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The mechanism of radiolabeled levofloxacin ([3H]levofloxacin) uptake by human polymorphonuclear neu-
trophils (PMNs) was investigated by a classical velocity centrifugation technique. PMNs were incubated with
levofloxacin for 5 to 180 min under various conditions before centrifugation through an oil cushion. Radio-
activity was measured in the cell pellet to determine the amount of cell-associated drug. The uptake of
levofloxacin was moderate with a cellular concentration/extracellular concentration ratio of about 4 to 6.
Levofloxacin accumulated in PMNs parallel to the extracellular concentration, without saturation, over the
range of 2.5 to 200 mg/liter (linear regression analysis: r 5 0.92; P < 0.001). The activation energy was low
(36 6 7.2 kJ/mol). Levofloxacin uptake was increased in Ca21-depleted, EGTA-containing medium by approx-
imately 33% (P 5 0.022), while Ni21, a Ca21 channel inhibitor, inhibited it in a concentration-dependent
manner, with the concentration that inhibited 50% of control uptake being approximately 2.65 mM. Verapamil
(an L-type Ca21 channel inhibitor) and other pharmacologic agents which modify Ca21 homeostasis did not
modify levofloxacin uptake. Interestingly, Ca21 and Mg21 inhibited levofloxacin uptake in a concentration-
dependent manner. EGTA, Ni21, and verapamil did not modify levofloxacin efflux; thapsigargin, a Ca21

pool-releasing agent, modestly increased the intracellular retention of levofloxacin. In addition, contrary to
other fluoroquinolones, probenecid at 1 to 10 mM did not modify either levofloxacin uptake or efflux. These
data are consistent with a mechanism of passive accumulation of levofloxacin in PMNs. Extracellular Ca21 and
Mg21 may influence the structural conformation of levofloxacin or the lipophilicity of PMN membranes, thus
explaining their effect on levofloxacin uptake.

Antimicrobial agents that accumulate and remain active in-
side phagocytic cells are particularly useful for the treatment of
infections caused by intracellular pathogens. Among those an-
timicrobial drugs which enter host cells, fluoroquinolones are
widely acknowledged to display intracellular bioactivity against
bacteria which reside and/or multiply within phagocytes (e.g.,
Staphylococcus aureus, Legionella pneumophila, mycobacteria,
chlamydiae) (9, 10, 15, 22, 23, 30, 33).

There exists abundant literature on the intraphagocytic ac-
cumulation of fluoroquinolones in vitro (5, 14, 25–27). The
intracellular accumulation of fluoroquinolones has also been
recognized ex vivo (11). Levofloxacin, the levogyre isomer of
D-ofloxacin, is a new fluoroquinolone (7) which demonstrates
good intracellular activity against intracellular pathogens, in-
cluding Chlamydia spp. (9, 23). The intraphagocytic uptake of
levofloxacin has been studied previously by the fluorometric
method (13, 28). In these studies, the drug was shown to be
concentrated six- to eightfold within human neutrophils and to
be active against phagocytized S. aureus. The mechanism of its
uptake was not investigated. Since controversial data exist in
support of an active process for fluoroquinolone uptake, we
investigated, by a radioisotopic technique, whether levofloxa-
cin accumulation is an active or a passive process.

(This work was presented in part at the 37th Interscience
Conference on Antimicrobial Agents and Chemotherapy, To-
ronto, Ontario, Canada, 28 September to 1 October 1997 [35],
and at the 20th International Congress of Chemotherapy, Syd-
ney, Australia, 29 June to 3 July 1997 [36].)

MATERIALS AND METHODS

Materials. Radiolabeled levofloxacin, [3H]levofloxacin (2.45 TBq/mmol, 19
MBq/ml in ethanol-toluene [2/3; vol/vol]), was provided by Tokai Research
Laboratory (Tokyo, Japan). Levofloxacin hemihydrate was supplied by Hoechst
Marion Roussel (Romainville, France). The levofloxacin solution used to mea-
sure drug uptake was prepared as follows: 5 ml of [3H]levofloxacin (approximate-
ly 0.09 ng/ml) was mixed with 220 ml of Hanks balanced salt solution (HBSS;
Diagnostic Pasteur, Paris, France) and 25 ml of unlabeled levofloxacin (1,000
mg/liter in HBSS). This standard solution (100 mg/liter) was further diluted to
the desired final concentrations. By a similar method, standard solutions of 1,000
mg/liter were prepared to assess final concentrations of 100 and 200 mg/liter.

