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As we face an alarming increase in bacterial resistance to current antibacterial chemotherapeutics, expanding the available thera-
peutic arsenal in the fight against resistant bacterial pathogens causing respiratory tract infections is of high importance. The
antibacterial potency of macrolones, a novel class of macrolide antibiotics, against key respiratory pathogens was evaluated in
vitro and in vivo. MIC values against Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus aureus, and Haemophi-
lus influenzae strains sensitive to macrolide antibiotics and with defined macrolide resistance mechanisms were determined.
The propensity of macrolones to induce the expression of inducible erm genes was tested by the triple-disk method and incuba-
tion in the presence of subinhibitory concentrations of compounds. In vivo efficacy was assessed in a murine model of S. pneu-
moniae-induced pneumonia, and pharmacokinetic (PK) profiles in mice were determined. The in vitro antibacterial profiles of
macrolones were superior to those of marketed macrolide antibiotics, including the ketolide telithromycin, and the compounds
did not induce the expression of inducible erm genes. They acted as typical protein synthesis inhibitors in an Escherichia coli
transcription/translation assay. Macrolones were characterized by low to moderate systemic clearance, a large volume of distri-
bution, a long half-life, and low oral bioavailability. They were highly efficacious in a murine model of pneumonia after intraper-
itoneal application even against an S. pneumoniae strain with constitutive resistance to macrolide-lincosamide-streptogramin B
antibiotics. Macrolones are the class of macrolide antibiotics with an outstanding antibacterial profile and reasonable PK pa-
rameters resulting in good in vivo efficacy.

Respiratory tract infections (RTI), like acute otitis media, acute
sinusitis, and community-acquired pneumonia (CAP), are

among the most common illnesses throughout the world, leading
to high direct and indirect costs of care (estimated at over $40
billion for CAP alone [1]), absence from work, decreased produc-
tivity, and high levels of antibiotic consumption (2, 3). Lower RTI
remain the fourth leading cause of death worldwide, and pneu-
monia led to more than 1.3 million deaths in children under 5
years of age in 2011 (4). In the majority of studies, in particular,
in developed Western countries, Streptococcus pneumoniae is the
most prevalent pathogen causing CAP, regardless of the sever-
ity of illness, demographic considerations, and underlying co-
morbidities (1, 5–7). In the Asia-Pacific region, however, other
pathogens, like the Gram-negative organism Klebsiella pneu-
moniae, are more prevalent, but their prevalence has high intrare-
gional variability (8).

The widespread antimicrobial resistance and dissemination of
multidrug-resistant strains are of great concern and are among the
major challenges in health care (9). Pneumococcal resistance pat-
terns differ significantly among countries, particularly in terms of
resistance to macrolide antibiotics. Erythromycin resistance is
predominantly mediated by two mechanisms: ribosome modifi-
cation by methylation, resulting in a phenotype of inducible resis-
tance to macrolide-lincosamide-streptogramin B (iMLSb) or con-
stitutive resistance to macrolide-lincosamide-streptogramin B
(cMLSb), and the production of efflux pumps, resulting in the M
phenotype. In addition, pneumococcal isolates with mutations in
23S rRNA domains II and V and ribosomal proteins L4 and L22
have been reported, but their clinical significance is still rather low
(10–13). In Streptococcus pyogenes, inducible erm gene expression
has three distinct patterns with different levels of resistance to

macrolides with a 14-, 15-, or 16-membered macrolactone ring
(14).

There is a major difference in erythromycin resistance patterns
among isolates from the United States, Europe, and Asia. In the
United States, macrolide efflux is the most common resistance
mechanism, while the presence of the erm(B) gene prevails in
Europe and some Asian countries. The highest rate of occurrence
of macrolide resistance, exceeding 70%, was observed in Taiwan,
South Korea, China, and Hong Kong (15–18). In a recent study
analyzing pneumococcal isolates from children hospitalized for
RTI in China, virtually all isolates were erythromycin resistant,
further emphasizing the role of the dissemination of successful,
highly resistant international clones (19). Resistance to macrolide
antibiotics among S. pyogenes isolates from patients with invasive
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disease is also on the rise; for example, in Japan the rate of resis-
tance almost doubled from 2006 to 2012, when the rate of resis-
tance exceeded 50% (20).

