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The potential of 14/15 membered macrolides to cause phospho-
lipidosis has been prospectively assessed, and structure—effects
examined, using combined experimental and conformational ap-
proaches. Biochemical studies demonstrated drug binding to phos-
phatidylinositol-containing liposomes and inhibition of the activ-
ity of lysosomal phospholipase A, toward phosphatidylcholine
included in the bilayer, in close correlation with the number of
cationic groups carried by the drugs (erythromycin A = roxithro-
mycin < erythromycylamine = azithromycin). In cultured cells
(fibroblasts), phospholipidosis (affecting all major phospholipids
except sphingomyelin) was observed after 3 days with the follow-
ing ranking: erythromycin A < roxithromycin < erythromycylam-
ine < azithromycin (roxithromycin could, however, not be studied
in detail due to intrinsic toxicity). The difference between eryth-
romycylamine and azithromycin was accounted for by the lower
cellular accumulation of erythromycylamine. In parallel, based on
a methodology developed and validated to study drug—-membrane
interactions, the conformational analyses revealed that erythro-
mycin A, roxithromycin, erythromycylamine, and azithromycin
penetrate into the hydrophobic domain of a phosphatidylinositol
monolayer through their desosamine and cladinose moieties,
whereas their macrocycle is found close to the interface. This
position allows the aminogroups carried by the macrocycle of the
diaminated macrolides (erythromycylamine and azithromycin) to
come into close contact with the negatively charged phosphogroup
of phosphatidylinositol, whereas the amine located on the C-3 of
the desosamine, common to all four drugs, is located at a greater
distance from this phosphogroup. Our study suggests that all
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macrolides have the potential to cause phospholipidosis but that
this effect is modulated by toxicodynamic and toxicokinetic pa-
rameters related to the drug structure and mainly to their cationic
character. © 1999 Academic Press

Macrolide antibiotics (erythromycin A and related drugs) are
used extensively worldwide due to their perception as safe ar
effective antibiotics against a broad range of infections cause
by Gram (+) organisms as well as a series of intracellular
pathogensl(egionella p, Chlamydia spp. . .) for which there
is only a limited number of alternative treatments. As weal
organic bases, macrolides accumulate in the lysosomes
eucaryotic cells (Carlieet al., 1987, 1994; Tulkens, 1991 for
review), raising potential concerns for toxicity. We indeed
demonstrated that azithromycin, a dicationic macrolide with :
high degree of accumulation and retention in tissues (Faatlds
al.,, 1990), causes a typical lysosomal phospholipidosis i
cultured fibroblasts (Van Bambelet al., 1996, 1998). This
type of alteration has been previously reported for the so-calle
amphiphilic cationic drugs (Kodavanti and Mehendale, 1990
and for aminoglycoside antibiotics (Aubert-Tulkees al.,
1979). These drugs were shown to bind to negatively charge
phospholipid bilayers at acidic pH (Lauresttal.,1982) and to
inhibit the activities of lysosomal phospholipases by neutral
izing the surface negative charges (Cheigl.,1985) required
by these enzymes for optimal activity (Mingeot-Lecleatal.,
1988). Since azithromycin was also shown to interact wit
acidic phospholipids and to inhibit lysosomal phospholipase
(Van Bambekeet al., 1996, Montenezt al., 1996), we have
examined in a prospective way the potential of other macrc
lides to also induce a phospholipidosis. By combining a com
puter-aided conformational analysis with a series of exper
mental approaches using acellular models and cultured cel
we present here a detailed molecular description of the inte
actions of macrolides with negatively charged phospholipid
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catabolism of phospholipids. For this purpose, we have studie
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FIG. 1. Structural formulae of the macrolides investigated. The circled numbers point to the aminofunctions central to the present stugyoftiadhjak
all lie in a narrow range (8.1 to 9.5) so that they are fully ionized at the lysosomadqai The numbering of the atoms in the macrocycle shown here follow:
the historical convention adopted for erythromycin (Wileyal,, 1957; Harrisget al,, 1965) and counts them counterclockwise starting from the carbonyl (CC
adjacent to the lactonic oxygen (the IUPAC nomenclature used for systematic chemical names would count atoms clockwise from the lactonic loxyg
molecules are characterized by a lactonic macrocycle substituted in Positien§ py anaminatedsugar (3-p-desosamine [34',6'-trideoxy-3-(dimethyl-
amino){B-b-xylo-hexopyranosyl]). Erythromycin A and roxithromycin (@{2-methoxyethoxy)methylloxime erythromycin A; [Changital., 1986]) carry no
basic function on their macrocycle (theatom substituting C-9 in roxithromycin is not ionizable in a physiological pH range, being paN-okéme function);
these drugs are therefore monobasic. Erythromycylaming&)¢(@edeoxy-9-amino-erythromycin A; [Massey al., 1970]) and azithromycin (9-deoxo-9a-methyl-
9a-azahomoerythromycin A; [Brighet al, 1988; Djokic,et al, 1988]) both possess a basic aminofunction in their macrocycle (a primary amine substitut
C-9 in erythromycylamine and an endocyclic tertiary amine in azithromycin (Position 9a; this position is also referred to as Position 10 in sartsures)en
Azithromycin and erythromycylamine are therefore dibasic. Erythromycylamine is commercialized as its prodrug dirithromycinRjimethgxyethoxy-
methyl-9-8)-N,11-O-oxazine-erythromycylamine).

two monocationic macrolides (erythromycin A and roxithroef the two sugars (desosamine) attached to the macrocyc
mycin) in comparison with azithromycin and another dicatrythromycylamine and azithromycin both possess an add
ionic macrolide, erythromycylamine. These derivatives, séenal aminofunction on their macrocycle at almost the sam
lected to allow to draw structure side-effects considerations (@ssition but of a different nature (a primary amine attached t
was done successfully in the past for aminoglycosides [Brake C-9 in erythromycylamine and an endocyclic tertiary amine
seuret al., 1984; Mingeot-Leclerceet al., 1991; Kotretsowet in azithromycin). In comparison, erythromycin A and roxithro-
al., 1995]), show a similar overall structure, but with somenycin are both monocationic, but the latter possesses a ratt
specific structural differences in comparison with azithromycioulky side chain attached to C-9 in place of the ketogroup ¢
(Fig. 1). All four drugs indeed carry an aminofunction on onerythromycin A. All four drugs are in current clinical use.
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Erythromycin A represents the first macrolide introduced in thgh 7:/X Ef" in which T are the coordinates of thién hydrophilic atom. The
clinics and is still Widely used under a Iarge number of ga|enRydrophoblc center located in the hydrocarbon domain was defined by

