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In this study five macrolide antibiotics (azithromycin, erythromycin, clarithromycin, roxithromycin
and telithromycin) were compared based on their ability to interact with human MDR1 (ABCBI1, P-
glycoprotein), studied from two main aspects: by determining the influence of macrolide antibiotics
on MDR1 function, as well as the influence of MDR1 on macrolide accumulation in MES-SA/Dx5 cells
overexpressing human MDR1.

At higher micromolar concentrations five tested macrolides were shown to inhibit MDR1 function
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in terms of rhodamine-123 efflux and verapamil-activated ATPase function, whereas at lower concen-
trations they activated MDR1 ATPase. They were confirmed to be substrates of MDR1 and to compete
with each other, as well as with verapamil for transport via this transporter. Expression of MDR1 on
cells decreased macrolide accumulation in cells from 2- to 80-fold with the most pronounced change
observed for azithromycin and erythromycin. Moreover, presence of active MDR1 highly affected the
relative ranking of tested macrolides according to their accumulation in cells. In conclusion, out of seven
applied methods and assessed parameters, four of them gave similar rough evaluation on the strength of
interaction of five macrolides with MDR1, with clarithromycin, roxithromycin and telithromycin showing
stronger interaction than azithromycin and erythromycin.
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1. Introduction

Macrolides are a well-known class of antimicrobial agents,
which has been in clinical use for several decades. Macrolide phar-
macokinetics is characterized by a substantial affinity for tissues
and accumulation within cells. In 3-h incubation with cells some
macrolides can reach intracellular concentration up to 500-fold
higher than extracellular (Bosnar et al., 2005; Miossec-Bartoli et
al., 1999).

The fact that macrolide ranking according to their accumulation
in various cell types differs (Bosnar et al., 2005; Miossec-Bartoli et
al.,, 1999), suggests that mechanisms of macrolide transport differs
among cell types and differences in expression profiles of some
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transporters may play a significant role in this phenomenon. To our
knowledge, the effect of various transporters on macrolide accu-
mulation and affinity for different tissues has not been studied so
far.

MDR1 (ABCB1, P-glycoprotein, P-gp) is the most extensively
studied human ATP-binding cassette (ABC) transporter. MDR1 is
known to transport a huge spectrum of structurally very diverse
substances (many drugs, but also natural compounds). As well as
for other ABC transporters, the transport process occurs at cost of
ATP and can act against the concentration gradient of a substrate.
Due to its highly polyspecific nature and strategic localization on
epithelial barriers, impairment of absorption and facilitation of
elimination of xenobiotics from the organism or some of its com-
partments is considered to be the main physiological function of
MDR1 (Borst and Elferink, 2002; Litman et al., 2001). Although
much work has been done on defining substrate binding sites
and 3D-structure, the exact mechanism of action of human MDR1
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has not yet been completely clarified. Recent theories propose
the model with only one rather big binding site where various
compounds bind to its different regions creating opportunities for
different interactions of molecules on this protein (Ambudkar et
al.,, 2006), as confirmed by solving the structure of the murine P-gp
(mdr1a, abcb1a) (Aller et al., 2009).

Several macrolides have been reported as inhibitors of MDR1
(ABCB1, P-glycoprotein). Many results originate from rather com-
plex cellular models which are also known to have high expression
of ABC transporters other than MDR1, such as human col-
orectal adenocarcinoma cell line Caco-2 or brain endothelial
cells. In addition, the effects on MDR1 were proven in MDR1
overexpressing cells in which erythromycin, clarithromycin and
azithromycin caused an increase of accumulation of MDR1 sub-
strates (Asakura et al., 2004; Wang et al., 2000; Yasuda et al.,
2002).

Potential of macrolide inhibitory effect on MDR1 has also been
detected in vivo. Both, clarithromycin and erythromycin, in com-
bined therapy with vinblastine significantly improved survival of
mice with transplanted tumor with MDR1 overexpression, even
though macrolides alone did not exert any antitumor effect (Wang
et al., 2000).

Since many compounds which inhibit the MDR1 function are
also transported by this transporter, some macrolides are also
reported to be MDR1 substrates. In cells with MDR1 overexpression
macrolides were proven to be far less active against intracellu-
lar bacterium Listeria monocytogenes, which was readily overcome
by cotreatment with MDR1 inhibitors: verapamil, PSC833 or
cyclosporin A (Nichterlein et al., 1995). For some macrolides lower
accumulation in MDR1 overexpressing cells has been reported
(Nichterlein et al., 1995, 1998; Yamaguchi et al., 2006), although
the effect of MDR1 on accumulation of different macrolides were
not in detail compared. In transport studies through the monolayer
of cells with overexpression of human MDR1 or murine Mdrla
erythromycin was proven to be a substrate for both transporters
(Schuetz et al., 1998).

In addition, in studies in knock-out animals it was demon-
strated that after p.o. administration erythromycin concentrations
in plasma, liver, kidneys, intestine, brain, heart and lungs were 2-4-
fold higher in Mdr1a=/~ mice than in the wild type (Schuetz et al,,
1998). These results clearly indicate the importance of MDR1 in
pharmacokinetics of erythromycin and, possibly, other macrolides
as well.

MES-SA/Dx5 is a multidrug resistant cell line established from
human uterine sarcoma cell line MES-SA which were grown in the
presence of increasing concentrations of doxorubicin(Harker and
Sikic, 1985). In contrast to MES-SA cells MES-SA/Dx5 highly express
MDR1 (ABCB1, P-glycoprotein). To our knowledge expression of
other transporters in these cell lines has not been extensively
studied so far, with the exception of mrp which was on mRNA
level reported to be relatively less expressed in MES-SA/Dx5
than in MES-SA cells(Chen et al., 1994). MES-SA and MES-SA/Dx5
cell lines have been used for screening of multidrug resistance
modulators(Wesolowska et al., 2005).

In present study we have compared five macrolide antibi-
otics (azithromycin, erythromycin, clarithromycin, roxithromycin
and telithromycin) on their ability to interact with human MDR1
(ABCB1, P-glycoprotein) studied from two main aspects: by deter-
mining the influence of macrolide antibiotics on MDR1 function
and ATPase activity, as well as the influence of MDR1 on macrolide
accumulation in cells which express this transporter. To our knowl-
edge this is the first systematic evaluation of these macrolides in
their interaction with MDR1 using several distinct methodological
approaches linking together their inhibitory and substrate proper-
ties.

