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We compared the uptakes and intracellular locations of four 14-membered-ring macrolides (roxithromycin,
dirithromycin, erythromycin, and erythromycylamine) in human polymorphonuclear neutrophils (PMNs) in
vitro. Intracellular location was assessed by cell fractionation and uptake Kinetics in cytoplasts (granule-poor
PMNs). Trapping of dirithromycin within PMN granules (up to 80% at 30 min) was significantly more marked
than the intracellular trapping of the other drugs (erythromycylamine, 45% = 5.1%; erythromycin, 42% =
3.7%; roxithromycin, 35% = 3.0%). A new finding was that, in the absence of extracellular calcium, the uptakes
of all of the macrolides by PMNs and cytoplasts were significantly impaired, by about 50% (PMN) and 90%
(cytoplasts). Furthermore, inorganic Ca>* channel blockers inhibited macrolide uptake in a concentration-
dependent manner, with 50% inhibitory concentrations of 1.6 to 2.0 mM and 29 to 35 M, respectively, for Ni**
and La>*. The intracellular distributions of the drugs were unchanged in the presence of Ni** and La** and
in Ca®*-free medium supplemented with ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid.
The organic Ca*>* channel blocker nifedipine had no effect on macrolide uptake, whereas verapamil inhibited
it in a time- and concentration-dependent manner. These data show the importance of extracellular Ca*>* in
macrolide uptake by phagocytes and suggest a link with Ca>* channels or a Ca>* channel-operated mechanism.

Infections caused by organisms which survive and multiply
within host cells, such as Legionella spp., Chlamydia spp., and
Mpycobacteria spp., are difficult to cure, partly because of the
intracellular locations of these pathogens, which are protected
from the antimicrobial activities of non-cell-penetrating agents
(20). However, the abilities of antibiotics to enter and concen-
trate within host cells, generally estimated from the intracel-
lular concentration-to-extracellular concentration ratio, may
not actually reflect their overall intracellular bactericidal activ-
ities (17). Another factor of importance is the respective in-
tracellular locations of the drug and the pathogen. Possible
interactions between the drug and host cell factors (inactiva-
tion, binding, synergy) may also result from the particular
location of the drug. In addition, intracellular accumulation of
antibacterial agents or the mechanism used for this cellular
transport may in turn affect host cell metabolism and functions,
ultimately modifying the overall course of infectious diseases.
Among those cell-penetrating agents, macrolide antibiotics
have been much studied (14, 27). Many publications examine
their intracellular (particularly intraphagocytic) accumulation
(for a review, see reference 29) and their possible interference
with phagocyte activities (for a review, see reference 28). De-
spite abundant data, the mechanism underlying macrolide up-
take by host cells is poorly understood. Various hypotheses
have been put forward. These hypotheses involve liposolubility
and active transport systems, particularly those used by nucleo-
sides (18, 21). A likely mechanism for their intracellular accu-
mulation involves the weakly basic nature of macrolides and
the possibility of trapping by protonation within acidic cellular
compartments, lysosomes, and polymorphonuclear neutrophil
(PMN) granules (9, 36). This hypothesis has been verified in

* Corresponding author. Mailing address: Service d’Hématologie et
d’Immunologie Biologiques, CHU Xavier Bichat, INSERM U294, 46
rue Henri Huchard, 75018 Paris, France. Phone: 33 (1) 40 25 85 21.
Fax: 33 (1) 40 25 88 53.

1676

phagocytic and nonphagocytic human and animal cells (6, 9,
45,50, 51). The possibility that the intragranular location alters
the correct functioning of this cellular compartment (exocyto-
sis, phagolysosomal fusion) has been little explored (1, 8, 30).
Recently, we have demonstrated that various 14-membered-
ring macrolides induce PMN degranulation (1, 30) and that
extracellular calcium is required for this phenomenon (31).
The intracellular locations of roxithromycin and erythromycin
have been characterized (9) in human PMNs; to our knowl-
edge that of dirithromycin has been analyzed in mouse mac-
rophages only (6), and no data are available concerning its
metabolite, erythromycylamine. This prompted us to deter-
mine the intracellular locations of dirithromycin and erythro-
mycylamine (for which no data are available in human PMNs)
in comparison with those of erythromycin and roxithromycin.
In addition, we analyzed the influence of extracellular calcium
on macrolide uptake and location in PMN.

(Part of this work was presented at the 94th General Meet-
ing of the American Society for Microbiology [31].)