. . . . similar equation, except that the negative transfer energies associated to |
forms. Roxithromycin (Chantagt al., 1986) is one of the first hydrophobic atoms are taken into account. The hydrophobic/hydrophilic ba

acid-s_table macrolides developeq for human use and_ is Iarg e is defined as 10§ (Ej/2 Eyy. The distance between the hydrophobic and
used in Europe and South America. Erythromycylamine, orighe hydrophilic centers is defined as,JG— C,.|. The energy of interaction
ina||y described by Massest al. (1970), is used nowadays agetween the drug and lipid molecules is the sum of the London-van der Waal
its prodrug dirithromycin (Luger and Maier, 1979; Coungér energy of interaction, the electrostatic interaction, and the transfer energy
al 1991) in several countries Azithromycin (Bl’ight al atoms or groups of atoms from a hydrophobic to an hydrophilic phase (Bras
¥ ) o s . " seur, 1990). The method used has proven useful for the description of tt
19881_ Djokic et al., 198_8) 15 now used WOI’_|dWIde. aS aMinteraction of several other drugs with membranes (aminoglycosides, adri
effective drug for most indications of macrolides, includingnycin, ethidium bromide, antimycotics, propranolol, various alcohols anc

long-term prophylaxis of intracellular infections in AIDS padonophores [Brasseur, 1990], and azithromycin [Monteeezl., 1996]). A

tients. satisfactory agreement between the conclusions obtained by the application
the methodology used here and those obtained from neutron diffraction, X-re
diffraction, and polarized infra-red spectroscopy studies has been reported f

MATERIALS AND METHODS lipids (Brasseuet al., 1981), ionophores (lasalocid A; Brassairal., 1982),
and peptides (Brasseet al., 1990). Detailed information on computer pro-
Computer-Aided Conformational Analysis grams and on their characteristics is available from their author (R.B., E-mai

brasseur.r@fsagx.ac.be).
This study was made for all four antibiotics as well as for the prodrug form
of erythromycylamine, dirithromycin. We used data obtained by X-ray crys- ) )
tallography to calculate the initial conformers of each drug since it makesGkPerimental Studies

easier to obtain an energetically stable confor_mation during the Optimi_zationAntibiotics. Erythromycin A was supplied by Abbott S.A., Louvain-La-
procedure (Brasseet al., 1982). For erythromycin A and erythromycylamine, ne e, Belgium as the lactobionate salt (powder) used for parenteral admi
we used the coordinates of the parent molecules clarithromycin (6-dehydroyfzation to humans (Erythrocine). The other antibiotics were supplied as ba:
6-methoxy-erythromycin A) anti-(2-ethyl-1-butyl)erythromycylamine (Kirst ¢q, jnyestigational purposes (roxithromycin by Erfa S.A., Brussels, Belgiun
et al., 1990), respectively, which were directly available from the Cambridgg, henalf of Hoechst-Marion-Roussel S.A., Brussels, Belgium]; azithromycir
Structural Database (Cambridge Crystallographic Data Center, 12 Union Rogd pfizer Mack Pharm. Dev., lllerstissen, Germany; and erythromycylamine
Cambridge, England) as refcodes WANNUU and JICYUP, respectively. T i gn, 11-0-oxazine prodrug derivative [dirithromycin], by E. Lilly & Co,
data were put in Hyperchem 5.0 software compatible format and modified|{Qjianapolis, IN). Erythromycin A (as lactobionate salt) was readily wate!
obtain erythromycin A, and 93-erythromycylamine and dirithromycin, ré- g pje and was therefore directly dissolved in the appropriate buffer o in th
spectively. For azithromycin and roxithromycin, we used itheertedvalues oy cyjture medium at the desired concentrations and used as such. The ot
along one axis of the stereostructures stored in the Cambridge Structyaniotics, supplied as bases, are not readily water soluble and the followir
Database as refcodes GEGJAD and FUXYOM, respectively (it appear§d,cequres were therefore adopted. For experiments with liposomes, for whi
indeed that the values contained in the Database yielded conformations 3yS+yanted to avoid the presence of residual organic solvent that could affe
tematically opposite to those of the genuine compounds; this problem, whigf stryctural organization of the lipids, the free bases were first dissolved
relates to a technical mistake, was kindly pointed out to us by Dr. H.A. Kirs§, 1 N HCI at a concentration of 25 mg/ml, brought to pH 5.4 with NaOH, anc
Eli Lilly Research Laboratories, Greenfield, Indiana; see Sheldtiek., 1995 o giluted to the desired concentrations in 40 mM acetate buffer pH 5.4. F
and Montenezt al., 1996 for an explanation concerning azithromycin; NQ.e|| cyjture experiments, roxithromycin and dirithromycin were first dissolvec
explanation has been received so far concerning roxithromycin). Macrolid@Ssthanol, and azithromycin was dissolved in dimethylsulfoxide, at a concer
were considered both under their protonated and unprotonated forms. The firgt o, of 25 mg/ml. This solution was thereafter diluted at least 100-fold in the
one co_rresponds to that encountered in acidic lysosomal environment Whﬁqgl culture medium (we checked on the basis of trypan blue exclusion tes
macrolides are accumulated (pH 5) since the pKs of all groups are yna the residual amounts of ethanol or dimethylsulfoxide did not affect cel
comprised between 8.1 and 9.5. It was modeled by adding hydrogen atoms,Qiijin). For erythromycylamine, all final solutions were lefr % h atroom
each of the amino functions and by giving 1 (erythromycin A, roxithromycing,perature before use to allow more than 90% hydrolysis of dirithromycin t
or 2 (erythromycylamine, dirithromycin, azithromycin) positive charges to th@rythromycylamine (. ~ 40 min [Kirstet al., 1995]) prior to inclusion in the
whole molecule. The distribution of these total charges on the individual atoRi§| c,iture medium or in the biochemical assay mixtures. For all drugs, fres

was performed using the CNDO procedure of Hyperchem 5.0. The methgd ions were prepared for each series of experiments. All concentrations ref
used for calculation and orientation of the isolated molecules at a lipid/waigf e free hase of each drug.