2. Materials and methods
2.1. Substances

Azithromycin is a kind gift from PLIVA Ltd.; clarithromycin
was internally synthesized in GlaxoSmithKline Research Centre
Zagreb Ltd.; erythromycin and roxithromycin were purchased from
Sigma, and telithromycin from Aventis. Verapamil, cyclosporin
A and rhodamine-123 were purchased from Sigma, and MK571
from Axxora. All macrolides, verapamil and MK571 were dissolved
in dimethyl-sulphoxide (Sigma), cyclosporin A in 96% ethanol
(Kemika) and rhodamine-123 in deionized water.

2.2. Cell lines

MES-SA/Dx5 (ATCC, CRL-1976) human uterine sarcoma cell
line with overexpression of human MDR1 (ABCB1) and its par-
ent cell line MES-SA (ATCC, CRL-1977) were grown in McCoy’s
medium (Sigma) supplemented with 10% heat-inactivated fetal
bovine serum (Biowest) and 1% GlutaMAX (Gibco, Invitrogen). Cells
were detached from the plastic surface by incubation in buffer
containing: 0.3 g/L disodium-EDTA, 8 g/L NaCl, 0.56 g/L NaHCO3,
1g/L dextrose and 0.4g/L KCl. Cells were cultured for 14 days
before initiation of experiments, passaged twice weekly, and used
in experiments until 20th passage. There have been to notica-
ble change in behaviour of these cells in experiments within that
period.

2.3. Isolation of total RNA and cDNA synthesis

Total RNA was isolated using RNeasy Plus Mini kit (Qiagen)
according to manufacturer’s protocol. Concentration and quality of
isolated total RNA was determined on Agilent Technologies 2100
Bioanalyzer. Total RNA was subjected to digestion of genomic DNA
using Deoxyribonuclease I, Amplification Grade (Invitrogen). First
strand cDNA was synthesized using SuperScript Il First-Strand
Synthesis System for RT-PCR (Invitrogen).

2.4. Quantitative RT-PCR

Expression of eight human ABC transporters was analyzed
by quantitative RT-PCR on ABI PRISM 7700 Sequence Detector
(Applied Biosystems) using SYBR Green method and {3-2-
microglobulin (32m) as a housekeeping gene. Primers were
designed in Primer Express software (Table 1). Quantitative RT-
PCR was performed at following conditions: 2min at 50°C,
10min at 95°C, followed by 40 cycles of 15s at 95°C and
1 min at 60 °C. Optimisation of primer concentrations and primer
validation for use with SYBR Green PCR Master Mix (Applied
Biosystems) was performed according to manufacturer’s protocol.
Possible generation of primer-dimers was additionally checked
after RT-PCR by electrophoresis of samples in agarose gel and at
selected primer concentrations there were no additional bands
detected.

ABC transporter expression analysis in each cell line was per-
formed from three independently isolated total RNA samples, and
quantitative RT-PCR of each sample was done in triplicates.

To quantify the expression of the same transporter across two
cell lines, treshold cycle (Cr) values obtained for ABC transporters
were normalized to the values of the houskeeping gene [(3-2-
microglobulin, and ratios of relative amount of ABC transporter
and (-2-microglobulin mRNAs were multiplied by 108 and their
logqo values were compared. To estimate expression levels of eight
ABC transporters in the same cell line, due to possible differences in
efficacy of reverse transcription reaction for different genes, only



88 V. Munic et al. / European Journal of Pharmaceutical Sciences 41 (2010) 86-95

Table 1
Primers and their final concentrations used in quantitative RT-PCR.

Gene Primer Concentration
o 2 e sl F: TCCGTGGCCTTAGCTGTGC 300nM
R: TTCTCTGCTGGATGACGTGAGTAA  50nM
ABCBI(MDRD) . relecTcacnTerCTICTGr SonM
i) AT son
ABCC1 (MRP1) R CAGGGCTCCATAGACGLTCA  s0nM
oo TSCooWTITCTCM
ABCC3 (MRP3) R CAGATTCTCCCCGOCCTCT  S0nM
iy EASCMOTGmGCcTom son
ABCCS (MRPS) R CCCGITAACTGGACAGCATAAGAG  S0nM
ABCG2 (BCRP) R CTOTCACCTGCTGEIATGGE  s0nM

orders of magnitude of expression relative to [3-2-microglobulin
were compared.

2.5. Membrane isolation

Membrane fraction of cells was isolated according to Kennedy
and Mangini (2002). Cells were disrupted by nitrogen cavitation
(55 bar, 30 min, +4°C) in Cell Disruption Mini-Bomb (Kontes), fol-
lowed by ultracentrifugation at 100,000 x g, for 60 min at +4°C.
Membrane pellet was resuspended in mannitol buffer (200 mM
mannitol, 50mM Hepes, 40mM Tris, pH=7.4) supplemented
with protease inhibitors (10 wg/mL leupeptin, 8 pg/mL aprotinin,
1 wg/mL pepstatin and 0.5 mM phenylmethylsulphonyl fluoride,
all purchased from Sigma). Total protein concentration was deter-
mined by bicinchoninic acid (BCA) method (Pierce) according to
manufacturer’s protocol.

2.6. Electrophoresis and Western blot

Samples for electrophoresis were quickly dissolved in disag-
gregation buffer (Sarkadi et al., 1992). Proteins (20 p.g/well) in
dissolved samples were separated on NuPAGE 4-12% Bis-Tris Gel
(Invitrogen) in MOPS buffer (Invitrogen) at 150V, run for 75 min.