As the incidence of infections caused by bacteria resistant to
one or more antibiotic classes continually increases, there is a
permanent need for the development of new, more effective, and
safe antimicrobial drugs. However, drug discovery is a costly,
time-consuming process with a very high attrition rate, and major
players in the pharmaceutical industry have been reluctant to pur-
sue research in the anti-infective area. This is reflected in the dwin-
dling number of new antibacterials approved for use in humans,
the number of which continually declined from 16 in the mid-
1980s to just 2 in the period between 2002 and 2010 (21). The
antibacterials currently in development pipelines consist almost
entirely of compounds belonging to well-established classes of
molecules with known mechanisms of action (22–24), with the
exception of two GlaxoSmithKline (GSK) compounds, a peptide
deformylase inhibitor for CAP and skin and soft tissue infections
(SSTI), which is in phase II clinical studies, and a leucyl-tRNA
synthase inhibitor for Gram-negative bacterial infections (25–27).

Owing to issues related to the global burden of antibiotic resis-
tance, our research efforts were directed toward the discovery of
novel macrolides to be developed as oral (p.o.) antibiotics for
treating community-acquired bacterial infections, particularly
those of the respiratory tract. The targeted profile encompassed
activity against key RTI bacterial pathogens (multidrug-resistant
S. pneumoniae [MDRSP], Haemophilus influenzae, Moraxella ca-
tarrhalis, Chlamydia pneumoniae, Legionella pneumophila, Myco-
plasma pneumoniae, Staphylococcus aureus) and efficacy and safety
comparable to those of azithromycin. Various chemical ap-
proaches have been employed, including the conjugation of con-
ventional macrolides with different ligand groups in order to
modify ribosome binding and overcome the resistance caused by
methylation of the macrolide binding site. The targeted profile
was achieved by the development of and iterative improvements
to the novel class of macrolide compounds named macrolones
(28–34). The improved antibacterial activity of a series of 4�-O-
acyl-8a-lactame (8-a-lactame) analogues containing aromatic
substituents (a 4-nitrophenyl, pyridyl, or quinolyl group) (35)
prompted further exploration of the 4� position on the cladinose
sugar of azalides and other scaffolds. The major breakthrough was
achieved by combining the macrolide scaffold with the quinolone
moiety, and the first analogue, a conjugate of 8-a-lactame and
ciprofloxacin, showed enhanced activity against resistant strains
of S. pneumoniae and S. pyogenes (30). Additional modifications
further advanced the antibacterial potency, and excellent activities
superior to those of telithromycin against a variety of macrolide-
susceptible and -resistant bacterial isolates were obtained. During
the lead optimization process, a comprehensive study of the struc-
ture-activity relationship (SAR) was performed. Derivatization
was broadened using other macrocyclic cores (including clari-
thromycin and azithromycin), linkers of various lengths, various
types and numbers of heteroatoms (O or N), different bonds to
the scaffold (i.e., ester, ether) position of the linker on the quino-
lone unit, and different quinolone moieties (28–34).

In the study described in this paper, the activities of represen-
tative macrolones were analyzed in more detail. The macrolones
selected for further in vivo evaluation were characterized by a
quinolone moiety (comprising a cyclopropyl at the N-1 position
and a chlorine atom at the C-7 position) attached by an ester bond

via different linkers to the 4� position of the azithromycin scaffold.
The in vivo efficacies of these compounds in a mouse model of
pneumonia induced by either erythromycin-sensitive (Erys)
strains or cMLSb strains of S. pneumoniae, as well as pharmacoki-
netics (PK) in mice, are discussed.

(The results described in this report were presented in part at
the 53rd Interscience Conference on Antimicrobial Agents and
Chemotherapy, Denver, CO, USA, in 2013.)

MATERIALS AND METHODS
Compounds. All compounds used were synthesized at the Pliva Research
Institute (later, the GSK Research Centre Zagreb), and their synthesis and
primary antibacterial profiles have been published in part elsewhere (28,
29, 36–38). The structures of all tested compounds and their respective
numbers in patents and previous publications are given in Fig. S1 to S4 in
the supplemental material for this article.

In vitro antibacterial activity. The organisms tested represent rele-
vant Gram-positive bacterial (S. pneumoniae, S. pyogenes, and S. aureus)
and Gram-negative bacterial (H. influenzae) respiratory tract pathogens
and were either sensitive or resistant to macrolide antibiotics. Macrolide
resistance was due to two major mechanisms: the production of efflux
pumps (M phenotype) or ribosome modification by methylation. Meth-
ylase expression was inducible (iMLSb phenotype) or constitutive (cMLSb
phenotype). Strains were grouped according to species and resistance
mechanism, with each group comprising at least 10 isolates to allow sta-
tistical relevance and for MIC90 determination. Additional epidemiolog-
ically relevant panels of 37 H. influenzae and 73 S. pneumoniae RTI-related
isolates from Croatia were used for the broader profiling of compound 19.