MATERIALS AND METHODS

Antibiotics and chemicals. Erythromycin and roxithromycin (Roussel Uclaf,
Paris, France), dirithromycin and erythromycylamine (Eli Lilly, Indianapolis,
Ind.), and the radiolabelled drugs were provided by the respective manufactur-
ers. [*H]dirithromycin (20 mCi/mg), [*H]roxithromycin (26.1 mCi/mg), and
[*H]erythromycin (27 mCi/mg) were solutions in ethanol-water (7/3; vol/vol), and
[**Clerythromycylamine (4.8 wCi/mg) was the base powder. Tritiated drugs (2.5
wl) were mixed with 25 wl of unlabelled drugs (0.001 mg/ml of ethanol-Hanks
buffered salt solution [HBSS]; 1/9; Pasteur, Paris, France) and 222.5 pl of HBSS.
[**Clerythromycylamine was made up to a solution of 0.001 mg/ml of ethanol-
HBSS (1/9). Stock solutions were further diluted in HBSS to the desired con-
centrations.

Nickel chloride (Ni?*), lanthanum chloride (La®"), verapamil hydrochloride,
nifedipine, BAPTA-AM [1,2-bis-(O-aminophenoxy)-ethane-N,N,N',N'-tetraace-
tic acid tetra-(acetoxymethyl) ester], and cytochalasin B were from Sigma. Mag-
nesium chloride (Mg?*), nifedipine, and EGTA [ethylene glycol-bis(B-amin-
oethyl ether)-N,N,N’,N'-tetraacetic acid] were from Merck. All reagents except
verapamil and nifedipine were dissolved in HBSS; verapamil and nifedipine were
dissolved in chloroform and were further diluted in HBSS to final concentrations
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of 100 to 500 wM in 0.1% chloroform. Because of the photosensitivity of nifed-
ipine, experiments with this agent were performed in the dark. The solutions of
all reagents were buffered at pH 7.4 to avoid any influence of pH on macrolide
uptake. A solvent control (0.1% chloroform) was tested in parallel with nifedi-
pine and verapamil.

Human PMNs. Human PMNs were obtained from the venous blood of healthy
volunteers by Ficoll-Paque centrifugation and then 2% dextran sedimentation
and osmotic lysis of residual erythrocytes.

Macrolide uptake. A radiometric assay was used to measure macrolide uptake
(39). Briefly, 2.5 X 10° PMNs were incubated at 37°C with the radiolabelled
drugs and were then centrifuged at 12,000 X g for 3 min at 22°C through a
water-impermeable silicone-paraffin (86 and 14%, respectively; vol/vol) oil bar-
rier. The pellet was solubilized in Hionic fluor (Packard), and cell-associated
radioactivity was quantified by liquid scintillation counting (Beckman LS-6000-
S). Standard dilution curves were used to determine the amounts of cell-associ-
ated drugs.

The concentrations of macrolides used in the assays were 2.5 mg/liter (approx-
imately 3 uM) for roxithromycin, dirithromycin, and erythromycin and 50 mg/
liter for erythromycylamine (because of the poor labelling of this drug). For
comparative uptake kinetic studies, an extracellular concentration of 10 mg/liter
was used for all macrolides.

In agreement with the literature (18), roxithromycin uptake was rapid and
plateaued after 60 min; erythromycin displayed a similar profile, although cell-
associated drug amounts were far less than those with roxithromycin. By contrast,
as we and others have already observed (16, 39), dirithromycin uptake increased
as a function of time; a similar but less striking phenomenon was observed with
erythromycylamine.

Cellular location. Drug-loaded PMNs (30 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 (three times for 15 s each time) or 0.73 M sucrose to
protect granules (three times for 5 s each time) (1). After centrifugation (100,000
X g, 30 min), the amounts of marker enzymes lactate dehydrogenase (LDH) (5),
B-glucuronidase (47), and lysozyme (35) in the pellet and the supernatant,
together with the amounts of radiolabelled drugs, were determined.