Nickel chloride (Ni21), verapamil hydrochloride, probenecid [p-(dipropylsul-
famoyl)benzoic acid], phorbol myristate acetate (PMA), staurosporine (star),
and H7 were from Sigma; EGTA was from Merck; HBSS was from Diagnostic
Pasteur; and theoretically Ca21-deprived HBSS was from Gibco. This medium
was supplemented with 1 mM magnesium chloride (Mg21; Merck) and 1.2 mM
sodium bicarbonate (Diagnostic Pasteur). Thapsigargin, ionomycin, m-cyclopia-
zonic acid, A23187, chlorpromazin, and W7 were from Calbiochem.

Human neutrophils. Polymorphonuclear leukocytes (PMNs) were obtained
from the venous blood of healthy volunteers by 2% dextran T-500 sedimentation
followed by Ficoll-Paque centrifugation and osmotic lysis of residual erythro-
cytes. The viability and purity of the PMN preparation, as assessed by trypan blue
exclusion, were greater than 96%.

Levofloxacin uptake. A radiometric method was used to measure macrolide
uptake (21). Briefly, 2.5 3 106 PMNs were incubated at 37°C with the radiola-
beled drug (10 mg/liter under standard conditions) and were then centrifuged at
12,000 3 g for 3 min at 22°C through a water-impermeable silicone-paraffin (86
and 14% [vol/vol], respectively) oil barrier. The pellet was solubilized in Hionic
fluor (Packard), and the cell-associated radioactivity was quantified by liquid
scintillation counting (LS-6000-S; Beckman). Standard dilution curves were used
to determine the amount of cell-associated drug. The results were expressed as
nanograms per 2.5 3 106 PMNs. A previously determined intracellular volume of
0.6 ml/2.5 3 106 PMNs (21) was used to determine the cellular concentration/
extracellular concentration ratio (C/E). We verified that the various experimen-
tal conditions used here (pH, inhibitors, temperature) did not significantly mod-
ify this value.

Characteristics of levofloxacin uptake. We first analyzed the kinetics of levo-
floxacin (2.5 and 10 mg/liter) uptake over a 3-h incubation period. The influences
of extracellular pH, temperature, and extracellular concentrations (1.25 to 200
mg/liter) were assessed after incubation for 5 min.
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Cellular location. Levofloxacin-loaded PMNs (10 mg/liter; 15 min at 37°C)
were centrifuged through the silicone-paraffin oil barrier, and the cell pellet was
sonicated in the presence of 0.5% Triton X-100 (three 15-s bursts) or 0.73 M
sucrose (three 5-s bursts) to protect the granules (20). After centrifugation
(100,000 3 g for 30 min) the amounts of marker enzymes, lactate dehydrogenase
(LDH; a cytosolic marker), b-glucuronidase (a marker of azurophilic granules),
and lysozyme (a marker of both azurophilic and specific granules), together with
the amounts of radiolabeled levofloxacin, were determined in the pellet and the
supernatant. The results were expressed as the percentage of the pellet-associ-
ated enzyme activity or radioactivity over the sum (that in the pellet plus that in
the supernatant). This sum did not significantly differ from the total activity
measured in a control sample of cells similarly loaded, centrifuged, and sonicated
in the presence of Triton X-100 but not ultracentrifuged before enzyme activity
and radioactivity determination.

Levofloxacin efflux. Aliquots of levofloxacin-loaded PMNs were centrifuged
over the silicone-paraffin oil barrier. One aliquot was used to quantify the
amount of cell-associated drug (total associated drug). The other cell pellets
were placed in drug-free HBSS, and at various time intervals, they were again
centrifuged through the oil barrier; the radioactivity in the cell pellet and the
supernatant was then measured. The sum of the radioactivity (that in the cell
pellet plus that in the supernatant) did not significantly differ from the total load.
Efflux of levofloxacin was expressed as the percentage of drug remaining asso-
ciated with the cell pellet compared to the sum of the radioactivity (that in the
pellet plus that in the supernatant).

