxifloxacin in THP-1 cells. Penetration and ac-
cumulation of moxifloxacin in THP-1 cells were evaluated un-
der basal conditions (uninfected cells, 37°C, 5% CO2, pH 7.35),
with 11 extracellular concentrations ranging from 0.2 to 32
mg/liter, at seven sampling times in a 5-h assay (Fig. 2). Moxi-
floxacin penetrated very rapidly into THP-1 cells, since uptake
was essentially complete after only 5 min of incubation with the
drug. At equilibrium, cellular concentrations of moxifloxacin
were four to five times greater than the extracellular ones (C/E
ratio: 4.36 � 0.39). They tended to slightly decrease over the
5-h period of incubation, but the variations observed were not
statistically significant. In uninfected cells, there was a close
correlation (r2 � 0.993, n � 80) between intra- and extracel-
lular concentrations of moxifloxacin (Fig. 3). However, analysis
of variance demonstrated that the mean C/E ratio varied ac-
cording to extracellular concentrations. C/E ratios were signif-

FIG. 1. Influence of moxifloxacin on the viability of S. aureus ATCC 25923 using inocula of 105 (A) and 107 CFU/ml (B). The antibacterial effect
of moxifloxacin was expressed as the mean number of viable bacteria obtained in two determinations. This was normalized for the control growth
curve to allow comparison between antibiotic concentrations. Symbols: ■ , control; {, 0.06 mg/liter; �, 0.1 mg/liter }, 0.2 mg/liter; �, 0.5 mg/liter;
�, 1 mg/liter; E, 2 mg/liter; Œ, 4 mg/liter; ‚, 8 mg/liter.

FIG. 2. Time profiles of moxifloxacin uptake by THP-1 cells in-
fected by S. aureus (■ ) or uninfected ({) at an extracellular concen-
tration of 4 mg/liter for 300 min. C/E ratios represent the means of six
experiments. Data were compared by the Student t test.
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icantly higher for extracellular concentrations �0.5 �g/ml than
for concentrations greater than this value (C/E ratios: 7.11 �
0.62 for 0.3 �g/ml and 7.22 � 0.55 for 0.5 �g/ml versus 4.81 �
0.29 for 16 �g/ml; P � 0.05). The presence of ingested S.
aureus significantly increased (P � 0.01) the intracellular pen-
etration by moxifloxacin of THP-1 cells during the first hour of
incubation. At equilibrium, the C/E ratios in infected cells
reached 6.25 � 0.41 (Fig. 2).

Finalization of the model. In preliminary experiments, sev-
eral methods of bacterial infestation and elimination of extra-
cellular bacteria were investigated. Higher cell densities or
longer incubation times led to cellular death. Opsonization by
fetal calf serum and human plasma or pig serum was less
efficient for bacterial infestation (0.01 and 0.025 CFU/cell,
respectively). A bacterium/cell ratio of 1,000 impaired the
elimination of extracellular bacteria (contamination of 13.8%).
Removal of noninternalized bacteria by simple washings left
14% of contaminating extracellular bacteria. Treatment with
gentamicin (20 mg/liter for 2 h) yielded 69% cellular death
(12). Lysostaphin (30 mg/liter for 10 min) gave satisfactory
results (0.05% of contaminating bacteria left). However, this
reagent was not used further, since it is only useful for staph-
ylococcal elimination, and, like gentamicin, it has been re-
ported to penetrate into cells (15, 16, 28, 34, 35). The incuba-
tion time was not extended beyond 5 h because, in the control,
cells began to lyse and bacteria began to become extracellular.
Our model provided an infestation rate of 0.34 CFU per cell,
and 90% of the cells were recovered. The level of cell contam-
ination was about 1% of the final bacterial count, as deter-
mined by bacterial enumeration after the final washing in both
the supernatant and the lysate of the cell pellet.

Intracellular activity of moxifloxacin. The kinetics of the
intracellular activity of moxifloxacin against S. aureus ATCC
25923 in THP-1 cells was determined at eight extracellular
concentrations equivalent to clinical serum levels (0.06 to 8
mg/liter) and at four sampling times (1, 3, 4, and 5 h) over a 5-h
period of incubation (Fig. 4). When infested cells were incu-
bated in the absence of the antibiotic, there was a substantial

bacterial growth since the number of viable S. aureus cells after
5 h increased by 1.5 log10 units compared with the number at
time zero. However, THP-1 cells demonstrated a slight inhib-
itory activity since the intracellular growth was reduced by 1
log10 CFU/ml compared with that from curves based on growth
in MH broth with either a low or a high inoculum. The addition
of moxifloxacin to the extracellular medium resulted in a con-
centration- and time-dependent decrease of the number of
cell-associated S. aureus cells. At final concentrations �0.2
mg/liter in the extracellular fluid, moxifloxacin only inhibited
the bacterial multiplication, leading to bacterial counts similar
to the time zero value (inoculum). This bacteriostatic effect
corresponded to percentages of surviving staphylococci com-
pared with percentages for control cells (without antibiotic)
taken at the same sampling times of 55 versus 21%, respec-
tively, at 3 h and 10 versus 4%, respectively, at 5 h. At extra-
cellular concentrations �0.5 mg/l, there was a transient and
moderate reduction of the inoculum. The highest effect was
seen at 1 to 4 h, reaching a 1 log10 unit reduction of the
inoculum. Again, it was followed by regrowth leading to the
presence of approximately 80% of the inoculum at 5 h. This
moderate bactericidal effect corresponded to percentages of
surviving staphylococci compared with percentages for control
cells taken at the same times of 8 versus 2%, respectively, at 3 h
and of 6 versus 1%, respectively, at 5 h. Extracellular concen-
trations �0.5 mg/liter led to almost identical curves. Thus