Uptake kinetics in cytoplasts. Enucleated and granule-poor PMNs (cytoplasts)
were prepared as described by Roos et al. (43). PMNs (3 x 107 cells) were
suspended in 12.5% (wt/vol) Ficoll with 20 uM cytochalasin B. The cell suspen-
sion was preincubated at 37°C for 5 min and was then layered onto a prewarmed
discontinuous density gradient (16% Ficoll on 25% Ficoll) containing 20 uM
cytochalasin B. After centrifugation (81,000 X g at 33°C for 30 min), a band of
cytoplasts was formed at the interface of the 12.5 and 16% Ficoll solutions.
PMNs and cell debris were recovered at the interface of the 16 and 25% Ficoll
solutions, and granules were obtained in the pellet. All three fractions were
washed five times to remove cytochalasin B. The amounts of marker enzymes
(Iysozyme and B-glucuronidase) were measured in these fractions; cytoplasts
contained less than 2% lysozyme and B-glucuronidase, PMNs and cell debris
contained approximately 4%, and the granular pellet contained both markers at
95 to 96%. The cytoplasts were counted with a hematocytometer and were
diluted (2.5 X 10°) before use as intact cells to measure drug uptake.

Activation energy. Activation energy was calculated by measuring the kinetics
of macrolide uptake by PMNs incubated for 5 min at 4, 25, 30, 37, and 40°C (34).
The temperature dependence of the antibiotic uptake rates was quantified by
calculating Arrhenius activation energies given in equation 1: AG = —RT In K,
where AG is the activation energy (in calories per mole), T is the temperature (in
degrees Kelvin), R is a constant (equal to 1.98), and In K, is the Napierian
logarithm of the intracellular concentration-to-extracellular concentration ratio
at 5 min (a time when uptake rates are maximal). By transforming calories per
mole to joules per mole and Ln to log, equation 1 becomes equation 2: AG =
—1.98 X 4.18 X 2.3 T log K.q. AG can be obtained from the slope of the curve
by using the Van’t Hoff plot representation of data: log K. = —[1/(4.18 X 2.3 X
1.98)] AG (1/T) (equation 3).

Effect of Ca®* chelators on macrolide uptake. Intracellular Ca>* was chelated
by loading PMNs with 30 uM BAPTA-AM for 30 min at 37°C (40) before their
use in drug uptake experiments. Extracellular Ca®* was depleted by using nom-
inally Ca®>*-free HBSS supplemented with 1 mM EGTA. Total depletion of
Ca** was obtained by combining the two treatments.

Effect of Ca>* channel blockers. PMNs in HBSS containing 1 mM CaCl, were
pretreated for 10 min at 37°C with the inorganic Ca?* channel blockers (44) Ni**
(0.125 to 10 mM), La*>* (20 to 100 M), and Mg?>* (1.25 to 5 mM) before
measuring macrolide uptake. PMNs were also pretreated for 10 min in Ca®*
containing HBSS with verapamil (250 to 500 uM) or nifedipine (100 to 500 wM),
two organic antagonists of L-type voltage-dependent Ca®" channels (19).

PMN viability. PMN viability was assessed by measuring the amount of LDH
released. None of the experimental conditions (EGTA at 1 mM in Ca?*-free
HBSS, BAPTA-AM at 30 pM, the combined treatment of BAPTA-AM plus
EGTA, Ca®" channel blockers, and Ca* antagonists, all with or without mac-
rolides) altered PMN viability after incubation for 5, 30, or 60 min (LDH release,
<10%). We also verified that none of the conditions altering extracellular and
intracellular Ca®" concentrations or Ca®* influx into PMNs induced PMN de-
granulation. The percentage of lysozyme and B-glucuronidase release by PMNs
incubated under the various experimental conditions for 30 min was always
comparable to the percentage of spontaneous enzyme release in Ca>*-contain-
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FIG. 1. Uptake kinetics of dirithromycin (@), roxithromycin (m), erythromy-
cin (O) and erythromycylamine (O) by cytoplasts. Results are expressed as
percentage of control uptake by PMNs from the same donors; values are the
means * standard errors of the means from three to six experiments. *, P < 0.05
for macrolide uptake by cytoplasts compared with control uptake by human
PMNs; **, P < 0.05 for dirithromycin versus each other macrolide.

ing HBSS (for lysozyme, 13 to 14% versus 14% for Ca** depletion or Ca>* influx
inhibition versus that for controls, respectively; the respective values for B-gluc-
uronidase were 6 to 9% versus 8%.

Statistical analysis. Results are expressed as means * standard errors of the
means of n experiments conducted with PMNs from different volunteers. Anal-
ysis of variance, regression analysis, and Student’s ¢ test for paired data were used
to determine statistical significance. All tests were performed on the Statworks
program, version 1.2, Cricket software, 1985).