interface and for construction of mixed monolayers drug:phosphatidylinositol

has been developed and reviewed in Brasseur (1990). It takes into account tfather products. Egg yolk phosphatidyicholine and wheat germ phospha-

interface properties with the dielectric constant increasing linearly from 3 to 3g¥linositol (grade 1 products) were obtained from Lipid Products (Nr Redhil,

to mimic a biological membrane along an axis perpendicular to the putatiye!<-); bovine brain sphingomyelin and cholesterol were obtained from Sigm

interface. The total conformational energy of the isolated molecule was Cgbemlcaluco. (St. Louis, MO); radiolabeled phosphatidylcholine (1-palmi
culated as the sum of London-van der Waals' energy of interaction, tfY-2 [1-"C]-oleoylsnglycero-3-phosphocholine; 52 mCi/mmol) was ob-

electrostatic interaction, the potential energy of rotation of torsional anglé@inéd from Amersham International plc (Amersham, U.K.). Other reagent
and the transfer energy of atoms or groups of atoms from a hydrophobic to"4#€ obtained from E. Merck AG (Darmstadt, Germany) and were of analy!
hydrophilic phase (Brasseur, 1990). The values of the transfer energies (€2 9rade.

used were similar to those determined experimentally (Brasseur, 1990). Thdssay of macrolides. Because of lack of a radiolabeled form of erythro-

hydrophobic (E,) and the hydrophilic (f) transfer energies of a given mycylamine, all four drugs were assayed by a microbiological technique fo
conformation are the sum of all transfer energy changes associated with $hke of consistency throughout the present study. We used the disc-pl
transfer of an atom from one to the other phase (Brassairal., 1986; method withBacillus subtilisas test organism (Grove and Randall, 1955). In
Brasseur, 1990). At each step of the minimization procedure, the molecule veaief, paper disks (0.25 inch diameter, Becton Dickinson, Cockeysville, MD]
oriented with the line joining the hydrophilic and hydrophobic centers perpeseaked with 2Qul of cell lysates (or appropriate standards) were placed on the
dicular to the interface. The hydrophilic centérp,(DNas defined a§&; =3 surface of a Neomycin Assay agar Antibiotic medium 11 (Becton Dickinson
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inoculated with sporulated bacteria and incubated for 24 h at 37°C. Antibiotizceasured on the culture medium using the method of Vassault (1987) aft
concentration in samples was then calculated by comparing the diametefosf-speed centrifugation (26010 min) to remove intact cells, and corrected
growth inhibition to that of the standards using linear regression and intragor by the activity found in a sample of the same culture medium unexpose
lation. The method had a lower limit of detection of 1 mg/liter, a coefficient db cells (serum enzyme; this correction corresponded to approxinaiétpe
variation of 4.5% (calculated on 18 samples made in triplicate), and an interdastivity measured in the medium exposed to cells). The activity of the mediur
repeatability of a same standard of 1.8%= 4, each assay being made inwas then compared to the activity observed in the cells harvested and disrupt
triplicate). as described above, and the release was expressed as the percentage of the

Preparation of liposomes. Small unilamellar vesicles (SUV) made of activity measured in the whole cell culture (celsmedium).

cholesterol, phosphatidylcholine, sphingomyelin, and phosphatidylinositolDetermination of the cell antibiotic content and calculation of the appar-

(molar ratio of 5.5:4:5:2) were prepared by sonication in 40 mM acetate buffeit drug accumulation. The cell drug content was expressed as nmol of drug
at pH 5.4. As described previously (Mingeot-Leclestal.,1988), a lipid film Per mg of cell protein, using appropriate calibration of the microbiological
was prepared by solvent evaporation in a round-bottomed flask, hydrated vig$ay (see above). To establish whether all cell-associated drug was quant
the buffer fo 1 h in anitrogen atmosphere, and thereafter submitted to fivévely detected, we compared the results obtained in the present study f
cycles of 2 min sonication at 40 W in an ice bath. The final suspension wa&/thromycin A, roxithromycin, and azithromycin with historical data from
centrifuged at 20§ during 10 min to eliminate the titanium particles release@arlier studies of our laboratory in which antibiotic accumulation drugs hax

from the ultrasonic probe. Each preparation was used within 2 days. been studied usinC-labeled drugs (results partially reported in Caréieal.,
1987, 1994). No meaningful difference was observed between the two sets

data, indicating that the procedure used was effective and also strong
uggesting that no major drug metabolism occurred in the cells used (or th
uch metabolites are not retained by cells), since all known metabolites fro|

Determination of phospholipase £activity (phospholipid 1-deacylase, EC
3.1.1.32). Assay was made toward 1-palmitoyl,2-]C]oleoylphosphatidyl-
choline included in liposomes (140 mCi/mol of phosphatidylcholine; total Iipi@
concentration, 15.7 mM) using the method described in Lawgeat. (1982). the macrolides investigated are devoid of antimicrobial activity. To bette

The enzyme source was a soluble extract of purified rat liver Iysosom%?hphasize the fact that cells accumulate macrolides to a large extent, we a

Activity was defined as the net amount of labeled substrate converted "&tﬁculated the ratio of the apparent cellular drug concentration to its extrace

B-lysophosphatidylcholine. The latter was separated from phosphatidylcholil[]?ar value (a widely used parameter to assess and compare antibiotics ac
by thin-layer chromatography using chloroform:methanol:acetic acid:w:

. ) atﬁ{ulating in cells [Tulkens, 1991]). This ratio was calculated assuming that |
(25:15:8:4) as m.oblle'p'hase, and' thg corrgspondmg pgrts of th? gel Wererﬁﬁtof cell protein corresponds to a cell volume ofib(a figure close to this
and used for radioactivity determination using scintillation counting. value has been obtained experimentally for cultured fibroblasts in our labor:
Binding of macrolides to phospholipids. This was investigated by equi- tory [Tulkens and Trouet, 1978]). It must however be remembered that th
librium dialysis toward liposomes using a Dianorm apparatus (Dianorm Genacrolides are not homogeneously distributed within the cell (Castiex.,
ate, Minchen, Germany), consisting of sets of twin cells with a gbGolume 1987, 1994). This ratio of cellular to extracellular concentrations is therefor:
(filled with 200 ul only to allow for a permanent mixing upon cell rotation) referred to as ampparentaccumulation.
separated by a Diachema flat dialysis membrane (MW cutoff 5000). Dialysispetermination and analysis of cell phospholipids.Total phospholipids
was performed fo5 h at37°C under constant rotation at 4 rpm (Van Bambek§ere extracted and assayed as described earlier (Laatraht1982) (intraday
et al., 1996). Determination of the free antibiotic concentration was made Ryefficient of variation: 1.5%r = 20]). Individual phospholipids were sepa-
microbiological assay (see above) of the content of the liposome-free chambgfeq by thin-layer chromatography on silica gel plates (E. Merck) with twc
the concentration of antibiotic in the liposome-containing chamber (free g ccessive developments with chloroform:methanol:acetic acid:water (65:5
bound) was then calculated from the difference between the amount of dHig ). The plates were then exposed to iodine vapors and the spots we
detected in the liposome-free chamber and the total amount of drug introduggghtified by comparison with known standards run in parallel. The silica ge
inthe system (this method had been validated previously for azithromycin Wiias scraped from the plates and phosphorus was assayed by the metho
respect to both the time needed to reach equilibrium and drug recovery [V8grtiett (1959) after mineralization in 60% perchloric acid at 210°C for 90 min.

Bambekeet al., 1996]). The initial drug concentration was set up at 1  Recovery of phosphorus from the original samples varied between 80 ar
in all cases, and the composition and the total lipid concentration of liposomgsy,

were the same as that used for the assay of phospholipase A Statistical analyses. Unless stated otherwise, results presented are th

Cell culture and collection. Primary cultures of rat fibroblasts were ob-means* SD of three independent experiments. When appropriate, a two-wa
tained by trypsinization (0.25% trypsin in €aand Mg -free Hanks’ solution anaylsis of variance (ANOVA) was performed to compare treatments witt
at 37°C; Tulkenset al., 1974) of eviscerated 18-day-old embryos of pregnardifferent drug concentrations as a function of time. Studergst was applied
rats of (Wistar strain; Animalerie facultaire of the Univers@atholique de when comparing data from one experimental point with the correspondin
Louvain, Brussels, Belgium). Cells were collected by centrifugationg220  control or with another set of appropriate experimental values.
min) and washed two times with DMEM medium with 10% fetal calf serum.

Cultures were seeded with %@ells/cnt of growing surface. After 7 days, RESULTS
monolayers were disrupted and cells were detached with 0.1% trypsin in PBS

phosphate-buffered saline (0.15 M NaCl, 2.7 mM KCI, and 3 mMHNRO,— .

KH,PO;; pH 7.4) and subcultured at a density of abouk510* cells/cn?.  Conformational Analyses

Cultures were performed in a 5% G@tmosphere using a DMEM medium In the first part of this analvsis. we determined the confor
supplemented with 10% fetal calf serum. Cells were used at the first subculture p ySIS,

once reaching confluency (4 to 7 days). At the end of the incubation perifa@tion of the five molecules at an hydrophilic/hydrophobic
with the macrolides, the cell sheets were washed four times with ice-cold Ndaterface. Images are presented in Fig. 2 and the numeric de
0.9%, collected by scraping in NaCl 0.9%, and subjected to vigorous Shak'@gncerning the key conformational parameters are listed |
and brief sonication to aghleve compl_ete d}srup_tlon. Thg ceIIs’_homogena&Fame 1 (the data on azithromycin have already been publishe
were stored at-20°C until used for microbiological or biochemical assays.
Total cell protein was assayed by the Loweyal’s (1951) technique using n Mont_enezet al. [1996]' but are_reproduced here for S_ake of
serum albumin as standard. comparison). Two key observations were made at this stag

Determination of cell integrity during incubation with the antibiotics. _FIrSt’ the conformation of E_i” five mO_IeCUI_eS was not markedl)
This was assessed by the measurement of the release of the cytosolic enz{Aftienced by the protonation of their aminogroups. Second,
lactate dehydrogenase (EC 1.1.1.27), in the culture medium. Activity wappeared that the positions and orientations of all four antib
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Hydrophoblcphase  pon_protonated ithromycin, theN-9 primary amine of erythromycylamine (at-
Hydrophilic phase

protonated . . . .
tached to its C-9), and the tertiary endocyclic amiNe9g] of

azithromycin were all in the hydrophilic region. In contrast, the
cladinose and th@-p-desosamine were systematically locatec
in the hydrophobic zone for all four antibiotics. In contrast, anc
as also shown in Fig. 2, the substitution of tk& amino and
of the O-11 hydroxylfunctions of erythromycylamine by the
2-(2-methoxyethoxy)

ethylidene moiety [dirithromycin] caused a marked clockwise
rotation of the molecule bringing tHé-3' tertiary amine of the
desosamine to the interface, while the side-chain itself re
mained in the aqueous phase.