Influence of Ca21 and Ca21 homeostasis in PMNs on levofloxacin uptake and
efflux. Levofloxacin uptake was measured at 5 and 15 min either in the presence
of control HBSS or in theoretically Ca21-depleted HBSS (Gibco) supplemented
with 1 mM EGTA. The influence of Ni21, an inhibitor of the Na1-Ca21 ex-
changes in PMNs (20), on the uptake of levofloxacin was assessed at 5 and 15
min. The effect of 125 mM verapamil hydrochloride, an inhibitor of the L-type
calcium channel, on levofloxacin uptake was also assessed after 5 and 15 min of
incubation. PMNs were also pretreated for 10 min with various agents known to
alter the Ca21 homeostasis of PMNs (thapsigargin [200 nM] and cyclopiazonic
acid [30 mM], which release Ca21 from intracellular pools; ionomycin [1 mM and
100 nM] and A23187 [1027 M], two calcium ionophores; and W7 [30 mM] and
chlorpromazine [20 mM], two calmodulin antagonists) before assessment of
levofloxacin uptake at 10 and 30 min. In addition, levofloxacin-loaded PMNs (15
min, 10 mg/liter) were incubated in drug-free HBSS supplemented with the
various Ca21-modifying agents before assessment of levofloxacin efflux.

Effect of probenecid on levofloxacin uptake and efflux. PMNs were pretreated
for 10 min with probenecid (1 to 10 mM) before assessment of levofloxacin
uptake at 5 and 15 min. Also, levofloxacin-loaded PMNs were separated from the
extracellular medium as described above and further incubated in drug-free
medium supplemented with probenecid (2 mM). The percentage of drug-asso-
ciated levofloxacin was measured at 10 min as described above. Since probenecid
hydrochloride solution is extremely acidic, the solution was buffered with NaOH
and then diluted in HBSS before use to exclude any effect due to pH on drug
uptake and efflux.

Effect of PMA on levofloxacin uptake. PMNs were pretreated for 10 or 30 min
with the protein kinase C activator PMA (100, 10 ng/ml) or with two protein
kinase inhibitors, H7 (200 mM) and staurosporine (star, 2 mM), or their combi-
nation, before adding [3H]levofloxacin solution; levofloxacin uptake was then
measured after 10 and 30 min of incubation.

Statistical analysis. Results are expressed as means 6 standard errors of the
means (SEMs) of n experiments conducted with PMNs from different volunteers.
Analysis of variance (ANOVA), regression analysis, and Student’s t test for
paired data were used to determine statistical significance. All tests were per-
formed with the Statworks program, version 1.2, of Cricket software (1985).

RESULTS

Kinetics of levofloxacin uptake. The uptake of levofloxacin
was rapid (Fig. 1), reaching a maximum value as early as 5 min
with either concentration (2.5 or 10 mg/liter). A prolonged
incubation period did not result in increased accumulation; on
the contrary, accumulation seemed to decrease, although the
results did not reach statistical significance. The amount of
levofloxacin was greater at an extracellular concentration of 10
mg/liter compared with that obtained with an extracellular
concentration of 2.5 mg/liter (Fig. 1a). However, the C/E was
in the same range for both concentrations (4.9 6 0.32 [2.5
mg/liter] and 4.6 6 0.44 [10 mg/liter] at 5 min [n 5 seven
experiments]; 4 6 0.05 [2.5 mg/liter] and 3.5 6 0.01 [10 mg/
liter] at 180 min [n 5 3 experiments]). Contrary to what we
previously observed with various macrolides (22, 36), there was
no strong interindividual variability for levofloxacin uptake

(C/E of 4.0 to 5.6 at 5 min for seven different PMN samples;
C/E of 4.0 to 4.5 at 180 min for three different PMN samples).

Influence of extracellular concentrations. The cellular accu-
mulation of levofloxacin increased parallel to the extracellular
concentration over a wide range of concentrations (regression
analysis: P , 0.001; r 5 0.923; slope 5 2.09) and was not
saturable up to an extracellular concentration of 200 mg/liter
(Fig. 2).

FIG. 1. Kinetics of levofloxacin (LVFX) uptake (mean 6 SEM of three to
seven experiments). (a) Cellular accumulation of levofloxacin. (b) C/E.