RESULTS

Cellular location of macrolides. The cellular locations of
macrolides were assessed first by cell fractionation studies.
Under conditions of maximal cell disruption (sonication with
three 15-s bursts in the presence of 0.5% Triton), the cytoplas-
mic and granular membrane pellets contained less than 10%
the cytosolic enzyme marker LDH and the granule enzyme
markers lysozyme and B-glucuronidase. None of the macro-
lides was significantly associated with the membrane structure
(dirithromycin, 5% * 1.0%; roxithromycin, 2% = 0.4%; eryth-
romycylamine, 13% = 6.1%; erythromycin, 4% = 0.7%).
When the granules were protected from disruption by the
presence of 0.73 M sucrose, as indicated by the recovery of
89% *+ 0.5% and 90% = 0.8% B-glucuronidase and lysozyme,
respectively, and less than 10% LDH, they contained most of
the cellular dirithromycin. Also, more dirithromycin than the
other drugs was found in the granular pellet (73% *= 3.9%
versus 45% = 5.1%, 35% =+ 3.0%, and 42 *+ 3.7%, respectively,
for erythromycylamine [P = 0.023], roxithromycin [P < 0.001],
and erythromycin [P = 0.002]).

In keeping with these data, macrolide uptake by cytoplasts
(i.e., neutrophils devoid of granules) was significantly less
marked than that by intact cells (Fig. 1). This was particularly
so with dirithromycin, whose accumulation, unlike that of the
other drugs, decreased significantly with time (regression anal-
ysis, P = 0.026 and r = 0.538). At 60 min, the percentage of
dirithromycin uptake by cytoplasts differed significantly from
those of the other macrolides (P < 0.05). These data strongly
support the hypothesis that trapping of macrolides within in-
tracellular granules drives their uptake in phagocytes and that
this cellular compartment is the preferential location of di-
rithromycin.

Laufen and colleagues (33, 34) have suggested that for mac-
rolides with similar cross-sectional areas and similar numbers
of sites for the formation of hydrogen bonds, differences in
activation energy could be linked either to the use of an active
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FIG. 2. Van’t Hoff plots of temperature dependence of macrolide uptake kinetics by intact PMNs (dirithromycin and erythromycylamine were tested in three
experiments each and roxithromycin and erythromycin were tested in two experiments each). For details of calculation of activation energy, see Materials and Methods.

transport system such as that of nucleosides or to the need to
cross the lysosomal membrane in addition to the cell mem-
brane. The activation energies of the four macrolides tested
here (Fig. 2) were as follows: dirithromycin, 109 * 15.6 kJ/mol;
erythromycylamine, 119 = 7.3 kJ/mol; roxithromycin, 75 * 2.2
kJ/mol; and erythromycin 61 =+ 4.1 kJ/mol. The high activation
energy of dirithromycin is in keeping with that reported by
Laufen et al. (34) for azithromycin and probably reflects its
trapping within granules. However, erythromycylamine, which
does not concentrate within granules substantially better than
erythromycin and roxithromycin and which does not use a
known active transport system (39), also had a high activation
energy. It is noteworthy that compared with the drugs assessed
here, erythromycylamine displays poor liposolubility (Kow’s
index, 0.1011 at pH 7 [34a]). The frictional resistance of this
hydrophilic drug through the lipidic cell membrane could ex-
plain its requirement for a high activation energy to enter the
cells.

Effect of Ca*>* on drug uptake. The effect of Ca>* on mac-
rolide uptake kinetics by PMNs is shown in Fig. 3. Dirithro-
mycin uptake (Fig. 3A) was significantly impaired in Ca**-free
medium. Inhibition was significant within the first 5 min (P =
0.001) and was maximal at 30 min (P = 0.02 versus that at 5
min), with no further modification up to 120 min. Intracellular
chelation of Ca®* did not modify drug uptake except for slight
inhibition at 120 min (76% = 5.6% that of the control; P =
0.003). In Ca*"-free medium and in the presence of intracel-
lular chelators of Ca®*, there was no significant difference in

macrolide uptake compared with the removal of extracellu-
lar Ca®" alone. Erythromycin (Fig. 3B) and roxithromycin
(Fig. 3C) uptake showed sensitivities to Ca®>* chelation simi-
lar to that of dirithromycin except for their sensitivities to
intracellular Ca®>* chelation at 120 min. Furthermore, the in-
hibition of roxithromycin uptake in Ca**-free medium was
maximal within the first 5 min and then decreased, with no
significant effect at 120 min.