In the second part of the analysis, we constructed mixe
monolayers of drugs and phosphatidylinositol. As shown i
Fig. 3 for the protonated molecules, these mixed monolaye
could be constructed without grossly disturbing the organize
tion of the lipids. This form of drug-lipid assembly was not
very different for the unprotonated molecules (data not showr
note that the interaction energy of both forms is similar [Table
1]) and all five molecules could be surrounded by almost th
same number of phosphatidylinositol molecules (six to sevel
see Table 1) whether protonated or not. The orientatio

. ;.‘,/@ ';.f.‘./@ adqpted by azithromycin _and erythromycin A allowed the
?": s T e aminogroup present on their macrocycles (the endociBa
".ﬁ J, > erythromycylamine *; ‘gt in azithromycin, and thé&\ attached to C-9 in erythromycyla-
“ot-ogir , mine) to be located at a short distance from the negativel
., < % K < charged phosphogroup of phosphatidylinositol, so that it coul
.«?: s T8y easily interact and neutralize it (a similar localization is alsc
“%’) observed for thé&\l atom of theN-oxime side-chain of roxithro-

mycin, but thisN is nonionizable). In contrast, the aminogroup
carried by the desosamine was located at a greater distar

@?, R 5@ . from the negatively charged phosphogroup of the phosph
f‘.’"* R e ;;?- lipid, and therefore not expected to interact significantly with it
bt ' azithromycin g% -’3’.& (note, however, that thi-3' amino function of dirithromycin
W @‘4:‘%7?7 [the prodrug of erythromycylamine] is located much closer tc

S set .‘-.,";“‘,; the hydrophilic domain because of the reorientation of th
@T:M,’_ ﬁ’ molecule brought by the presence of the methoxyethoxyetl

[ ".t

ylidene side chain).

FIG. 2. Most probable conformers of the five macrolides studied (balls
and sticks models) under their nonprotonated (left) and protonated (fiQE)(perimentaI Studies
forms, at a lipid—water interface (indicated by the horizontal bar, the lipid
phase being above). The positions of the aminofunctions are pointed by theln these studies, on|y erythromycin A, roxithromycin, eryth_
numbered arrows (3lenotes the tertiary amine carried by @-desosamine romycylamine, and azithromycin were used for reasons

[all drugs], 9 the primary amine in C-9 of the macrocyle of erythromycylam- . . . . . .
ine, [and the corresponding N in its prodrug dirithromycin], and 9a m&hemical instability of dirithromycin (see Kirst al, 1995 for

endocyclic tertiary amine of azithromycin; see Fig. 1 for structural formulaeil€ rate of conversion of dirithromycin into erythromycylamine
in aqueous media).

Inhibition of lysosomal phospholipase, & acellular sys-
otics (thus excluding the prodrug dirithromycin) at the hydraems. Because previous studies had shown that azithromyc
phobic—hydrophilic interface were very much akin and mininhibits the activity of lysosomal phospholipases (toward phos
mally influenced by the number of aminogroups carried by thghatidylcholine, a major membraneous phospholipid, include
molecules. Thus, the macrocycle of each antibiotic was largetynegatively charged bilayers), we examined the behavior c
located in the hydrophilic zone, probably in relation with théhe other drugs in this context. The study was restricted t
presence of the three hydroxyl functions at C-6, C-11, amdhospholipase A because deacylation of phosphatidylcholine
C-12 and of the lactonic function (-O-CO-). Accordingly, the @ Position 1 represents the major route of degradation of th
ketogroup of erythromycin A, thdl-oxime side-chain of rox- phospholipid by lysosomal extracts (Laurettal., 1982). An
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TABLE 1
Key Conformational Parameters of the Macrolides as Isolated Molecules at a Lipid—Water
Interface and in Assembly with Phosphatidylinositol

Isolated drug Drug in mixed monolayer
Transfer energy (kcal/mol) No. of lipid Energy of
Hydrophobic/hydrophilic Distance between molecules in interaction
Hydrophobic Hydrophilic balance centers (A) the complex (kcal/mol)
Erythromycin A
Nonprotonated —142.5 45.0 0.501 0.60 7 —167.1
Protonated —1425 46.0 0.491 0.48 7 —132.8
Roxithromycin
Nonprotonated —159.6 53.7 0.473 0.77 6 —186.8
Protonated —159.6 54.7 0.465 0.65 6 —180.1
Dirithromycin
Nonprotonated —163.1 50.9 0.506 0.36 7 —166.4
Protonated -163.1 52.9 0.489 0.43 7 —-191.2
Erythromycylamine
Nonprotonated —144.0 47.3 0.484 0.78 7 —191.4
Protonated —144.0 49.3 0.465 0.71 6 —159.6
Azithromycin
Nonprotonated —150.2 45.2 0.521 0.46 6 —184.8
Protonated —150.2 47.3 0.502 0.39 6 —196.2

important feature in ouin vitro model is the presence of Studies with cultured cells.In preliminary experiments, we
phosphatidylinositol in the bilayer, which needs to be presectiecked that cells withstood incubation with each of the mac
to 18% of total phospholipids or more, together with choleselides at large concentrations for up to 3 days, using as criter
terol and sphingomyelin, to obtain maximal activity of thehe release of lactate dehydrogenase in the medium (twice t
enzyme (Mingeot-Leclercaqt al., 1988). release observed in control cells, the latter beitid% of the
Figure 4 shows that all four macrolides inhibit the activity ofotal enzyme activity present in the whole culture system). Thi
phospholipase A down to a residual value of approximatelyled us to choose 50 mg/liter as a maximum value for roxithro
25% of that of controls when the drug concentration reachesrgcin and azithromycin and 250 mg/liter for erythromycin A
value of 400uM. Yet, at lower concentrations, the dicationicand erythromycylamine. We then measured the level of dru
macrolides (erythromycylamine, azithromycin) appear considecumulation and the cell content in phospholipids after 3 day
erably more inhibitory than the monocationic ones (erythr@f incubation. Results are shown in Table 2. We first noted ths
mycin A, roxithromycin), with a three- to fourfold difference inuptake was not saturable in the 0 to 50 mg/liter range since t
ICss (concentrations needed to achieve 50% inhibition, aell drug content was five times larger in cells incubated witt
determined by graphical intrapolation) between these tv® mg/liter vs those incubated at 10 mgl/liter. Second, majc
groups. differences in accumulation were observed between druc
Binding of macrolides to negatively charged liposomegerythromycin A < roxithromycin ~ erythromycylamine<
Our previous studies have indicated that the inhibition of tizithromycin). Third, erythromycin A, erythromycylamine,
activity of lysosomal phospholipases by aminated drugs in oaind azithromycin caused significant increases in cell phosph
experimental system (viz. azithromycin [Van Bambeiteal, lipids, although the minimal extracellular concentration neces
1996], and the aminoglycoside antibiotics [Laurestt al, sary to induce this effect was markedly different (erythromycir
1982)) is related to their binding to the liposomes. We theré > erythromycylamine> azithromycin). Roxithromycin at
fore examined directly the ability of all four macrolides t250 mg/liter caused ar-50% increase in total phospholipid
effectively bind to the lipid vesicles used for the inhibitiorcontents, but these data are not included in Table 2 since tl
studies. This binding was studied by equilibrium dialysisjiability of the cells was considered as uncertain at that dru
setting up the drug concentration at 12®!, i.e., at a value at concentration (threefold increase in the release of lactate d
which inhibition is almost maximal for azithromycin and erythhydrogenase over control). To further characterize the influ
romycylamine but submaximal for erythromycin A and roxence of erythromycin A, erythromycylamine, and azithromycir
ithromycin. Figure 5 shows that approximately 18% of erytton the change in cell phospholipid content, we investigated th
romycin and roxithromycin was bound to liposomes, whereasluence of the time incubation at increasing drug concentre
the binding of azithromycin and erythromycylamine reacheitbns (Fig. 6). For all three drugs, a steady increase we
35 and 50%, respectively (the difference between these tebserved at each of the largest concentrations investigated (2
drugs being significant gi < 0.01). mg/liter for erythromycin A and erythromycylamine; 50 mg/
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FIG. 4. Inhibition of the activity of lysosomal phospholipase, Ay
macrolides toward phosphatidylcholine included in negatively charged lipo
somes (cholesterol:phosphatidylcholine:sphingomyelin:phosphatidylinosito
molar ratio 5.5:4:5:2; final concentration in total lipids, 15.7 mM). The ordi-
nate shows the activity as percent of the value recorded in the absence
antibiotic. The abcissa gives the drug concentration (main scale), together wi
the molar ratio between the drugs and phosphatidylinositol (lower scale
Results are the means SD of three independent determinations. The inset
shows the drug concentration causing a 50% inhibition of the enzyme activit
(ICs) for each macrolide, expressed M and in mgl/liter.