FIG. 3. Moxifloxacin uptake by uninfected THP-1 cells with differ-
ent extracellular concentrations. The uptake values represent six ex-
periments for each tested concentration.

FIG. 4. Effect of moxifloxacin on the viability of S. aureus ATCC
25923 ingested by THP-1 cells. Antibacterial effect of moxifloxacin was
expressed as the mean number of viable bacteria obtained in three
determinations. This was normalized for the control growth curve to
allow comparison between antibiotic concentrations. Symbols: ■ , con-
trol; {, 0.06 mg/liter, �, 0.1 mg/liter; }, 0.2 mg/liter; �, 0.5 mg/liter; �,
1 mg/liter; E, 2 mg/liter; Œ, 4 mg/liter; ‚, 8 mg/liter.
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moxifloxacin did not display a bactericidal activity, as microbi-
ologically defined, against intracellular S. aureus, even at con-
centrations that were bactericidal for extracellular bacteria de-
spite an accumulation in THP-1 cells at a level five- to sixfold
greater than that in the extracellular medium. Actually, the
calculated intracellular concentrations (CIC) of moxifloxacin,
on a C/E ratio basis of 6 (0.4 to 50 mg/liter), always largely
exceeded the MBC of the drug for S. aureus ATCC 25923
(approximately 4 to 500 times the MBC).

DISCUSSION

In this study, we developed a sensitive model of S. aureus-
infected human monocytes for analyzing uptake and intracel-
lular activity of antibiotics. Monocytes are, with PMNs, one of
the two types of phagocytic white blood cells that are the
primary line of cellular defense against microbial infection
(31). THP-1 cells are capable of phagocytosis (33) but do not
kill intracellular bacteria (30), minimizing direct and indirect
interactions between antibiotics and phagocyte functions (15).
S. aureus is an extracellular pathogen which may, occasionally,
survive and even multiply within phagocytes, resulting in pro-
longed and recurrent infections (17, 28). Probably because S.
aureus does not promote its own internalization, cell infesta-
tion required a higher cellular density, a prolonged opsoniza-
tion, and a more elevated bacterium-to-cell ratio than L.
monocytogenes (30). Almost complete removal of noninternal-
ized bacteria and cell recovery were achieved by two differen-
tial centrifugations, in contrast with other methods (6, 9–11, 19,
21, 30, 37), which may induce overestimation of the intracel-
lular activity of antibiotics (35).

The uptake of moxifloxacin by THP-1 cells was evaluated by
HPLC. Methods used for measuring fluoroquinolone uptake
have provided very similar results (35). Penetration of moxi-
floxacin into THP-1 cells proceeded very rapidly, as previously
observed in THP-1 cells (Takemura et al., 40th ICAAC) and
PMNs (25). At steady state, moxifloxacin gave intracellular
concentrations four to five times higher (4.36 � 0.39) than the
extracellular ones, i.e., slightly less than that observed previ-
ously (Takemura et al., 40th ICAAC) (6.3 � 0.9). Pascual et al.
(25) reported C/E ratios for moxifloxacin in PMNs and McCoy
cells of ca. 11 and 9, respectively. Fluoroquinolones usually
reach a plateau within few minutes of incubation, at C/E ratios
ranging between 2 and 10 (6, 9, 10, 13, 15, 23–26, 29, 37), in
phagocytic cells and at lower levels in nonphagocytic cells (6,
13, 24–26), although Takemura et al. (40th ICAAC) found a
value of ca. 37 for moxifloxacin in alveolar epithelial cells. The
mechanisms whereby quinolones accumulate in cells are not
yet known. Passive diffusion is probably the major mechanism,
but active transport systems are certainly involved (24, 25),
which explains why higher C/E ratios can be observed at the
lowest extracellular concentrations. S. aureus phagocytosis sig-
nificantly enhanced the entry of moxifloxacin into THP-1 cells;
this finding contrasts with previous reports on this molecule
(25) and other quinolones (9, 10, 13, 14, 26, 27) in PMNs.
However, variable effects of S. aureus ingestion on antibiotic
uptake have been previously described (16). Indeed, phagocy-
tosis of bacteria induces important changes in cells which are
likely to affect the intracellular penetration of antibiotics,
maybe depending on the cell type and the drug.