FIG. 2. Effect of extracellular concentrations on levofloxacin uptake at 5 min
(mean 6 SEM of 4 to 12 experiments).
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Effect of pH and temperature. Levofloxacin uptake was not
modified over the pH range of 7 to 9 (Fig. 3) (ANOVA, 0.861).
Levofloxacin uptake was dependent on the temperature (Fig.
4). At 4°C, levofloxacin uptake was low (Fig. 4a) (C/E, 0.95 6
0.20 at 5 min [n 5 5 experiments]; 1.20 6 0.17 at 15 min [n 5
6 experiments] [P 5 0.048 versus that at 5 min; ANOVA
followed by Student’s t test]). At 25°C, levofloxacin uptake was
greater than that observed at 4°C (P 5 0.015 at 5 min and P 5
0.009 at 15 min), and uptake was significantly greater at 15 min
(4.3 6 0.89 [n 5 6 experiments] P 5 0.048 versus that at 5 min];
2.7 6 0.62 [n 5 5 experiments]). At 37°C, as indicated above,
the C/Es were not different at 5 and 15 min but were signifi-
cantly higher than those obtained at 4°C (4.6 6 0.60 at 5 min;
5.7 6 0.80 at 15 min [P , 0.001]). The C/E was also signifi-
cantly higher compared to that at 25°C at 5 min (P , 0.001) but
not at 15 min (P 5 0.10). At 40°C, the C/Es were not signifi-
cantly different from those obtained at 37°C (5.7 6 0.7 at 5
min; 7.6 6 1.8 at 15 min).

The activation energy was calculated by measuring the up-
take of levofloxacin by PMNs incubated for 5 min at 4, 25, 37,
and 40°C, as described previously (20), by using the Arrhenius
equation: DG 5 2RT ln Keq, where DG is the activation energy
(in calories per mole), T is the temperature (in degrees
Kelvin), R is a constant (equal to 1.98), and ln Keq is the
Napierian logarithm of the C/E at 5 min (when the uptake rate
is maximal). DG can be obtained from the slope of the curve by
using the Van’t Hoff plot representation of data: ln Keq 5
2DG/RT (Fig. 4b). The levofloxacin activation energy was low
(36 6 3.2 kJ/mol; range, 30 to 47 kJ/mol; r 5 0.909 to 0.973
[n 5 5 experiments]).

Cellular location. The intracellular location of levofloxacin
was studied after 15 min of incubation. In the presence of 0.5%
Triton X-100, sonication resulted in the breakage of all cyto-
plasmic and granular membranes, as indicated by the release of
more than 98% of lysozyme, b-glucuronidase, and LDH in the
supernatant. Pellet (granule and cytoplasmic membrane)-asso-
ciated levofloxacin was about 6.4% 6 0.61% of the total
amount of cell-associated drug (n 5 3 experiments). In the
pellet obtained in the presence of 0.73 M sucrose (which con-
tained preserved granules and cytoplasmic membranes, as in-
dicated by the presence of about 96% b-glucuronidase and
lysozyme and less than 5% LDH), the amount of levofloxacin
was moderate, about 20.7% 6 5.55% of the total amount of

cell-associated drug. These data suggest that levofloxacin is
located mainly in the cytoplasms of PMNs.

Levofloxacin efflux. Levofloxacin rapidly egressed from
drug-loaded PMNs placed into drug-free medium. At 5 min,
about 94% of the total load was recovered from the superna-
tant (cell-associated levofloxacin, 6.2% 6 1.6% of the total
amount [n 5 3 experiments]). After 15 and 30 min of incuba-
tion, levofloxacin was almost totally released from the cells: the
cell-associated amounts of levofloxacin were 1.3% 6 0.5% and
1.4% 6 0.8% of total load at 15 and 30 min of incubation,
respectively (n 5 3 experiments).

Effect of Ca21 chelators and Ca21 channel inhibitors on
levofloxacin uptake. We have previously reported that extra-
cellular calcium is a cation important for macrolide uptake (20,
34). Therefore, we investigated whether this cation is also
involved in the accumulation of levofloxacin by PMNs. In
Ca21-deprived medium (Ca21-free HBSS plus 1 mM EGTA)
levofloxacin uptake was significantly increased at 5 min (133%
6 7.5% of control uptake) (Fig. 5a), but this effect was not
detected after 15 min of incubation (levofloxacin uptake, 104%
6 3.03% of control uptake). When the Ca21-deprived medium
was supplemented with increasing concentrations of either
Ca21 (1 to 10 mM) or Mg21 (1 to 5 mM), levofloxacin uptake
was progressively impaired (Fig. 5a). By regression analysis,
the concentration of Ca21 which inhibited 50% of the control

FIG. 3. Effect of extracellular pH on levofloxacin uptake at 5 min (mean 6
SEM of four experiments).