liter for azithromycin). At lower concentrations, no significant
effect was seen with erythromycin A (apart from a transien
increase at Day 1). Erythromycylamine caused a significant b
barely time-dependent effect at 50 mg/liter but no effect at 1
mg/liter. Azithromycin caused a time-dependent effect at 1
mg/liter, but almost no effect at 2 mg/liter. The phospholipi-
dosis was further characterized by analyzing the respecti
contribution of the main individual phospholipids. Figure 7
shows the results obtained from cells incubated 3 days wit
azithromycin at 50 mg/liter. A significant rise was observed fol
all phospholipids examined, except sphingomyelin and lysc
phosphatidylcholine. Yet, the importance of the rise varie
markedly among phospholipids, and, whereas the content
phosphatidylcholine was clearly the most increased in absolu
value, that of phosphatidylinositol was the most importan
when expressed as percent of controls. Similar findings wel
made when analyzing the phospholipid composition of cell
incubated with 250 mg/liter of erythromycylamine, erythromy-
cin A, or roxithromycin (but see above for comment about the
viability of these cells when exposed to this high concentratio

of roxithromycin).
FIG. 3. Mixed monolayers of phosphatidylinositol and macrolides (E,
erythromycin A; R, roxithromycin; D, dirithromycin, Ea, erythromycylamine;
A, azithromycin) under their protonated form. The orientation and mode of DISCUSSION
representation of the drugs are essentially those used in Fig. 2. The phospho- . L
lipid molecules are represented as skeleton only, except for their phosphorud N€ present data show that macrolide antibiotics have tr

atom. The position of the drug ionizablitis shown by the horizontal bars. potential to interact with negatively charged phospholipid bi:
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BUFFER LIPOSOMES mycin on the ability of macrolides to cause phospholipidosis il
cultured fibroblasts. This study thus provides a basis for delir
eating structure—effect relationships in this context, stressirn

E | .I the importance not only of a dicationic character but also of th
specific localization of these charges when the drugs intera

R } _I with a negatively charged monolayer.
At first glance, the position and orientation adopted by

macrolides in a phosphatidylinositol monolayer (as well as the
Ea I' -l of the isolated molecules with respect to the hydrophobic:
hydrophilic interface) may seem unlikely because it means th:
A l‘ —| the N-3" aminogroup is placed in the hydrophobic domain, ar

apparently surprising position. Generally speaking, the resul

of a conformational analysis need to be carefully compare

100 80 60 40 20 0 20 40 60 80 100 with independent experimental data for validation. In the cas
Drug concentration (uM) of azithromycin, Monteneet al. (1996) demonstrated, byP

nuclear magnetic resonance spectroscopy, that the drug int
FIG. 5. Equilibrium dialysis of macrolides against negatively charged 9 P Py 9

liposomes. Drugs (initial concentration, 120/) were placed on one side of acts with the p_hos_phate h_eads of phOSphc_’"pidS! and, by ﬂ_u'
the dialysis membrane (left chamber) and liposomes (concentration in tof@iScence polarization studies, that it effectively penetrates in
lipids, 15.7 mM; same composition as in Fig. 4) on the other side (rigitegatively charged bilayer spanning across the hydrophobi

chamber). The diagram pictures the drug content of the two chambers aWdl’OphiliC interface. Beyond these considerations, the prese
reaching equilibrium (buffer, liposome-free chamber; liposomes, liposome:

containing chamber). The abcissa shows the drug concentration acheslly Study actually st_rongly SUggg_St_S that the _pOSItIOI’l of a macrolid
suredin the left chamber (plotted leftward), and thelculateddrug concen- at @ hydrophobic—hydrophilic interface is largely dictated by
tration in the right chamber (plotted rightward) (see Materials and Method$he properties of the macrocycle. This cycle has no fran
Results are the means SD of five independent experiments. Statisticahydrophobic and hydrophilic regions (e.g., in a phospholipic

analysis: the Scheffe test disclosed a significant difference between erytt(lr - . . TR
mycylamine and azithromycinp(< 0.01) and between these two drugs an grasseur’et al, 1984] orin a cationic amphlphlle IIkhIS'B

erythromycin and roxithromycing < 0.001). (diethylaminoethylether) hexestrol [Mingeot-Leclere al.,
1989]), which is denoted by the fact that the hydrophobic an
hydrophilic centers of all molecules studied are very close t
layers, to bind to liposomes, and to inhibit the activities ofach other €0.8A). The position of the macrocycle at the
lysosomal phospholipases in acellular systems. Moreover, dguterface is not easily modified, as demonstrated by the beha
data confirm and extend previous data obtained with azithiior of roxithromycin (which carries a methoxyethoxymethyl-