Proteins were transfered onto nitrocellulose membrane in
Trans-Blot SD cell (BIO-RAD) at 1 mA/cm? for 2 h. Transfer buffer
contained 25 mM Tris, 192 mM glycine and 20% methanol. Mem-
brane was blocked overnight at +4°C in TBS-T buffer (50 mM
Tris HCl, 150 NaCl and 0.05% Tween 20) containing 5% pow-
dered milk. Primary antibodies used for MDR1 (clone C219), MRP2
(clone M,III-5, declared by the manufacturer not to crossreact
with MDR1, MDR3, MRP1, MRP3 and MRP5), MDR3 (clone P3II-
26, does not crossreact with MDR1), MRP1 (clone MRPr1, does
not crossreact with MDR1, MDR3, MRP2, MRP3, MRP4 and MRP5)
and MRP4 (clone My4I-80) were purchased from Axxora Platform
and incubated with the membrane for 2.5h at room tempera-
ture at 0.2 pg/mL, 0.5 pg/mL, 5 pg/mL, 0.5 pug/mL and 2 pg/mL,
respectively. Membranes were subsequently incubated with goat
anti-mouse or goat anti-rat horseradish peroxidase labelled anti-
body (Santa Cruz Biotechnology) for 1 h and bands were visualized
by ECLPlus kit (Amersham, GE Healthcare) on Storm 860 analyzer
(Molecular Dynamics).

2.7. Flow cytometric measurement of rhodamine-123 efflux

To detect rhodamine-123 efflux from MES-SA/Dx5 cells method
described by Laupeze et al. (2001) was used with minor modifi-
cations. Briefly, cells were loaded with 0.5 pg/mL rhodamine-123
for 30 min at 37 °C in RPMI 1640 medium w/o phenol-red (Promo-
cell), washed twice in ice-cold phosphate buffered saline (PBS) and
resuspended in medium containing test ABC transporter inhibitor
or macrolide. Samples were then incubated at 37 °C for 15 min to
allow rhodamine-123 to be released from cells. Rhodamine-123
fluorescence in cells was measured at 530 nm on FACScan flow
cytometer (Becton Dickinson) supplied with 488 nm argon laser by
measuring median fluorescence intensity (MFI). To calculate the
percentage of rhodamine-123 that remained in cells, MFIs of cells
after 15-min incubation for rhodamine-123 efflux were compared
to values obtained for control cells immediately after loading. Final
concentrations of DMSO or ethanol applied to cells during 15-min
incubation with macrolides were 1 and 0.1%, respectively. In tested
setup these concentrations had no adverse effect on cell viability,
cell morphology (assesed by flow cytometry), nor on rhodamine-
123 efflux results.

Inhibition of rhodamine-123 efflux with tested compounds was
expressed relative to maximum inihibition obtained with 125 uM
verapamil in the same experiment. IC5¢ and % maximum inhibi-
tion were determined from minimum of three experiments with
samples done in triplicates.

2.8. MDR1 ATPase activity

To measure ATPase activity, PREDEASY ATPase kit (SOLVO
Biotechnologies) with Sf9 membrane vesicles with overexpression
of human MDR1 were used according to manufacturer’s protocol
(Konya et al., 2006; Sarkadi et al., 1992). Briefly, to detect activa-
tion of ATPase activity membranes (8 mg proteins) were incubated
with test macrolide and 2 mM MgATP for 10 min at 37 °C. When
measuring inhibition of ATPase activity by macrolides 40 .M vera-
pamil was added to reaction mixture to activate ATPase (Muller
et al., 1996; Sarkadi et al.,, 1992). Final concentration of DMSO
in experiment was 1% (Sarkadi et al., 1992). ATPase reaction was
subsequently stopped and produced orthophosphate (Pi) was mea-
sured colorimetrically. To determine the vanadate sensitive ATPase
activity, Pivalues obtained in samples were reduced by the Pi values
measured in the same samples prepared with addition of 1.2 mM
sodium orthovanadate.

2.9. Macrolide accumulation

Macrolide accumulation in cells was measured as described
previously (Bosnar et al., 2005) with slight modifications. Since
MES-SA/Dx5 cells were found to contain a small population
of MDR1-negative cells, to select only MDR1 positive cells,
MES-SA/Dx5 were for four days before experiment grown in
medium containing 0.2 pg/mL doxorubicin (Sigma). A day before
experiment cells were seeded in 6-well plates at density of
2 x 10% cells/well in culture medium. On the next day cells were
washed and incubated for 180 min at 37 °C, 5% CO, and 95% relative
humidity, in 3 mL RPMI-1640 medium without phenol-red con-
taining 10 or 50 .M macrolides with or without 50 M verapamil.
After incubation samples were washed 4 times with ice-cold PBS
and scraped in 300 L of lysis solution (0.5% Triton X-100 (Sigma) in
deionized water). Samples were frozen, thawed, sonicated for 15s
on ice, centrifuged at 18,000 x g for 10 min, at 4°C and obtained
supernatants were collected for measurement of macrolide con-
centrations. Final concentration of DMSO during incubation with
macrolides was 0.1%.
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Macrolide standards for calibration curve were prepared by
spiking test macrolide to cell lysates. Briefly, drug naive cells were
lysed in lysis solution containing 0.05-10 wM test macrolide, and
were further processed in the same way as samples.

2.10. Macrolide quantitation

Intracellular concentration of macrolides was detemined by
microbiological agar diffusion method using Micrococcus luteus
(ATCC9341) as test microorganism (Foulds et al., 1990). Macrolide
concentration was determined using a calibration curve obtained
with series of standards prepared as described above. Intracel-
lular concentrations were normalized on total protein content
in cells determined by BCA method (Pierce) according to man-
ufacturer’s protocol. Lowest limit of detection corresponded to
<0.005 wmolg~1 of total protein content in samples for all mea-
sured macrolides.

When more than one macrolide was present in samples
(e.g. when measuring competition of macrolides for accumu-
lation in cells), intracellular concentrations of macrolides were
determined by liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) method. Samples were precipitated by
addition of three volumes of acetonitrile:methanol mixture (2:1),
followed by centrifugation at 18,000 x g for 10 min at +4°C,
and obtained supernatants were analyzed on API2000 (Applied
Biosystems) triple quadrupole mass spectrometer, with ioniza-
tion at atmospheric pressure, and using binary pump for liquid
chromatography Agilent 1100. Quantification was carried out
using the ratio of area under the curve for analyte and inter-
nal standard (6-O-methyl-9a-aza-9a-homoerythromycin A), and
standard calibration curve of the analyte prepared as described
above. Response was linear for tested macrolide concentrations
of 0.2-10puM with R?>0.99, and all measured samples were
within the same range. LLOQ was 0.2 uM with less than 15%
error. LLOD for all tested macrolides was approximately 0.02 .M.
To check for the specificity for methods of detection of each
macrolide, all five macrolides were measured in all samples, stan-
dards and blanks and no false detection of any of macrolides
was detected in samples that did not contain that particular
macrolide.