FIG. 4. Effect of temperature on levofloxacin uptake. (a) Mean C/E at 5 and
15 min (mean 6 SEM of five to six experiments). p, P , 0.05 versus that at 37°C;
†, P , 0.05 versus that at 5 min of incubation. (b) Van’t Hoff plot representation
of the Arrhenius equation::DG 5 2RT ln (Keq). a to e, five different experiments
at temperatures of 4, 25, 37, and 40°C. Full lines, experimental values; broken
lines, regression lines. See Results section for details of the calculation.
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levofloxacin uptake (IC50) was 15.2 mM (P , 0.001; r 5 0.857;
slope 5 23.4), and the IC50 of Mg21 was 8.8 mM (P , 0.001;
r 5 0.904; slope 5 25.8). Ni21, a blocker of the Na1-Ca21

exchanger, also inhibited levofloxacin uptake at 5 min in a
concentration-dependent manner (Fig. 5a and b). By logarith-
mic regression analysis, the IC50 of Ni21 was determined to be
2.65 mM (P 5 0.001; r 5 0.637; slope 5 223.3). After 15 min
of incubation the effect of Ni21 was less impressive, with an
IC50 of 4.97 mM (linear regression analysis: P 5 0.011; r 5
0.759; slope 5 27.95). The L-type Ca21 channel inhibitor ve-
rapamil (125 mM) did not modify levofloxacin uptake over a
30-min incubation period (102% 6 16.0%, 83% 6 6.0%, and
91% 6 13.6% of control uptake at 5, 15, and 30 min, respec-
tively).

We further assessed whether other agents known to alter
Ca21 homeostasis of PMNs interfered with drug uptake (Fig.
6). Neither Ca21 ionophores, Ca21 storage release-inducing
agents, nor calmodulin antagonists modified the levels of levo-
floxacin accumulation at 5 and 30 min.

We also assessed the effects of EGTA and Ni21 on levo-
floxacin efflux. Levofloxacin-loaded PMNs were separated
from the extracellular medium by centrifugation and were
placed into drug-free HBSS (control), drug-free Ca21-de-
prived and 1 mM EGTA-supplemented HBSS (Ca21 chela-
tion), or drug-free HBSS containing 5 mM Ni21. Efflux was
measured, as described in the Materials and Methods section,

at 5, 15, and 30 min. The percentage of cell-associated levo-
floxacin was similar in all three efflux media: 6.2% 6 1.60%,
7.2% 6 2.17%, and 7.2% 6 0.80% at 5 min; 1.3% 6 0.50%,
1.2% 6 0.25%, and 2.8% 6 1.4% at 15 min; and 1.4% 6
0.80%, 1.4% 6 0.91%, and 1.6% 6 0.0% at 30 min for control,
Ca21-deprived, and Ni21-containing media, respectively (n 5
3 experiments). We further assessed the influence of agents
which increase the intracellular Ca21 concentration (ionomy-
cin at 100 nM and 1 mM, A23187 at 1025 and 1026 M, and
thapsigargin at 200 nM) on levofloxacin efflux at 5 min to avoid
the consequence of a Ca21 concentration increase on PMN
degranulation. Only thapsigargin, but to a lesser extent iono-
mycin at 100 nM, modestly but nonsignificantly increased the
level of levofloxacin retention in PMNs (12% 6 0.5% and
10% 6 1.0% for thapsigargin and ionomycin, respectively).

Effect of probenecid on levofloxacin uptake and efflux. Var-
ious investigators have suggested that fluoroquinolone (e.g.,
ciprofloxacin) efflux is mediated by an organic anion trans-
porter which is inhibitable by probenecid (4, 31). We therefore
investigated whether probenecid modifies levofloxacin accu-
mulation by PMNs. In contrast to the data reported from
experiments with ciprofloxacin, probenecid (up to 10 mM) did
not increase levofloxacin uptake (Fig. 7a). Probenecid (2 mM)
also did not modify the efflux of this drug (Fig. 7b).