Il ] 1 5 L 1 1 [

TABLE 2
Cellular Accumulation of Macrolides and Change in Total Phospholipid Content in Fibroblast Cells after 72 h Incubation

Drug accumulation
Extracellular

concentration Apparent cellular- Change in total phospholipid
Cellular content to-extracellular content (% of control

Drug (mg/L) (M) (nmol/mg protein) concentration ratid values)
Erythromycin A 10 13.6 0.84- 0.03 12.5+ 0.5 95+ 4
50 80.5 3.98+ 0.13 11.8+ 0.4 97+ 4
250 402.5 n.d. n.a. 156 2°
Roxithromycin 10 11.9 1.6& 0.10 236+ 14 95+ 2
50 60.0 7.60t 0.44 225+ 1.3 97+ 1
Erythromycylamine 10 13.6 1.58 0.09 225+ 1.3 101+ 3
50 68.0 7.43+ 0.58 21.8+1.7 121+ 1°
250 340.0 n.d. n.a. 174 3°
Azithromycin 10 13.3 5.37%# 0.14 85.1+ 2.2 137+ 6"
50 67.0 28.12+ 0.66 89.2+ 2.1 174+ 6°

@ See Materials and Methods.

®p < 0.01 (Student’d test).

°p < 0.001 (Student’s test).

n.d., not determined; n.a., not applicable.
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FIG.6. Time evolution of the cellular content in total phospholipids of fibroblasts exposed to increasing concentrations of erythromycin, erythraomaycyle
and azithromycin. The drug extracellular concentrations are given in each panel (note that the concentrations of erythromycin and erythnenayeyfiami
times larger than those of azithromycin). Results are expressed as percent of control values. Statistical analysis was as follows: for atllitlese artacr-way
ANOVA detected a significant effect of the time of incubatign< 0.001), drug concentratiorp(< 0.001), and a combined effect of these two parameters (
0.001). Scheffe’s test showed that a significant increase in total phospholipids was obtained for erythromycin from Day 1 at a concentratiorlitefr50<mg/
0.01) for erythromycylamine from Day 1 at concentratien®0 mg/liter (p < 0.001) and for azithromycin from Day 2 at concentratiend0 mgl/liter (p <
0.01 for 10 mg/liter ang < 0.001 for 50 mgl/liter).

N-oxime side chain; it is however modified in dirithromycina methoxyethoxyethylidene side chain positioning it close t
probably by the simultaneous presence of a secondary amine hydrophobic zone). Finally, the transfer energies of the fiv
attracting this part of the molecule to the aqueous phase andwilecules are very similar, whether protonated or not, indical
ing that the role played by the ionizable nitrogens is probabl

minor compared to that of other parts of the molecule, at lea:

150 178 % among the compounds studied. This quite surprising observ

tion has been validated for azithromycin by simulation studie
using virtual molecules with a demethylated desosamine
Those adopt a strikingly different conformation and orienta:
100 [~ tion, with the protonated primary amine penetrating deeply il
the hydrophilic zone. This suggests that the positioning of th
N-3' aminogroup of azithromycin in the hydrophobic domain
should be largely due to the masking of its positive charge b

Phospholipid {(nmol/mg prot)

50 - the two methylgroups (Montenez al., 1996).
Since the overall positions of the molecules are similar, th
- 114 % difference in amounts of drug bound to bilayers and inhibitory
1639 potencies toward lysosomal phospholipaséas to depend on
0 the specific nature of the interactions each macrolide ca

LPC SM PC PS PI PE establish with key parts of the phospholipids (we have ng
addressed here the possibility of a direct interaction of th
drugs with the enzyme since this was largely ruled out by ou

FIG. 7. Patterns of phospholipids (LPC, lysophosphatidylcholine; SMprevious studies showing no inhibition of phospholipase A
sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; P, phospighen assays are made on detergent-dispersed substrate |\

tidylinositol; and PE, phosphatidylethanolamine) in fibroblasts incubated dLEYambekeet al 1996]' the possibility of forming ternary com-
ing 72 h in the absence of drug (closed bars) or in the presence of 50 mg/lit(Tr ? ’

azithromycin (hatched bars). The increase of phospholipid content is also gi\%ﬁ'xes drug—phospholipids—enzyme cannot however be di

as percent of control value above each barp* 0.001 by the Studenttest Missed). We suggested earlier that azithromycin inhibits pho:
in comparison with the matching control. pholipase A activity toward phosphatidylcholine embedded in