2.11. Statistic analysis

To compare accumulation of individual macrolide with and
without verapamil unpaired two-tailed Student’s t-test was per-
formed, and for comparison of accumulation of all five macrolides
together one way analysis of variance (ANOVA) with Bonferroni
multiple comparison test as a post-test were used.

2.12. Cell viability

Viability of cells in treatments with macrolides and ABC trans-
porter inhibitors was assesed by two methods. Possible induction
of necrosis was checked by luminescent measurement of the
release of cytosolic enzyme adenylate kinase (ToxiLight, Lonza)
(Benachour and Seralini, 2009; Heinrich et al., 2009) in super-
natants of treated cells using 0.5% Triton X-100 as a positive control
which induced 10-fold increase in adenylate kinase release. Induc-
tion of apoptosis was determined by luminescent measurement of
caspase 3 and 7 activities in cell lysates (Caspase-Glo 3/7, Promega)
with 10 wM staurosporine (Sigma) used as positive control which
induced 5-fold increase in caspase activity in this setup.

Fig. 1. mRNA expression of eight ABC transporters measured by quantitative RT-
PCR. Results are expressed as logio of relative amount of ABC transporter mRNA
normalized on (3-2-microglobulin expression + S.D. Results are mean values of three
independent experiments.

3. Results
3.1. ABC transporter expression analysis in model cell lines

To study interaction of macrolides with MDR1 on cellular level
we have used MES-SA/Dx5 cell line originally obtained by cultiva-
tion of parent cell line MES-SA in the presence of doxorubicin. In
order to confirm overexpression of MDR1 in MES-SA/Dx5 cell line
as well as to characterize all selected cell models regarding expres-
sion of other ABC transporters that could potentially influence our
results, endogenous expression of eight ABC transporters, reported
in literature to transport various drugs (Borst and Elferink, 2002;
Litman et al., 2001), was studied by quantitative RT-PCR. Since for
macrolide accumulation experiments MES-SA/Dx5 needed to be
preselected with 0.2 wg/mL doxorubicin for four days, expression
was analyzed in these samples as well.

Quantitative RT-PCR results in Fig. 1 show relative intensity of
mRNA expression for eight ABC transporters in three tested cell
models. MDR1 (ABCB1) is clearly overexpressed in MES-SA/Dx5
cells showing relative amounts of mRNA in the range of housekeep-
ing gene (3-2-microglobulin, whereas MES-SA do not express this
transporter. Among other ABC transporters studied, both cell lines
have significant amounts of MRP2 (ABCC2) mRNA, approximately
one order of magnitude less than that of MDR1 in overexpressing
cells. Expression of MRP2 is about 2-fold higher in MES-SA than
in MES-SA/Dx5 cells. Expression of MRP1 (ABCC1), MRP4 (ABCC4),
MRP5 (ABCC5) and BCRP (ABCG2) is about 100-1000-fold lower
than the expression of the [3-2-microglobulin, and their expres-
sion intensities are about the same in all three cell models studied.
Even though it appears that ABCB4 is much more expressed in MES-
SA/Dx5 cells than in the parent cell line, its overall expression is
extremely low, so that it was assumed that it could not signifi-
cantly influence results of further experiments. MES-SA/DxX5 cells
grown with doxorubicin show ABC transporter expression profile
equal to non-selected cells.

Expression of transporters highly expressed on mRNA level was
also analyzed in membrane fractions of model cells by Western
blot. As shown in Fig. 2, the results obtained on protein level are
largely in agreement with those observed on mRNA level. The only
transporter present in MES-SA/Dx5 (with or without doxorubicin)
and not in MES-SA cells was, as expected, MDR1. MDR3 could not
be detected in tested conditions. MRP1 is equally expressed in all
three cell models. Interestingly, apart from MRP2, for which higher
mRNA expression was observed in MES-SA cells, MRP4 showed the
same pattern.
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Fig. 2. Western blot analysis of membrane fractions of MES-SA, MES-SA/Dx5 and MES-SA/Dx5 pretreated with doxorubicin for (a) MDR1 (ABCB1), (b) MRP2 (ABCC2), (c)
MDR3 (ABCB4), (d) MRP1 (ABCC1), and (e) MRP4 (ABCC4). 20 g total proteins per lane. DOX: doxorubicin.

3.2. Inhibition of rhodamine-123 efflux via MDR1 by macrolides

In order to evaluate macrolide effect on MDR1 function,
a rhodamine-123 efflux assay was performed. At maximum
inhibition of rhodamine-123 efflux (125 wM verapamil) from MES-
SA/Dx5 cells 35-44% of initially accumulated rhodamine-123
remained in cells (result not shown). Results for test compounds
are expressed relative to maximum inhibition which was obtained
with 125 wM verapamil in the same experiment. ICs5q values +S.D.,
as well as maximums of inhibition obtained with test compounds
(max) were calculated from three to four independent experi-
ments.