MICs were determined by the broth microdilution method described
by CLSI guidelines (39), except that in the medium used to grow Strepto-
coccus strains, lysed blood was replaced by 5% horse serum. The com-
pounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration
of 5 mg/ml. Azithromycin and telithromycin were used as controls. Dilu-
tions of the tested compounds in Mueller-Hinton broth were prepared
using a Tecan Genesis RSP 150 liquid handling system. Bacteria were
grown on appropriate agar plates (Becton Dickinson, USA): Columbia
agar with 5% sheep blood for streptococci and M. catarrhalis, chocolate
agar for H. influenzae, and Mueller-Hinton agar for staphylococci.

Induction studies. The ability of compounds to induce the expression
of erm genes in strains woth iMLSb was checked by the triple-disk method
(40) on five isolates with different induction phenotypes and genotypes:
three S. pyogenes isolates [iMLSb-A with erm(B) and iMLSb-B and
iMLSb-C, both of which had the erm(A) gene] and two S. aureus isolates
[which had the erm(C) and erm(B) genes, respectively]. The test was per-
formed by placing a disk with 0.5 �g of the tested compound between
clindamycin (2 �g) and rokitamycin (3 �g) disks, approximately 2 cm
apart, on plates (Columbia agar with 5% sheep blood for S. pyogenes and
Mueller-Hinton agar for S. aureus), and the plates were inoculated by
evenly spreading the bacterial suspension. After incubation for 20 h at
37°C, a D-shaped zone toward the clindamycin or rokitamycin disk indi-
cated the induction of gene expression by the tested compound, while
round, regular zones signified a lack of induction.

To assess the influence of incubation in the presence of subinhibitory
concentrations of the compounds on erm expression, bacteria were pre-
incubated with low concentrations of the compounds for 2.5 h and
washed, and their susceptibility was tested by a standard broth microdi-
lution method according to CLSI guidelines (41), except that for S. pyo-
genes lysed blood was replaced by horse serum. Bacterial suspensions with
an optical density of a 0.5 McFarland standard were prepared by direct
suspension of colonies from fresh plates, and the suspended colonies were
diluted in a 1:10 ratio in the appropriate medium (as described above)
containing compounds at subinhibitory concentrations (1 to 0.001 �g/
ml, depending on the compound and the bacterial strain). After 2.5 h at
37°C, inducers were removed by centrifugation at 2,500 � g, bacteria were
resuspended in fresh medium, and MICs were determined.
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In vitro E. coli TnT assay. The materials used in the in vitro E. coli
transcription/translation (TnT) assay were part of an in vitro protein syn-
thesis kit (E. coli S30 extract system for circular DNA; catalog number L
1020; Promega, USA). This kit contains all components needed for the
efficient transcription and translation of a DNA template provided by the
user. When the assay is employed for measurement of protein synthesis
inhibition, plasmid pBESTluc, containing the firefly luciferase gene, is
used as the DNA template. The intensity of the luminescence produced by
the expression of luciferase correlates with the efficiency of protein syn-
thesis and was quantified in the presence or absence of the tested com-
pounds. The compounds were tested at five concentrations (10, 1, 0.5, 0.1,
and 0.01 �M), and 50% inhibitory concentration (IC50) values were cal-
culated. This method, however, does not discriminate transcription from
translation inhibitors.

In vivo studies. (i) Animals. Male C57BL/6J mice (Charles River,
France) weighing 20 to 24 g were used for the pneumonia model. Phar-
macokinetic studies were performed with male BALB/c mice weighing 20
to 24 g. Mice were kept on metal grids (6 mice per cage), maintained on a
12-h light/12-h dark cycle, and allowed free access to food (Mucedola,
Italy) and tap water. All experimental animals were handled in accordance
with the guidelines of the GlaxoSmithKline animal research ethics com-
mittee and were approved by the Croatian local government authorities.