Effect of protein kinase activators and inhibitors on levo-
floxacin uptake. Recently, some investigators have reported
that ciprofloxacin uptake is mediated by an active transport
which is strongly enhanced by protein kinase C activation (17).
PMNs were pretreated for 1, 10, or 20 min with PMA at 100
and 10 ng/ml or control HBSS before incubation with levo-
floxacin at 10 mg/liter. Levofloxacin uptake was measured after
10 min of incubation. H7 (200 mM) or staurosporine (2 mM)
was added 10 min before or during PMA activation of PMNs.
Activation of PMNs was also induced with a 1-min pretreat-
ment of the cells with formyl-methionyl-leucyl-phenylalanine
(FMLP) at 1026 M. None of the treatments modified levo-

FIG. 5. Effects of Ca21, Mg21, EGTA, and Ca21 channel inhibitors on levo-
floxacin uptake. (a) Effect of cations and inhibitors on levofloxacin uptake at 5
min (mean 6 SEM of three to six experiments). p, P , 0.05. (b) Concentration-
dependent effect of Ni21 on levofloxacin uptake at 5 min (mean 6 SEM of five
to six experiments).

FIG. 6. Effect of pharmacological agents which alter Ca21 homeostasis in
PMNs. PMNs were pretreated for 10 min with the following agents: ionomycin
at 1 mM, A23187 at 1027 M, thapsigargin at 200 nM, cyclopiazonic acid at 30 mM,
W7 at 30 mM, and chlorpromazine at 20 mM. Levofloxacin was then added and
uptake was measured at 5 or 30 min (mean 6 SEM for three experiments or
mean only for two experiments).
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floxacin uptake at 10 min (Fig. 8) or at 30 and 60 min (data not
shown).

DISCUSSION

Since the first quinolone derivative (nalidixic acid) synthesis
in 1962, there has been an upsurge of interest in this class of
drug. After the apparently fortuitous discovery that the com-
bination of a 7-piperazinyl ring and a 6-fluorine atom on the
quinoline or 1,8-naphthyridine nucleus dramatically enhanced
the antibacterial activities of the so-called fluoroquinolones,

rapid progress has been made in 4-quinolone research, with
more than 7,000 analogues documented in the literature, and
research is ongoing (2, 3).

Among the potential targets of these drugs, intracellular
pathogens remain a major challenge. Accordingly, the cellular
accumulation of fluoroquinolones is a parameter of major im-
portance. Fluoroquinolone uptake by phagocytes is widely
studied in vitro (5, 13, 17–19, 24–28, 37). For most fluoroquin-
olone derivatives, uptake is moderate (about 4- to 7-fold; that
for grepafloxacin, however, is about 60-fold) (32) and rapid
(within the first 5 min). This is followed by a plateau. Uptake

FIG. 7. Effect of probenecid on levofloxacin uptake and efflux. (a) Effect of probenecid on uptake. PMNs were pretreated with probenecid at 1 to 10 mM for 30
min before the addition of levofloxacin for 5 min (mean 6 SEM of three experiments or mean only for two experiments). (b) Effect of probenecid on levofloxacin efflux.
Levofloxacin-loaded PMNs were placed into drug-free medium containing probenecid at 2 mM. At 5 and 10 min, samples were centrifuged, as described in the Materials
and Methods section, and the percentage of the total load of levofloxacin released in the supernatant was measured (mean of two experiments).

FIG. 8. Effect of protein kinase activators and inhibitors on levofloxacin uptake. PMNs were pretreated for the indicated period of time (1 to 20 min) with the
following agents: FMLP at 1026 M, PMA at 100 ng/ml, PMA at 10 ng/ml, H7 at 200 mM, H7 plus PMA at 100 ng/ml, staurosporine (Star) at 2 mM, and staurosporine
plus PMA at 100 ng/ml. Levofloxacin was then added for 5 min and uptake was measured as described in the Materials and Methods section (mean 6 SEM for three
experiments or mean only for two experiments).
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is not saturable at extracellular concentrations of up to 25 to 50
mg/liter, and few modifications in the uptake pattern are in-
duced by metabolic inhibitors or competitive inhibitors of the
various active transport systems that exist in phagocytes such as
amino acid, hexose, or nucleoside carrier systems (5, 12, 24, 32,
37). The efflux of fluoroquinolones except for that of NM-394
(24) from drug-loaded phagocytes is very rapid, and the cellu-
lar location of these drugs has been suggested to be mainly the
cytosolic compartment (5).