From Fig. 3, it is clear that all tested macrolides and standard
ABC transporter inhibitors display inhibitory effect on rhodamine-
123 efflux, but in very different concentration ranges. The most
potent one is cyclosporin A (IC5p=2.1+0.5 M, max=101+11%)
followed by verapamil (IC50=9.2+3.8 M, max=100=+0%).
MK571 (IC50 >65 wM, max >50%), a standard inhibitor more spe-
cific for ABCC class of ABC transporters (Gekeler et al., 1995) which
inhibits ABCC1 (MRP1) in lower micromolar range, also inhibits
MDR1, but only at rather high concentrations. Concentrations of
MK571 higher than 100 wM could not have been tested since they
were cytotoxic. Azithromycin (ICso>1174 uM, max>18%) and
erythromycin (ICs9 >1714 M, max >64%) were clearly the least
potent inhibitors in this assay, which in their tested concentra-
tions did not reach their maximal effect. Higher concentrations
could not have been tested due to problems with solubility and

% inhibition
OmD> O+ e» O
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=
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Fig. 3. Inhibition of rhodamine-123 efflux from MES-SA/Dx5 cells. Results are
expressed as percentage of maximal inhibition obtained with 125uM vera-
pamil+S.D. Shown results are from one respresentative experiment done in
triplicates. VER: verapamil, CYA: cyclosporin A, AZM: azithromycin, ERY: ery-
thromycin, CLR: clarithromycin, ROX: roxithromycin, and TEL: telithromycin.

cytotoxicity. Roxithromycin (IC5o=213+17 uM, max=109 £ 7%)
and telithromycin (IC50=214+15uM, max=103+3%) were
at least 7 times more potent inhibitors of rhodamine-123
efflux than azithromycin and erythromycin, whereas clar-
ithromycin (IC50=83+7 wM, max=94+3%) was about 2.5-fold
more potent than roxithromycin and telithromycin. These last
three macrolides were also tested in concentrations of up to
1000 uM and maximum values obtained were never higher
than 115% of verapamil’s. Therefore, it can also be concluded
that all tested macrolides that could be tested at high enough
concentrations reach the same maximum of rhodamine-123
efflux inhibition as verapamil and based on their inhibition of
rhodamine-123 efflux via MDR1 they can be ranked as follows:
clarithromycin > roxithromycin ~ telithromycin > azithromycin ~
erythromycin.

3.3. Effects of macrolides on MDR1 ATPase function

To further evaluate the effect of macrolides on MDR1 function,
MDR1 ATPase activity was assessed using Sf9 membaranes with
MDR1 overexpression. Firstly, effect of macrolides on basal ATPase
activity was assessed. Control activator of MDR1 ATPase activity
verapamil (40 wM) caused a 3.3-fold increase in ATPase activity
over basal. For ATPase activation and inhibition ECsy and ICsg
values, respectively, were calculated. Maximal activation (max,)
obtained with a test compound was expressed as % of maximum
activation achieved with 40 wM verapamil, whereas maximal inhi-
bition (max;) is expressed as % of difference between basal and
maximal activity (reached with verapamil) for which a compound
decreases ATPase activity.

All five tested macrolides activated ATPase activity, but
with different intensities and concentration range (Fig. 4).
Only clarithromycin (ECso=11 M, max,=100%) reached the
same level of activation as verapamil. Even though it acti-
vated ATPase in the lowest concentration range, telithromycin
(EC50=0.55 M, max, =43%) also exhibited the lowest maxi-
mum activation of all tested macrolides. On the other hand,
azithromycin (ECs0 = 120 M, max, = 85%) activates MDR1 ATPase
at highest concentrations, but reaches approximately the same
maximum as verapamil. The last two macrolides, erythromycin
(EC50=25pnM, max,=70%) and roxithromycin (ECsg=2.5 M,
max, =66%), reach about the same maximum but in clearly
distinct concentration ranges. To compare molecules with such
different activation curves two parameters were compared:
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Fig. 4. Activation of human MDR1 ATPase activity by macrolides. Results are
expressed as the amount of produced Pi per gram total membrane proteins per
min +S.D. Basal activity of the membranes and maximal activity obtained with
40 uM verapamil were 13-17 and 49-51 wmolg~! min~', respectively. Shown
results are from one representative experiment. AZM: azithromycin, ERY: ery-
thromycin, CLR: clarithromycin, ROX: roxithromycin, and TEL: telithromycin.

according to the concentration range of the beginning of their
activation curves, tested macrolides were ranked as follows: clar-
ithromycin ~ roxithromycin ~ telithromycin « erythromycin <
azithromycin, whereas according to the reached max-
imum of activation the ranking was: clarithromycin>
azithromycin > erythromycin ~ roxithromycin > telithromycin.

All tested compounds display the same profile of the ATPase
activation curve: they activate ATPase at lower concentrations, and
inhibit it at higher. For azithromycin the inhibitory part of the
ATPase activity curve seems to be just at its beginning, but higher
concentrations could not have been tested due to compounds’
insolubility.

In further experiments effect of macrolides was measured
on membranes activated with 40uM verapamil. At concentra-
tions higher than 100 wM all five tested macrolides inhibited
ATPase activity of MDR1 (Fig. 5). The most potent inhibitor was
telithromycin (ICso>37 wM, max;>100%), and the least potent
clarithromycin (IC59>600 M, max;>61%) and azithromycin
(IC50>2000 M, max;>32%). Erythromycin (IC59>290 uM,
max; >81%) and roxithromycin (IC5¢ >270 WM, max; >94%) exhib-
ited medium inhibitory activity. Relative position of ATPase
inhibition curves for the five macrolides correlates with those
obtained on membranes activated with verapamil (Fig. 5), although
in the presence of verapamil inhibitory action of macrolides is
detected at lower concentrations. Depending on their potency in
inhibiting ATPase activity macrolides can be ranked in this way:
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Fig. 5. Inhibition of human MDR1 ATPase activity by macrolides. Membranes were
activated with 40 WM verapamil. Results are expressed as the amount of pro-
duced Pi per gram total membrane proteins per min4+S.D. Basal activity of the
membranes and maximal activity obtained with 40 WM verapamil were 13-17
and 49-51 wmol g~! min~7, respectively. Shown results are from one representa-
tive experiment. AZM: azithromycin, ERY: erythromycin, CLR: clarithromycin, ROX:
roxithromycin, and TEL: telithromycin.

telithromycin > roxithromycin ~ erythromycin > clarithromycin >
azithromycin.

Among tested compounds only telithromycin showed
inhibitory effect on ATPase activity insensitive to vanadate,
meaning that this macrolide might also inhibit some other
ATPases outside ABC transporter superfamily.

3.4. Effect of MDR1 on macrolide accumulation in cells

To determine the influence of MDR1 on macrolide accumula-
tion in cells, MES-SA/Dx5 (Fig. 6a) or MES-SA cells (Fig. 6b) were
incubated with a test macrolide with or without verapamil as
an inhibitor of MDR1. Afterwards, the amount of cell-associated
macrolide was measured.