Since EGTA and BAPTA-AM did not induce PMN degran-
ulation (see Materials and Methods), it was unlikely that the
effects of these agents on macrolide uptake were due to a
decrease in the intracellular organelles where the macrolides
accumulated.

Effect of extracellular calcium on macrolide uptake by cy-
toplasts. To differentiate between the effects of extracellular
Ca®* on the entry of macrolides into cells and intragranular
accumulation, we analyzed the kinetics of macrolide uptake by
cytoplasts in HBSS or Ca**-free HBSS plus EGTA (Fig. 4).
Only the results obtained with dirithromycin (Fig. 4A; location
mainly intragranular) and roxithromycin (Fig. 4B; dual cyto-
plasmic and granular locations) are shown. Experiments per-
formed with the other two macrolides gave similar results (data
not shown). The amounts of cytoplast-associated macrolides
were considerably lower in Ca®"-free medium than in control
buffer and were also lower than PMN-associated amounts of
macrolides in Ca®*-free buffer, suggesting an additive effect of
granule and Ca®" deprivation on macrolide uptake and that
extracellular calcium is important for drug entry into the cells.



VoL. 39, 1995

A
% 1001
2 * ¥
% 75 1 *
- ¥ *
g * * ¥
S  s0- ; * *
- Z
[~} 25
R
0- T < T T
5 30 60 120
Time (min)
B
2 1004
8
Q
S 754 "
g * * *
Eowix L ox |x ; «
- 78 R Y
° 25 1 /1 % é
0- _— v .
5 30 60 120
Time (min)
150
L 1254 C
[3:]
-
=) 100 1 *
©
.g 751* %
o 50 %
©
. 257 >
B
0- . d
5 30 60 120
Time (min)

FIG. 3. Effects of Ca®>" chelators on macrolide uptake. (A) Dirithromycin,
five experiments; (B) erythromycin, five experiments; (C) roxithromycin, six
experiments. Results are expressed as the percentage of control uptake by un-
treated PMNs (means = standard errors of the means). Black bars, PMNs in
Ca®*-free medium plus 1 mM EGTA; open bars, PMNs treated with BAPTA-
AM; hatched bars, combination of the two treatments. *, P < 0.001; **, P < 0.01.

Effects of Ca®>* channel blockers on macrolide uptake. We
first analyzed the effect of Ni**, an inorganic Ca®" channel
blocker acting at the level of Na™-Ca®* exchanges in resting
neutrophils (46), on macrolide uptake by PMNs. Ni?* at 1.25
mM inhibited the entry of macrolides by about 40 to 50% (5
min of incubation; P < 0.001); the inhibition of accumulation
did not vary during the 60-min incubation period (analysis of
variance, P = 0.73, 0.290, and 0.288 for dirithromycin, eryth-
romycin, and erythromycylamine, respectively), but it did vary
for roxithromycin, whose accumulation was inhibited signifi-
cantly more strongly by Ni*" at 60 min (analysis of variance
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FIG. 4. Effects of extracellular calcium on macrolide uptake by PMNs and
cytoplasts. (A) Dirithromycin; (B) roxithromycin. The extracellular concentra-
tions of macrolides were 2.5 mg/liter. Results are expressed as the amount of
cell-associated macrolides (ng/2.5 X 10° cells) and are means * standard errors
of the means. Control PMNs (——@——), control cytoplasts (——O——)
(P < 0.01 versus control PMN uptake), and cytoplasts in Ca?*-free medium
(—=—-0-—-) (P < 0.01 versus control PMN uptake) were tested in three exper-
iments, and PMNs in Ca®*-free medium (- — -@- — ) were tested in two exper-
iments.

and then Student’s ¢ test, P = 0.011). The effect of Ni** was
concentration dependent. We used regression analysis to de-
termine the concentrations inhibiting 50% of macrolide uptake
at 5 min (ICs,) of Ni**, which were 2 mM dirithromycin (three
to seven experiments; r = 0.964; P < 0.001) and 1.6 mM
roxithromycin (two to five experiments; » = 0.917; P < 0.001).
Approximation of the ICsys of erythromycin and erythromy-
cylamine from a single experiment gave values of 1.44 and 1.5
mM, respectively. Inhibition of accumulation by La*", which in
general appears to be the most potent inhibitor of Na*-Ca**
exchanges in human PMNs (K, 10 M), and Mg?*, which is
poorly active in this system (K, 1.25 mM), was also assessed.
Mg?* (up to 5 mM) did not inhibit macrolide uptake over a
60-min incubation period. The mean percent uptakes com-
pared with that by the control (two experiments) were 98 and
105% for dirithromycin, 107 and 100% for erythromycin, 83
and 100% for roxithromycin, and 99 and 100% for erythromy-
cylamine after 5- and 60-min incubations, respectively. La’"
strongly inhibited macrolide uptake, with ICs,s of about 29 uM
(roxithromycin, r = 0.999 and P = 0.027), 32 pM (erythromy-
cin, r = 0.956 and p = 0.025) and 35 pM (dirithromycin, r
= 0.999 and P < 0.01; erythromycylamine, r = 0.999; P = 0.05)
(two experiments).