Lipid
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phosphatidylinositol-containing bilayers by neutralizing th&996) and it may reasonably be assumed that this also hol
negative surface charges necessary for optimal activity of ttrae for the other macrolides. Phospholipasephays the major
enzyme (Van Bambeket al., 1996). In this context, the role in the lysosomal breakdown of phosphatidylcholine, the
difference in inhibitory potencies observed here between theain structural phospholipid that is indeed found in the larges
mono- and dicationic macrolides appear related to their diffezxcess. The preferential increase in phosphatidylinositol col
ential ability to position one of their aminogroup close enougient on a relative basis may indicate a faster turnover of thi
from the phosphogroups of phosphatidylinositol. Thus, thghospholipid, or a differential effect on its specific catabolic
conformational analysis and the binding studies predict that pithway, two issues that may be experimentally addresse
macrolides should be inhibitory if tested at sufficiently larg®uantitative estimations are in agreement with these concl
concentrations but that those that can position an aminograipns. Since the largest part of macrolides accumulated in ce
close to a phosphogroup should be much more potent inhilsiin the lysosomes (Carliet al.,1994), it is clear that the drug
tors. Properties of the aminated functions other than theoncentrations reached within these organelles are sufficient
simple location or number could, however, play a role in thisause enzyme inhibition. Interestingly enough, the excess |
respect. For example, the strength of the basic function mplyosphatidylinositol and phosphatidylserine found in cell:
also affect the interaction with phospholipids. We must alsnatches almost mole for mole the amounts of macrolid
take into account the fact that the apparentgp&f the amino- stored, which would reinforce our conclusion that negatively
groups in interaction with the lipids may be very different froncharged phospholipids probably constitute a key target fc
those of the drug in solution (Churej al., 1985) (determina- macrolides. The comparison of erythromycylamine with
tion of this pK, could be checked by combination of theazithromycin is instructive in this respect since it demonstrate
bell-shaped D-pH diagram with the Henderson-Hasselbaittat the less marked phospholipidosis obtained in cells wit
diagram [see Kmmer and Wunderli-Allenspach, 1996 forthis antibiotic, compared to azithromycin, essentially result:
methodology and details] or b4 NMR spectroscopy). But, from its specific toxicokinetic properties (lower accumulation).
whatever the exact basicity of amines, it remains that all tide present study offers no simple explanation for this differ
macrolides currently used in clinics possess the same aminatede (see Carliest al.,1987; de Duveet al.,1974 for a model
group on their desosamine, making structure—activity relatioand a discussion of the accumulation process of weak orgar
ships studies unrealizable. At this stage, we can therefore ohBses in cells and lysosomes), which nevertheless points
compare the properties of the amines substituting C-9 in erygistentially interesting developments, since it predicts that low
romycylamine and in position 9a of azithromycin, respectivelgring macrolide accumulation may be one way to reduce it
The fact that no major differences were observed in the inhipetential toxicity. In contrast, the differences in phospholipi-
itory potential of these molecules toward phospholipase Aosis caused by roxithromycin and erythromycylamine appe:
suggests that the presence of a positive charge near the phosre related to their toxicodynamic characteristics (intrinsic
phate heads rather than the exact nature of this cation is critiahllity to inhibit phospholipase activity). Putting all these ob-
in this context. A maximal inhibition is indeed obtained for alkervations together leads us to the conclusion that the prope
four drugs for a drug:phosphatidylinositol ratiosD.2 for the sity of a given macrolide to cause phospholipidosis must b
monocationic macrolides and of onty0.1 for the dicationic understood as a conjunction of its ability to accumulate into th
macrolides, suggesting that a charge per charge neutralizatietls and to inhibit phospholipase activity.
is the important factor for inhibition. This point should be, Moving from the mere discussion of the data, we sugge:
however, further investigated since we do not know how muchis study may open a series of potentially useful perspective
phosphatidylinositol is accessible in our system to both therst, it reinforces our earlier proposals that lysosomal breal
macrolide and to the phospholipase 8o that an absolute down of phospholipids could be regulated by the amount c
stoichiometric ratio cannot be calculated. The lack of labelegkgatively charged phospholipids present in the membrani
compound has unfortunately prevented us from performirsggregated within these organelles. While drugs would appe
detailed kinetic studies of the comparative binding of macras exogenous modulators, endogenous modulators might a
lides to liposomes, but an interesting development, achievakbest. Second, the approaches used here could be used :
with the available material, would be a direct measure of tldeveloped to better prospectively assess the potential si
reduction of the surface potential of the vesicles in the presereféects of existing and future macrolides, including in some o
of the antibiotics. their specific uses beyond those envisaged by convention
If the in vitro data are now used to appraise the situatidoxicological approaches (Van Bambektal., 1998, for in-
prevailing in the cultured cells, it becomes clear that the extestance, demonstrated that prolonged incubation of fibroblasts
of the phospholipidosis observed with the different macrolidesxtracellular concentrations of azithromycin similar to those
is related both to their capacity to accumulate in cells (toxicexpected to be observed in AIDS patients treatedMgco-
kinetic parameter) and to their intrinsic inhibitory potencyacterium avium intracellularénfection caused an easily de-
toward lysosomal phospholipases (toxicodynamic parametdgctable phospholipidosis). Third, our study, together with the
The lysosomal nature of the phospholipidosis described h&feMontenezet al. (1996), also suggests that metabolites ap
has been demonstrated for azithromycin (Van Bamlatkd., pearingin vivo (and especially thdl-demethylated derivatives,
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which arise through hepatic biotransformation of most macro-helical peptide located at thé-terminus of viral fusion proteinBiochim.
lides; see, e.g., Puri and Lassman, 1987; Luke and Fouldg3ioPhys. Actal029,267-273. N
1997) could be worthwhile to investigate since their interactid#ight: G- M., Nagel, A. A., Bordner, J., Desa, K. A., Dibrino, J. N., Nowa-

. . . kowska, J., and Sciavolino, F. C. (1988). Synthesisyitro andin vivo
with phospholipids could be largely different from those of the activity of novel 9-deoxo-9a-AZA-9a-homoerythromycin A derivatives: A

. ) .
present drug because of the UnSh!e_Idmg of k&' amin- _ new class of macrolide antibiotics, the azalidksAntibiot.41, 1029-1047.

ogroup. Fourth, more prpfound m(?dlflcatlons of the _drUg! I'k_éarlier, M. B., Garcia-Luque, 1., Montenez, J-P., Tulkens, P. M., and Piret, .
the removal of the cladinose, as is also observed in the bio¢1994). Accumulation, release and subcellular localization of azithromycir

transformation of macrolides or is purposely made with thein phagocytic and non-phagocytic cells in culturet. J. Tissue Reactl6,
new family of ketolides (Agouridast al., 1997), could result  211-220.
in very different types of interactions. These may be of critic&arlier, M. B., Zenebergh, A., and Tulkens, P. M. (1987). Cellular uptake an

- - T . subcellular distribution of roxithromycin and erythromycin in phagocytic
importance because drugs developed in this direction are chaie”&l Antimicrob. Chemothe@0(B), 47—56.

acterized by a still Iarger level of cellular accumulation than Iéhantot, J.-F., Bryskier, A., and Gasc, J.-C. (1986). Antibacterial activity o

observed with azithromycin. roxithromycin: A laboratory evaluatiord. Antibiot. 39, 660—668.
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