Since all five tested macrolides accumulate far better in cells
that either do not have MDR1 expressed (MES-SA), or have
inhibited MDR1 function (MES-SA/Dx5 with verapamil), than in
cells with functional MDR1 (MES-SA/Dx5 with vehicle, dimethyl-
sulphoxide), as already reported in literature, these macrolides
can be considered MDR1 substrates. In MES-SA/Dx5 cells at
both concentrations tested, intracellular concentrations of all five
macrolides were significantly higher in cotreatment with ver-
apamil compared to treatment with macrolides alone (p<0.01,
Student’s t-test). Macrolide concentrations in MES-SA/Dx5 cells
cotreated with verapamil were still a bit lower than those in
MES-SA cells cotreated only with vehicle, possibly due to to the

Fig. 6. Macrolide accumulation in (a) MES-SA/Dx5 and (b) MES-SA cells after 3 h incubation in cotreatment with 50 wM verapamil. Results are expressed as amount
of macrolide per gram total cellular proteins +S.D. Results are mean values from three to five independent experiments. AZM: azithromycin, ERY: erythromycin, CLR:

clarithromycin, ROX: roxithromycin, and TEL: telithromycin.
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fact that 50 wM verapamil does not cause complete inhibition of
MDR1.

Furthermore, inhibition of MDR1 on MES-SA/Dx5 cells caused
an increase in intracellular concentration of azithromycin and
erythromycin (limit of quantitation for erythromycin was
0.005 wmolg~! and measured concentration in cells with ver-
apamil was 0.745+0.166 wmolg~!) for an order of magnitude
higher than the increase of clarithromycin, roxithromycin and
telithromycin (>35-fold for azithromycin and erythromycin vs.
2-8-fold for clarithromycin, roxithromycin and telithromycin).
This means that MDR1 has much higher impact on accumulation
of azithromycin and erythromycin than on the accumulation of the
remaining three macrolides.

Consequently, cell affinity for selected five macrolides differs
depending on the presence of the active MDR1 on their sur-
face. Indeed, comparing all macrolides dosed at 50 .M, in MES-SA
cells with and without cotreatment with verapamil, azithromycin
accumulates significantly better than all other macrolides tested
(p<0.001, ANOVA, Bonferroni post-test). The same result was
observed in MES-SA/Dx5 cells cotreated with verapamil (p <0.001,
ANOVA, Bonferroni post-test), whereas in the same cell line with-
out verapamil cotreatment azithromycin accumulates with the
same intensity to three other macrolides and significantly more
only compared to erythroymcin (p <0.01, ANOVA, Bonferroni post-
test). It can therefore be concluded that azithromycin accumulates
much more than other tested macrolides in cells that do not
express MDR1, or its function was inhibited, whereas in cells with
active MDR1 accumulation of azithromycin is in the range of clar-
ithromycin, telithromycin and roxithromycin.

In most cases in MES-SA cells, as expected, verapamil did not
change accumulation of tested macrolides. However, it induced
a slight but significant increase (1.5-fold) in intracellular con-
centration of azithromycin (p <0.05, Student’s t-test). Apart from
that, in the same cell line a statistically significant decrease in
clarithromycin accumulation was observed when macrolide and
verapamil were applied at 50 M (p <0.05, Student’s t-test).

Therefore, comparing five macrolides based on the
relative increase in cellular accumulation upon MDRI1 inhi-
bition, following ranking was observed: erythromycin>
azithromycin > roxithromycin ~ clarithromycin ~ telithromycin.

On the other hand, comparing the absolute intensities of
macrolide accumulation for cells with MDR1 the ranking is:
telithromycin ~ clarithromycin ~ azithromycin ~ roxithromycin >
erythromycin, whereas for cells without active MDR1 it is:
azithromycin > telithromycin ~ clarithromycin > roxithromycin >
erythromycin.

3.5. Macrolide competition for cellular transport and
accumulation mechanisms

With the aim to explore how do macrolides compete for MDR1
transport and to compare the affinities of MDR1 for these com-
pounds, accumulation of two macrolides added simultaneously to
MES-SA/Dx5 cells was determined by LC-MS/MS method. Results
in Table 2 are expressed relative to control accumulation where
each macrolide was added to the cells alone, only with vehicle
dimethyl-sulphoxide.

A dramatic increase in intracellular accumulation (2.3-5.3-fold)
was observed for azithromycin and erythromycin in cotreatment
with clarithromycin, telithromycin or roxithromycin, and for
telithromycin in cotreatment with clarithromycin. From the
magnitude of the effects on accumulation of other macrolides,
as well as from the magnitude of changes of their own accu-
mulation under the influence of other macrolides, macrolides
can, based on their affinity for MDR1, be ranked as follows:

Table 2
Macrolide uptake? in MES-SA/Dx5 cells in cotreatment with other macrolides.”

Effector® % control uptake?® +S.D.

AZM ERY CLR ROX TEL
AZM 101+ 6 50 + 4 68 +9 86+ 6
ERY 123 £6 89 +3 109 £ 6 116 £ 8
CLR 525 + 99 491 + 83 155 + 17 249 + 28
ROX 231 £ 39 299 + 44 53 £ 16 124+ 6
L 332 £ 65 499 + 98 107 + 41 144 + 20

Effector and measured macrolides were both applied to cells at 50 WM concentra-
tion and incubated for 3 h. Macrolide concentration was determined by LC-MS/MS
method and expressed as percentage of macrolide accumulated without presence
of effector. Results are mean values £S.D. from three independent experiments.
AZM: azithromycin, ERY: erythromycin, CLR: clarithromycin, ROX: roxithromycin,
and TEL: telithromycin.

clarithromycin > roxithromycin ~ telithromycin > azithromycin ~
erythromycin.

Even though it would seem most likely that two substrates for
MDR1, which compete for the transporter and possibly, at least
partially, bind to the same binding site, would either increase each
other’s accumulation, or at least not change it; in a few cases
an opposite effect was detected. Thus, azithromycin significantly
lowered the accumulation of clarithromycin and roxithromycin
for 50 and 32%, respectively; and cotreatment with roxithromycin
decreased the accumulation of clarithromycin for 47%.