(ii) Sample preparation and bioanalysis. Hemolyzed blood samples
(25 �l) in Eppendorf test tubes were treated by protein precipitation with
the addition of 2 volumes of a mixture of acetonitrile-methanol (1:2)
containing an internal standard (roxithromycin). A 1-mg/ml stock solu-
tion of each compound was prepared in DMSO, diluted in water, and
spiked into blank rat blood to prepare duplicate standards with concen-
trations ranging from 5 to 25,000 ng/ml. One set of standards was ana-
lyzed at the beginning and one set of standards was analyzed at the end of
testing of each sample batch. Quality control samples were prepared from
separate stock solutions and analyzed at three concentrations (low, me-
dium, high). The mixtures were centrifuged at 1,500 � g at 4°C for 10 min,
and aliquots (0.01 ml) of the resulting supernatant fractions were trans-
ferred to a 96-well plate. Samples were analyzed with either a Sciex API
3000 or a Sciex API 2000 triple-quadrupole mass spectrometer (Sciex,
Division of MDS Inc., Toronto, Ontario, Canada) coupled to a Hewlett-
Packard high-pressure liquid chromatography (HPLC) system (HP1100;
Hewlett-Packard) and a high-throughput screening HTS PAL CTC au-
tosampler (CTC Analytics AG). Samples (5 �l) were injected onto an
HPLC column [particle size, 3 �m; 2.0 by 50 mm; Phenomenex Luna
C18(2) column] and eluted with a gradient at room temperature. The
chromatographic conditions consisted of mobile phase A (1,000:1, vol/
vol, acetonitrile and formic acid) and mobile phase B (1,000:1, vol/vol, water
and formic acid), which were run over a 6-min gradient at a flow rate of 0.3
ml/min. A positive-ion mode with turbo spray, an ion source temperature of
400 to 450°C, and a dwell time of 300 to 400 ms were utilized for mass spec-
trometric detection. Quantitation was performed using multiple-reaction
monitoring (MRM) at the specific transition for each compound. Linear re-
gression plots of the compound-to-internal standard peak area ratio versus
drug concentration were derived with 1/x or 1/x2 weighting. The dynamic
range for the blood assay ranged from 0.005 �g/ml to 10 �g/ml. The accuracy
for the quality control (QC) samples used during the analysis was below 24%
(judged by the percent deviation from the nominal value) for at least two of
three concentrations, and the precision was �20% (as judged by the relative
standard deviation [SD]).

(iii) Pharmacokinetic analysis. Noncompartmental analysis of all
compounds was performed using WinNonlin Professional (version 4.0.1)
software (Pharsight, Mountain View, CA). Individual blood concentra-
tions and sample times for each animal were used in the analysis. Follow-
ing administration of an intravenous (i.v.) bolus, the terminal elimination
half-life (t1/2), the total area under the curve (AUC), the area under the
concentration-time curve extrapolated to infinity, systemic blood clear-
ance, and the steady-state volume of distribution were calculated by stan-
dard methods. After oral administration, the peak (maximum) concen-

tration in plasma (Cmax) and the time to Cmax (Tmax) were taken directly
from the individual profiles, and the areas under the curve and oral bio-
availability were determined. Summarized pharmacokinetic parameters
are reported as mean values � SDs after both intravenous and oral ad-
ministration.

(iv) In vivo pneumococcal pneumonia model in mice. S. pneumoniae
SP030 was used to induce pneumonia and was a clinical isolate provided
by GSK, Verona, Italy. Erythromycin-resistant S. pneumoniae 1217 is a
clinical isolate as well. The virulence was maintained by monthly intra-
peritoneal (i.p.) passage of the culture in C57BL/6J mice. Two mice were
infected i.p. with 0.5 ml of an overnight culture grown in Todd-Hewitt
broth (Difco). After 8 h, when the animals showed signs of illness, they
were anesthetized using thiopental (Tiopental; PLIVA, Zagreb, Croatia)
by the i.p. route, and the hearts were removed aseptically. Several drops of
blood from the heart were added to a tube containing Todd-Hewitt broth
medium and were also streaked on blood agar plates (Merck, Germany)
for confirmation of the purity and identity of the inoculum. After over-
night incubation under 5% CO2, the pure cultures of the bacteria (Todd-
Hewitt broth; Difco) were stored in cryobanks (Mast Diagnostic, United
Kingdom) at �80°C.

The bacteria used for infection were prepared by direct suspension of
colonies from an overnight blood agar culture (Merck) in sterile tubes
containing 5 ml of Todd-Hewitt broth (Difco). The suspension was ad-
justed to a turbidity equivalent to a 1 McFarland standard (bioMérieux,
France), and after 24 h of incubation (under 5% CO2 at 37°C) the suspen-
sion was centrifuged at 1,500 rpm for 5 min and washed in sterile 0.9%
(wt/vol) NaCl solution (Pliva), before being resuspended in sterile phos-
phate-buffered saline (PBS; pH 7.4; Sigma). In order to induce infection,
approximately 106 CFU bacteria in logarithmic growth phase were used.