The intracellular activity against S. aureus ATCC 25923 of
moxifloxacin in THP-1 cells was determined at therapeutic
extracellular concentrations (0.06 to 8 mg/liter), in a 5-h assay.
The intracellular activity of the antibiotic appeared to be con-
centration and time dependent. At concentrations �0.2 mg/
liter (CIC: 4 to 12 � MBC), moxifloxacin exerted only a bac-
teriostatic effect. At levels �0.5 mg/liter (CIC: 40 to 500 �
MBC), moxifloxacin displayed a modest intracellular bacteri-
cidal effect, since the antibiotic transiently reduced the inocu-
lum by at most 1 log10 unit at 3 to 4 h. Beyond that time,
regrowth up to ca. 80% of the inoculum value occurred. Thus,
moxifloxacin remained active intracellularly and inhibited cell-
associated S. aureus growth but to a much lesser extent than
expected in view of its C/E ratios in THP-1 cells and its bac-
tericidal activity against the test organism. Such data are in
contradiction with the literature. Indeed, Pascual et al. (25)
have reported a significant activity of moxifloxacin against S.
aureus ATCC 25923 in PMNs. However, at external concen-
trations of 0.1 to 5 mg/liter (CIC: 20 to 1,000 � MBC), the
antibiotic only gave, at the single sampling time of 3 h, 90%
survival relative to 15% for control cells. Similar studies of
other fluoroquinolones (10, 11, 13, 14, 26, 27, 37) have led to
similar results and interpretation. Indeed, fluoroquinolones
certainly cooperate with PMNs for killing bacteria (36), but the
very efficient bactericidal mechanisms of these phagocytes ren-
der the PMN models poorly sensitive for evaluating the intrin-
sic cell bactericidal activity of antibiotics (35). Other studies
only dealing with the intracellular bioactivity of moxifloxacin
have demonstrated a bacteriostatic rather than a bactericidal
effect (3, 19, 21; Takemura et al., 40th ICAAC). Similar inves-
tigations of the activity of other fluoroquinolones against non-
staphylococcal pathogens generally showed uncomplete erad-
ication despite relatively high extracellular concentrations (11,
22, 23). Thus, the discrepancy between our data and those of
other investigators might be related to the use of different cell
types (microbicidal versus nonmicrobicidal cells) and expres-
sion of results (relative versus absolute data).

To further characterize the disparity between the intra- and
extracellular activities of moxifloxacin against S. aureus ATCC
25923, the latter was reexamined. The MIC and MBC of moxi-
floxacin were identical to those determined by other investiga-
tors for this strain (25). Killing curves generated under stan-
dard conditions (inoculum of 105 CFU/ml) were consistent
with these data and showed a concentration- and time-depen-
dent bactericidal effect, in contrast with some previous phar-
macodynamic studies of moxifloxacin (4, 5, 8, 20) but in agree-
ment with others (2) and with the literature on the bactericidal
activity of quinolones. Indeed, quinolones are known to pro-
duce concentration-dependent killing to a point of maximum
effect. Higher concentrations do not increase either the killing
rate or the total number of bacteria killed (18). Killing curves
generated with a higher inoculum (107 CFU/ml), equivalent to
the number of bacteria per milliliter of cell content, were not
significantly different: increasing the inoculum size has little or
no effect on the activity of moxifloxacin (2).

Contrasts between antibiotic uptake and subsequent intra-
cellular bactericidal activity have been mentioned for various
antimicrobial agents (16, 34, 35). The most probable explana-
tion for the relative lack of antistaphylococcal activity of moxi-
floxacin in THP-1 cells is different subcellular distributions of
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the antibiotic and the microorganism. Indeed, fluoroquinolo-
nes seem largely if not exclusively located in the cytosol (28,
35), whereas S. aureus is believed to be sequestered in phagoly-
sosomes (17, 28, 32, 34). Moreover, quinolones should be, at
least partly, inactivated at the low pH of phagosomes (32).
Partial binding of the drug to cell components is unlikely, since
moxifloxacin (25), like other quinolones (11, 13, 14, 23, 26, 27,
34, 37) effluxes rapidly when the extracellular drug is removed.
Given the potential of quinolones for emergence of resistance,
persisters were examined to establish whether they were se-
lected resistant mutants. According to MIC and MBC data,
they were obviously not. There is always a small percentage of
bacteria that are not completely eliminated by quinolone treat-
ment. The molecular basis of the persister state remains mys-
terious (18).

In conclusion, the use of this model offers an interesting
insight into the correlation between uptake and intracellular
activity of antibiotics. When the model was applied to moxi-
floxacin, this fluoroquinolone was found to accumulate in in-
fected THP-1 cells at a C/E ratio of approximately 6 and to
remain active within these cells, but significantly less active
than under in vitro conditions. In particular, moxifloxacin was
not bactericidal in the accepted microbiological definition of
this term. It would be of interest to adapt this model to other
fluoroquinolones and microorganisms since pathogens, like an-
tibiotics, may reside in different compartments of the cells.
Maturation to macrophages and subsequent activation by lym-
phokines would allow further intracellular pharmacological
and pharmacodynamic studies of antibiotics in the mononu-
clear phagocyte system.
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