3.6. Cell viability

As measured by the release of adenylate kinase or caspase 3/7
activation, applied macrolide treatments had no adverse effect on
cell viability within the tested concentration range and monitored
incubation time (maximum fold change for both parameters was
<1.1; results not shown).

4. Discussion

In this study five macrolide antibiotics (azithromycin, ery-
thromycin, clarithromycin, roxithromycin and telithromycin) were
compared based on their ability to interact with human MDR1
(ABCB1, P-glycoprotein). The interactions were addressed in terms
of two major questions: how do macrolides influence MDR1 func-
tion, and how does MDR1 affect macrolide accumulation in cells?
Presented results show that estimation of the relative interaction
of the five macrolides with MDR1 differs considerably depending
on the method applied.

Apart from inhibiting rhodamine-123 export via MDRI1, all
tested macrolides display the ATPase activation curve characteris-
tic for quickly transported substrates with the possibility to bind to
at least two binding sites in MDR1: they activate ATPase at lower
concentrations, and inhibit it at higher. The same was observed
with other MDR1 substrates like verapamil, vincristin, vinblastin,
etoposide and colhicine (Muller et al., 1996). Thus, it is most likely
that tested macrolides inhibit rhodamine-123 export by competing
for the transport via the same transporter.

By measuring macrolide accumulation in MES-SA and MES-
SA/Dx5 cells with and without MDR1 inhibitor verapamil, it was
found that MDR1 has a marked impact on macrolide accumu-
lation in cells. As expected from previous reports (Nichterlein
et al,, 1995, 1998; Yamaguchi et al,, 2006) high expression of
functional MDR1 on cell surface decreases intracellular concentra-
tions of these five macrolides. Furthermore, in this study it was
shown that inhibition of MDR1 had the greatest influence on the
accumulation of azithromycin and erythromycin, which is very
similar to the result reported on murine cell line J774A.1 (Seral
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et al., 2003), which possibly express murine homologue of this
gene.

Consequently, relative ranking of macrolides according to their
accumulation in cells is dramatically different depending on the
presence of the active MDR1 on cell surface. Therefore, it is likely
that even in vivo in cells with high MDR1 expression macrolides
would, firstly, reach lower intracellular concentrations, and sec-
ondly, display different relative ranking order according to their
accumulation than in other cell types. These results indicate how
expression of a single transporter can dramatically change cell
affinity for structurally related compounds which could at least par-
tially explain some differences in their pharmacokinetic behaviour
and even in the intensity of their pharmacodynamic effects.

In our previous studies two tested cell lines showed similar
profile of macrolide ranking as cells used in this study (Bosnar
et al,, 2005). Canine kidney epithelial cell line MDCK resembles
MES-SA/Dx5 cells with active MDR1 in their affinity for macrolides,
whereas human monocytic leukemia cells THP1 are more like MES-
SA cell line. Similarity of MDCK to MES-SA/Dx5 cells in this system
may well be due to the endogenous expression of Mdr1, which has
already been proven in these cells (Raggers et al., 2002).

Moreover, since the measurement of ATPase activity revealed
that both verapamil and tested macrolides activate MDR1 ATPase
activity (which is characteristic for quickly transported sub-
strates), macrolides inhibit verapamil-activated ATPase activity of
MDR1, and verapamil increases macrolide accumulation in MDR1-
expressing cells; it can be concluded that tested macrolides clearly
compete with verapamil for transport via MDR1, which is most
likely due to the binding to the same part of the MDR1 substrate
binding site.

In order to further evaluate macrolide interactions with MDR1
we have measured the accumulation of two macrolides added
simultaneously to MES-SA/Dx5 cells. Since in all tested combi-
nations of macrolides intracellular concentration of one of them
was higher due to the presence of the other, we conclude that
macrolides compete with each other for transport via MDR1, which
could be due to the binding to the same part of the MDR1 substrate
binding site. However, even though it would seem most likely that
two substrates for MDR1, which compete for MDR1, would either
increase each other’s accumulation, or at least leave it unchanged,
azithromycin caused a significant decrease in accumulation of clar-
ithromycin, as well as that of roxithromycin.

Possible explanation for the mentioned effect of azithromycin
could be that in incubation of a compound with a high affinity for
MDR1 (e.g. clarithromycin or roxithromycin) a compound with a
significantly lower affinity for MDR1 (e.g. azithromycin) does not
considerably affect the transport of the high-affinity compound
via this transporter, but the interaction rather occurs on some
other mechanism of transport or accumulation in the cell. Since
azithromycin is known to highly accumulate in cells (Bosnar et al.,
2005; Miossec-Bartoli et al., 1999) interaction could happen inside
the cell, for instance in lysosomes which are proven to be the sites
of macrolide intensive accumulation (McDonald and Pruul, 1991;
Miossec-Bartoli et al., 1999). In addition, even though it showed
a rather low affinity for MDR1, erythromycin does not display
the same effect as azithromycin on clarithromycin accumulation,
which could be due to the fact that the overall concentration of
erythromycin in cells is quite low.

Comparing all presented data it is apparent that four meth-
ods offer the same rough estimation of five selected macrolides
according to the strength of their interaction with MDR1. By mea-
suring the inhibition of rhodamine-123 efflux, by determining the
concentration range of the beginning of ATPase activation curve,
by estimation of the affinity for MDR1 by measurement of cel-
lular accumulation of two macrolides simultaneously, as well as

by determining the magnitude of an increase in cellular accumu-
lation upon MDR1 inhibition, five macrolides were divided into
two groups: azithromycin and erythromycin in one, and clar-
ithromycin, roxithromycin and telithromycin in the other. By these
methods it turned out that azithromycin and erythromycin have
the lowest potency to inhibit rhodamine-123 efflux via MDR1 and
to activate its ATPase activity, they show the lowest affinity for
MDR1 when competing with other macrolides, but the increase
of their accumulation in cells upon MDR1 inhibition appears the
highest. Even though at first glance the last fact looks a bit con-
tradictory to previous three, obviously these two macrolides have
even lower affinity for MDR1 than verapamil. Therefore, a cotreat-
ment with verapamil possibly causes a complete abrogation of
azithromycin and erythromycin transport via MDR1, which conse-
quently causes a dramatically higher increase in their intracellular
concentrations. On the other hand, clarithromycin, roxithromycin
and telithromycin have a much higher affinity for MDR1, so that
verapamil in tested dose only partially impairs the export of these
macrolides by MDR1, and the change in the intracellular accumu-
lation upon cotreatment with verapamil is not so pronounced as in
the case of azithromycin and erythromycin.