Effect of Ca®* channel blockers and EGTA on intracellular
locations of macrolides. PMNs pretreated for 10 min with Ni?*
(5 mM), La** (50 uM), Mg>* (5 mM), or HBSS were further
incubated with macrolides in control HBSS; in addition, Ca®" -
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TABLE 1. Effect of extracellular Ca?* deprivation and Ca** channel blockers on intracellular location of macrolides
% Granular pellet-associated macrolides and enzymes under the following experimental conditions®:
Compound "
HBSS Cng';rXe(lHishj)J’ Ni2* (5 mM) La®* (50 pM) Mg2* (5 mM)

Macrolides

Dirithromycin 84 +3.1(3) 85 87 +£5.7(3) 90 80

Roxithromycin 391002 43+29(3) 32 38 39

Erythromycylamine 58 57 56 61 57
Enzymes
LDH 9+0.6(3) 7+0903) 6+0.9(03) 9+18(@3) 8£0.6(3)
Lysozyme 87 £ 1.8(3) 87 0.6 (3) 86 = 0.7 (3) 85 0.6 (3) 83 £0.6(3)

“ Results are expressed as means * standard errors of the means and are the percentage of macrolides (enzymes) associated with the pellet obtained from
drug-loaded neutrophils for 30 min sonicated (three times for 5 s each time) in the presence of 0.73 M sucrose (see Materials and Methods for details). Values in

parentheses are numbers of experiments.

free HBSS-treated PMNs were incubated with macrolides in
Ca?*-free HBSS plus EGTA. After 30 min, the cells were
centrifuged over the oil cushion and the pellet was sonicated in
the presence of 0.5% Triton or 0.73 M sucrose. The amounts
of marker enzymes and macrolides in the membrane or gran-
ular pellet were then determined. In the case of protection of
granules by sucrose, although Ca®" deprivation, as well as the
presence of Ni** and La®*, but not that of Mg?*, drastically
reduced the amounts of cell-associated macrolides, the overall
distribution (cytoplasmic and granular) was unchanged com-
pared with that for control cells (Table 1). We also checked
that modification of the incubation medium (EGTA, Ni**,
La®", Mg®") did not alter the amount of membrane-associated
macrolides: the proportion of pellet-associated macrolides af-
ter neutrophil disruption (three times for 15 s each time) in the
presence of 0.5% Triton was less than 5%, whatever the ex-
perimental conditions. Marker enzyme activity (LDH and ly-
sozyme) was always less than 10%.

Effects of organic Ca?* channel blockers. Various investi-
gators have observed that only relatively high concentrations of
verapamil or nifedipine, two Ca®* antagonists, alter neutrophil
function, whereas these drugs are inhibitory at 10°-fold lower
concentrations in electroporated neutrophils (13), suggesting
that Ca®* channels in the PMN cytoplasmic membrane are not
sensitive to these inhibitors. In keeping with these data, we
observed that nifedipine (100 to 500 wM) did not inhibit mac-
rolide uptake over a 60-min incubation period (data not
shown). However, verapamil inhibited macrolide uptake in a
concentration- and time-dependent manner (Fig. 5). The max-
imal inhibitory effect was obtained with roxithromycin; this was
followed by erythromycin; dirithromycin uptake was altered
only by a high concentration (500 uM) of verapamil.