Although these data argue for a purely passive accumulation
process, some investigators have proposed that additional ac-
tive mechanisms are also involved in the entry or efflux of these
drugs. In particular, this has been advocated recently for pe-
floxacin (18, 19) and ciprofloxacin (17). In the case of pefloxa-
cin, the investigators first observed that at high temperatures
(42°C) there appeared an active process that was not visible at
lower temperatures but that this process disappeared in the
presence of energetic metabolism inhibitors (18). In addition,
the same group (19) also demonstrated that at 37°C, Ca21 (5
mM) briefly increased pefloxacin uptake by human monocytes
and that a pretreatment with the L-type Ca21 channel inhibitor
verapamil impaired pefloxacin uptake in a concentration-de-
pendent manner. However, since phagocytes do not seem to
possess active L-type Ca21 channels, a characteristic of electri-
cally excitable cells, verapamil could play a role in drug uptake
by a mechanism other than impairment of Ca21 uptake, and in
particular, this agent is also known to alter membrane fluidity.
The investigators suggested that pefloxacin transport into
monocytes was at least partly related to a Ca21-dependent
mechanism. This mechanism is likely to be peculiar to pefloxa-
cin since neither ofloxacin nor norfloxacin competed with pe-
floxacin for uptake. In the case of ciprofloxacin, Loo et al. (17)
reported that PMA, a protein kinase C activator, strongly en-
hanced ciprofloxacin uptake in a concentration- and time-de-
pendent manner by up to 59-fold. This effect was suppressed in
the presence of protein kinase inhibitors, particularly protein
kinase C and MAP kinase inhibitors. The investigators sug-
gested that a phosphorylation-dependent process was involved
in ciprofloxacin uptake. However, it must be noted that PMA
stimulation of neutrophils may result in a strong disturbance of
the membrane structure. A moderate (about 50%) increase in
levofloxacin and ofloxacin uptake at 20 min by PMA has also
been reported by Pascual et al. (28).

The data from studies with levofloxacin reported here are in
agreement with those found in the literature (28, 32) and are
consistent with a purely passive accumulation mechanism.
First, the uptake of this drug is moderate (five- to sixfold the
external concentration) and parallels the extracellular concen-
tration without saturation (Fig. 2). Second, although drug up-
take is strongly decreased at 4°C, alteration of lipid membrane
structure at this low temperature may also explain the de-
creased accumulation of levofloxacin. In addition, there does
not seem to be a trapping mechanism for this drug or firm
binding to cellular components since it is located mainly in the
cytosol and freely and rapidly egresses from loaded cells placed
into drug-free medium. A rapidly reversible binding to some
cellular structures may, however, explain the four- to sixfold
accumulation of this drug when an excess of free drug is
present in the extracellular medium, as was the case under our
experimental conditions. An interesting phenomenon was that
the deprivation of extracellular Ca21, moderately (133%) but
significantly increased levofloxacin uptake at 5 min, but this
effect was no longer evidenced at longer incubation times (Fig.
5a). By contrast, Mg21 or Ca21 impaired levofloxacin uptake
in a concentration-dependent manner. Also, Ni21, a blocker of
Ca21 channels and of the Na1-Ca21 exchanger, which in rest-

ing neutrophils regulates the entry of Ca21, impaired levo-
floxacin uptake in a concentration-dependent manner (Fig.
5b). Other agents which modify Ca21 homeostasis in neutro-
phils (e.g., calcium ionophores, Ca21 pool-releasing drugs, and
calmodulin antagonists) did not alter levofloxacin uptake (Fig.
6). In addition, neither Ni21 nor EGTA impaired levofloxacin
efflux. These data suggest that levofloxacin may chelate Ca21