Moreover, it is possible that the differences in permeability of
these compounds through the cell membrane at least partially con-
tribute to the mentioned phenomena. Such an effect was already
observed with verapamil (Litman et al., 2001), which, even though
it is intensively transported via MDR1, by its passive diffusion
through the membrane abolishes the effect of the unidirectional
transport via this ABC transporter.

Another important factor in observed phenomena may be
the drug concentration in the membrane. Since MDR1 takes
its substrates from the inner leaflet of the membrane (Aller
et al, 2009), it is often refered to as a ‘hydrophobic vacuum
cleaner’ (Raviv et al, 1990). Therefore, there are at least two
factors important for the interaction of the drug with MDRI1:
drug concentration within the membrane (presumably dependent
on its lipophilicity) and drug affinity for the transporter. How-
ever, comparing logP values of tested macrolides with results
of each of the applied tests for interaction with MDR1 in this
study no direct link with drug lipophilicity could be found. The
ranking of tested macrolides according to logP is as follows:
azithromycin (logP=4.1)> roxithomycin (3.7)> telithromycin
(3.3) =~ clarithromycin (3.16-3.2) > erythromycin (2.8-3.06)
(Evrard-Todeschi et al.,, 2000; McFarland et al., 1997; Zhu et
al., 2008).

From presented results it is clear that tested macrolides interact
with MDR1, which could, therefore, potentially lead to interac-
tions with other drugs on this transporter. In this study tested
five macrolides have mainly shown inhibitory effects (inhibi-
tion of rhodamine-123 efflux and inhibition of ATPase activity)
at concentrations higher than 100 wM whereas their MDR1 sub-
strate properties (activation of ATPase activity and accumulation
in MDR1-expressing cells) were detected at concentrations as
low as 1 or 10wM. This is similar to the findings of Polli
et al. (2001) who have evaluated interactions of erythromycin
and clarithromycin with MDR1 and found that at 20 WM both
compounds activate MDR1 ATPase activity, but in calcein-AM
accumulation assay they did not show inhibitory effect in con-
centrations of up to 200 wM. Yasuda et al. (2002) reported K;
values for erythromycin in calcein-AM accumulation assay to
be >1000 wM, whereas in vinblastine accumulation assay it was
38 WM. Similar results for other compound classes, showing that
some consequences of the interaction of a compound with MDR1
occur in very distant concentration ranges, have already been
discussed in literature (Polli et al, 2001; Scala et al., 1997).
Similarly, Lespine et al. (2007) report differences in concentra-
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tion range, as well as difference in relative potency determined
for six distinct macrocyclic lactone compounds comparing them
in P-gp ATPase activity assay and rhodamine-123 accumulation
assay.

From all these data it is clear that for estimating the interaction
of compounds with MDR1, as well as the consequences of this inter-
action, it is necessary to use several methods which study substrate
as well as inhibitory properties of tested compounds. As shown in
this and some previous reports these two aspects of interaction
with MDR1 may well give different estimations of relative potency
of tested drugs for interaction with this transporter.

Regarding the relevance of observed macrolide inibitory effects
on MDR1, it should be noted that in standard peroral therapy con-
centrations that macrolides reach in extracellular compartments
in the organism are much lower than 100 wM (Ciervo and Shi,
2005; Jain and Danziger, 2004; Rodvold et al., 1997), with exception
of intestinal lumen where, due to their presence in higher con-
centrations (Masaoka et al., 2006; Saito et al., 2000; Yee, 1997),
interactions of macrolides with MDR1 may have a much higher
impact on absorption and elimination of other MDR1 substrates.

Apart from all these effects on MDR1, in this study it was also
noted that accumulation of azithromycin in MDR1-negative cells
MES-SA is slightly increased in the presence of verapamil. It could
possibly be due to competition of these two compounds on some
other endogenously expressed transporter for which azithromycin
isalso a substrate. According to our quantitative RT-PCR results this
could be MRP2 (ABCC2), which could, at least according to some
in vivo results, also be capable of azithromycin transport (Sugie
et al., 2004). According to Western blot results another possible
candidate might be MRP4 (ABCC4).

Another unexpected result of this study was a significant
decrease in clarithromycin accumulation in MES-SA cells in
cotreatment with verapamil. Possible explanations of this effect
could be that verapamil and clarithromycin are co-transported via
some ABC transporter out of the cell, or they could also compete
for some mechanism of entry into the cell, e.g. for some importer.
It should be born in mind that this effect most probably also takes
place in MES-SA/Dx5 cells but is masked by MDR1 activity.

In conclusion, all five tested macrolides interact with MDR1.
Depending on the method applied, the concentration range at
which the interaction is detected, but also the estimation of
stronger and weaker interactors, differ considerably. Four meth-
ods, however, provided similar rough evaluation of five macrolides,
with clarithromycin, roxithromycin and telithromycin being capa-
ble of a stronger interaction with MDR1 than azithromycin and
erythromycin. Tested macrolides affect MDR1 transport function
as well as its ATPase activity, which opens questions on the
possible interactions with other drugs on this transporter. The
five macrolides are also transported by this transporter, which
highly affects their intracellular accumulation. Since MDR1 does
not have the same impact on accumulation of all five macrolides,
their relative ranking order based on cellular accumulation dif-
fers depending on the presence of active MDR1 on cell surface.
These data reveal the importance of studying the effect of various
transporters, exporters as well as importers, on macrolide cellular
accumulation, in order to better understand macrolide pharma-
cokinetic properties, which may in turn shed additional light on
the differences in the extent of their pharmacodynamic effects.
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