DISCUSSION

Phagocytic uptake of macrolides is an area of active inves-
tigation. Most studies have defined the intracellular concen-
trations/extracellular concentration ratios and the cellular up-
takes kinetics of older and newer macrolides, including those
of the azalide azithromycin. Although the marked accumula-
tion of these drugs is widely acknowledged, no clear interpre-
tation of the entry mechanism has been given. There is a virtual
scientific consensus that macrolide accumulation reflects lyso-
somal trapping by protonation of these weak bases. Although
this hypothesis has been verified in various phagocytic and
nonphagocytic cells of human and animal origin, there are few
comparative data concerning human PMNs (9, 38, 51, 52).
Understanding of the entry mechanisms of macrolides and

their cellular locations is important for two reasons: first, a
definition of a comprehensive approach to the study of their
intracellular bioactivities and, second, for the analysis of the
consequences for cellular function. It is widely acknowledged
that macrolides modulate host cell, particularly phagocyte,
functions (28). Most 14-membered-ring macrolides are able to
decrease oxidant production by phagocytes in vitro at thera-
peutically achievable concentrations (23, 32), and this could be
one of the mechanisms supporting their anti-inflammatory ac-
tivities observed in vivo and in some animal models (2, 10, 37).
In parallel, these molecules possess a prodegranulating activity
(1, 30). This phenomenon has also been demonstrated with
various drugs which display in vitro antioxidant properties
(such as staurosporine and mefloquine) (4, 12) and, in some
cases, anti-inflammatory activity (chloroquine) (15). A com-
mon mechanism for both antioxidant and prodegranulating
activity has not yet been proven, but it could reflect a particular
cellular location and/or entry mechanism. To check this hy-
pothesis, we first investigated the comparative intracellular
locations of four macrolides which display similar prodegranu-
lating (30) and antioxidant properties (32) in the cellular tar-
get, the human PMN. Dirithromycin was the only drug to
display a strong intragranular location, which may be linked to
its dibasic nature. Interestingly, its metabolite erythromycyl-
amine, which is also dibasic in nature, was significantly less
strongly accumulated within PMN granules. The results of cell
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fractionation procedures were confirmed by uptake kinetics
with cytoplasts (Fig. 1) and were also correlated with the cal-
culated activation energy, except in the case of erythromy-
cylamine. It is widely admitted that dirithromycin quickly hy-
drolyzes in solution to generate erythromycylamine. However,
when erythromycylamine was compared with its parent drug, it
displayed significantly poorer cellular pharmacokinetics (39).
There is no clear explanation for this observation. The poor
liposolubility of erythromycylamine could account for its diffi-
culty in crossing the cytoplasmic membrane, as reflected by its
high activation energy, whereas dirithromycin, which is more
hydrophobic by nature, should be rapidly trapped by cytoplas-
mic membranes and driven into organelles.

Since intragranular location by itself is not sufficient to ex-
plain the similar prodegranulating effects of the macrolides
assessed here (30), we further investigated the role of extra-
cellular calcium in the entry processes of these drugs. The
present investigation was based on the observation that de-
granulation kinetics triggered by macrolides are similar to
those induced by the calcium ionophore A23187 but not
formylmethionylleucylphenylalanine (FMLP) (1). Further-
more, FMLP- but not A23187-stimulated PMN degranulation
was additive with that stimulated by macrolides (30), and lastly,
extracellular Ca** is required for macrolide-induced degran-
ulation (31). Indeed, a major finding in the present study was
that extracellular (not intracellular) calcium plays a determin-
ing role in macrolide uptake. Ca**-free HBSS supplemented
with EGTA significantly impaired macrolide uptake by PMNs
and cytoplasts (Fig. 3 and 4), suggesting a role for this cation in
macrolide entry into cells. In keeping with this hypothesis, we
observed no effect of Ca?* chelators or Ca®>" channel blockers
on the intracellular distribution of the drug (Table 1). The
mechanism by which extracellular Ca*>* favors macrolide up-
take was not elucidated. In resting PMNs, Ca®>* entry is me-
diated by Na®-Ca®>* exchanges (46) which are inhibited by
inorganic cations in the order La** > Cd** >> Mn?** > Ni**
>> Mg>". The data reported here support a role for this
exchanger in macrolide uptake since various cations (Ni**,
La*") but not Mg®* inhibited this uptake in a concentration-
dependent manner, with ICss slightly greater than the K; of
the cation for this exchanger (29 to 35 versus 10 wM, respec-
tively, for La** and 1.6 to 2 mM versus 0.67 mM, respectively,
for Ni**). Verapamil and nifedipine, two Ca®" antagonists
which block voltage-operated Ca** channels of the L type (19,
44), do not act on the entry of Ca®" into resting neutrophils
mediated by the Na*-Ca®" exchanger (46). Accordingly, ni-
fedipine did not inhibit macrolide uptake by PMNs, but sur-
prisingly verapamil did so strongly in a time- and concentra-
tion-dependent manner (Fig. 5). It must be pointed out that
organic Ca®>" channel blockers have been reported to inhibit
various PMN functions elicited by FMLP, bacteria, or latex in
vitro and ex vivo (3, 13, 25, 26, 53). According to Jaconi et al.
(22), the mechanism of calcium influx in stimulated PMNs
does not appear to involve voltage-operated, receptor-oper-
ated, or second messenger-operated Ca>" channels but corre-
lates with the filling state of intracellular Ca®" stores and is
referred to as capacitative Ca®* influx (42). This store-oper-
ated channel is stimulated by depletion of intracellular Ca**
pools by inositol 1,4,5-triphosphate (IP3) or the Ca**-ATPase
inhibitor thapsigargin (48), but the precise nature of this path-
way is unknown. However, Simchowitz and Cragoe (46) sug-
gest that, directly or indirectly, receptor agonists activate the
Na™-Ca®" exchanger.