or Mg21, as has already been reported with other fluoroquino-
lones for Mg21 (1), and in this form it is less likely to diffuse
freely through lipidic membranes. In Ca21-deprived, EGTA-
supplemented medium, less levofloxacin-Ca21 complex would
be formed, resulting in increased drug uptake. By impairing
Ca21 entry into the neutrophils, Ni21 would artifactually in-
crease the external Ca21 concentration, and so the complex-
ation of Ca21 with levofloxacin which would result in an im-
pairment of drug uptake. A confirmatory experiment should be
one in which one finds an increase in the intracellular concen-
tration of Ca21 that results in an intracellular complexation of
levofloxacin, thereby decreasing its efflux. The ionophores used
in this study did not modify levofloxacin efflux. Only the Ca21

pool-releasing agent thapsigargin and ionomycin at 100 nM
(which at this concentration mainly behaves like thapsigargin
and not like an ionophore) modestly increased the levofloxacin
retention. These data do not argue against our hypothesis
because, first, although levofloxacin is located mainly (80%) in
the cytosol, a possible compartmentalization of the drug inside
the cells cannot be excluded, and second, also, the intracellular
Ca21 rise stimulated by ionophores or Ca21 pool-releasing
agents should not be uniformly distributed in the cytosol.
Lastly, due to the high IC50 of Ca21 (about 15 mM), it is
unlikely that such a large increase can be induced by Ca21-
modifying agents.

Other possibilities are that Ni21 itself (better than Mg21)
combines with levofloxacin and results in inhibition of its up-
take or that levofloxacin, a zwitterionic compound, uses some
cation channel to enter the cellules and that cations competi-
tively inhibit its uptake. It must be noted that in this context,
levofloxacin differs considerably from pefloxacin, whose uptake
is modestly and briefly (5 min) increased in the presence of
Ca21 (19).

Other data that argue against an active transport process for
levofloxacin uptake are those obtained after pretreatment of
neutrophils with various agents which either stimulate (PMA,
FMLP) or impair (H7, staurosporine) various protein phos-
phorylation processes in the neutrophils. Pascual et al. (28)
have reported that PMA slightly increased ofloxacin and levo-
floxacin uptake at 20 min, and Loo et al. (17) have observed a
similar, even considerably stronger, effect for ciprofloxacin.
Here we did not observe any significant effect of a 1- to 20-min
pretreatment of PMA on levofloxacin uptake at 10 min, a time
when the rate of uptake is optimal and should depend on an
active process (if such a process exists). At the present time
there is no clear explanation for this discrepancy; it is possible
that the reactive oxygen species produced by PMA-activated
neutrophils alter the fluoroquinolone structure and the asso-
ciated fluorescence of these molecules, because both groups of
investigators used this technique to measure drug uptake, or
that PMA, by altering membrane fluidity, also favors drug
uptake at longer incubation times.

Other controversial data arise from the use of probenecid to
block fluoroquinolone efflux. Some investigators have observed
that probenecid, by inhibiting an organic anion transporter
active in the J774 macrophage-like cell line, enhanced the
accumulation of norfloxacin, thereby increasing the intracellu-
lar bioactivity of this drug (as well as that of ciprofloxacin)
against Listeria monocytogenes (4, 31). Here we observed no
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effect of probenecid on levofloxacin accumulation or efflux
(Fig. 7). Similar results have been obtained with pefloxacin and
monocytes (19). Whether levofloxacin and pefloxacin do not
use this transporter to egress from human phagocytic cells or
this transporter is more active in immortalized cell lines such as
J774 cells remains to be determined.

Another interesting hypothesis regarding the mechanism of
the transmembrane transport of levofloxacin was the possible
involvement of the multidrug transporter P glycoprotein (P-
gP), a 170-kDa membrane glycoprotein which mediates the
transport of a variety of lipophilic substrates including fluoro-
quinolones (6, 14, 29). However, the importance of this trans-
porter for quinolones has been demonstrated in epithelial cells
and cell lines only. Although a P-gP-like protein has been
identified inside PMNs (16), a role of P-gP in the uptake of
levofloxacin by PMNs is unlikely because the P-gP-reversing
agent verapamil did not modify either the accumulation or the
efflux of levofloxacin.

In conclusion, all the data reported here strongly support a
passive accumulation mechanism of levofloxacin in human
neutrophils. This moderate (four- to sixfold) but rapid accu-
mulation may be of use in the eradication of intracellular
susceptible pathogens, particularly those located in the cyto-
solic compartment.
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