Although Azuma et al. (3) and Wright et al. (53) have
observed an inhibition of Ca** influx in stimulated neutrophils
and macrophages by verapamil and nifedipine, respectively,
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Ca®" intake by the receptor-operated Ca®" channel is gener-
ally insensitive to classical Ca®* antagonists (49). Furthermore,
functional inhibition by nifedipine and verapamil was obtained
at significantly higher concentrations than those required to
inhibit Ca** uptake (3). In addition, Elferink et al. (13) ob-
served that in electroporated neutrophils verapamil and nife-
dipine were inhibitory in the nanomolar range, whereas 10°-
fold higher concentrations were required in intact cells. Della
Bianca et al. (11) have shown that besides the blocking of Ca**
channels, many mechanisms (including protein kinase C inhi-
bition and an increase in cyclic AMP levels) are responsible for
inhibition of the PMN response by verapamil. All of these
results suggest that the inhibitory effect of organic Ca>* an-
tagonists on cell function is not mediated by an impairment of
Ca®" influx but by an inhibition of a Ca**-dependent intracel-
lular target. It is likely that verapamil-mediated inhibition of
macrolide uptake is not directly linked to the inhibition of
cytoplasmic membrane Ca®* channels but reflects an interac-
tion with another cellular target responsible for the activation
of the putative macrolide transporter. Whatever the nature of
the active transporter of macrolides, our data strongly suggest
that its activity is linked to the correct functioning of the
Na™-Ca®" exchanger in PMNs. Calcium deprivation or block-
ade of the Na*-Ca®* exchanger could also modify cell func-
tions related to macrolide uptake. However, PMN viability was
not impaired by these conditions, and there was no triggering
of exocytosis. Whereas Ca”* transients appear to be essential
for neutrophil responses to receptor agonists (leukotriene B4,
FMLP, platelet-activating factor), intracellular sources of Ca**
generally appear to be sufficient (41). Furthermore, some
agents activate PMNs without altering the intracellular Ca®*
concentration. Only Ca** jonophore-mediated PMN activa-
tion is highly linked to the presence of extracellular calcium.
That macrolides act as Ca>* ionophores or Ca** antagonists
was not investigated in the present study, but this possibility is
under study in our laboratory. Since Ca®", whether from in-
tracellular or extracellular sources, appears to be of major
importance in mediating various PMN functions, our data also
provide some basis for exploration of the interference of mac-
rolides with exocytosis and oxidant production by PMNs.

Conclusion. In conclusion, our data shed light on the mech-
anism of macrolide uptake by PMNs. From the results re-
ported here it is clear that this uptake is linked to the correct
functioning of the Na™-Ca®" exchanger. We are studying the
effects of macrolides on this plasmalemmal transporter and the
direct modulation of Na™-Ca®* homeostasis by this class of
antibiotics. Since the Na®™-Ca®" exchanger is clearly opera-
tional in many cells (24), and particularly in cardiac myocytes,
the relevance of our in vitro findings to various clinical obser-
vations of macrolide-induced cardiotoxic effects (7) should be
investigated. It remains to be determined if the effects ob-
served here with four 14-membered-ring macrolides can be
extended to other members of this antibiotic family, particu-
larly 16-membered-ring macrolides and azalides. Further work
is required to determine the mechanism by which the Na*-
Ca®" exchanger permits macrolide entry. The characterization
of an intracellular target responsible for macrolide uptake is
under investigation.
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