(v) Induction of pneumonia and bacterial counting. After i.p. anes-
thesia with ketamine (Narketan, Vetoqinol)-xylazine (Rompun; Bayer),
mice were infected by intranasal (i.n.) inoculation of 50 �l of PBS con-
taining S. pneumoniae SP030, placed into cages, and allowed to awaken.
The mice were observed for clinical signs of morbidity throughout the
experiment. Compounds were given by the p.o. or i.p. route starting at 6 h
postinfection (p.i.). Two dosing regimens (schedules) were applied, and
doses of 10, 20, and 50 mg/kg of body weight each were administered twice
(at 6 and 30 h postinfection, corresponding to once-daily dosing) or three
times (at 6, 18, and 30 h postinfection, equaling a twice-daily regimen).
Animals were sacrificed 44 h p.i. (14 h after the last dose), and the lungs
were aseptically removed, washed in sterile PBS, pH 7.4 (to remove blood
residues), and placed in a sterile petri dish (Falcon). The weight of the
lungs of every sacrificed mouse was noted. Subsequently, the lungs were
placed in Kartell test tubes containing sterile PBS (1:9, wt/vol) and ho-
mogenized with an Ultra Turrax homogenizer (Janke and Kunkel, IKA-
Labortechnich, Germany). The homogenates were serially diluted, and
10-�l volumes were plated in triplicate onto blood agar (Merck). The
plates were incubated at 37°C in 5% CO2 overnight to determine the
number of S. pneumoniae bacteria by counting of the numbers of visible
colonies. The limit of detection was 2 log10 CFU/ml of lung homogenates.

(vi) Determination of compound concentration in lung. The con-
centrations of the compounds in lung homogenates were determined by a
bioassay method, and Kocuria rhizophila Kovacs et al. ATCC 9341 (pre-
viously designated Sarcina lutea) was used as the test microorganism. An
overnight culture of K. rhizophila bacteria was thoroughly mixed with
warm (50°C) antibiotic agar no. 11 (Merck) in a 1:4 ratio and poured onto
square bioassay plates. After the bacterium-agar mixture cooled, wells
with an 8.5-mm diameter and a 4-mm depth were bored in the agar and
filled in duplicate with 50 �l of lung homogenate or with 50 �l of the
tested compounds diluted in phosphate buffer. For the standard curve,
the compounds were loaded at concentrations of 0.1, 0.5, 1, 1.5, 2, 2.5, and
3 �g/ml. After the plates were allowed to cool for 30 min at 4°C, they were
incubated at 37°C for 18 to 20 h. The concentration of compound in the
lung homogenate was determined by comparison of the inhibition zones
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with the standard curve and is reported as micrograms of compound per
gram of lung tissue.

(vii) Data analysis. All the data for bacterial counts from the model of
in vivo efficacy against pneumonia are presented as the median � SD. The
statistical significance of the number of CFU in the lungs of infected ani-
mals treated with the test compounds was assessed by the one-way anal-
ysis of variance (ANOVA) method (Kruskal-Wallis test) and Dunn’s
group comparison test using GraphPad Prism (version 4.03) software,
and a P value of �0.05 was considered statistically significant.

RESULTS
Antibacterial activity. This paper describes 4� ester derivatives of
macrolides with a quinolone moiety that can be represented by the
general formula given in Fig. 1.

Macrolones were divided into subclasses according to the
macrolide scaffold (azithromycin, clarithromycin, clarithromycin
carbamate, 8-a-lactame, erythromycin oxime, and roxithromy-
cin), linker length, heteroatom composition, and the influence of
these structural features on the antibacterial properties of the
compounds was examined. Compared to the “gold standard” of
macrolide therapy, azithromycin, all tested compounds showed
significant potency against relevant bacterial respiratory tract
pathogens. In Table 1, strains are grouped according to species
and the macrolide resistance mechanism, and the compounds’
MIC90 values are presented.

In addition to erythromycin-sensitive isolates of S. pneu-

moniae, S. pyogenes, and S. aureus, the tested macrolones showed
potency against isolates with different erythromycin resistance
mechanisms. Despite their exceptional activity against strepto-
cocci, compounds with two nitrogen atoms in the linker (com-
pounds 1 to 6) still did not show sufficient potency against H.
influenzae, as compound 1 (azi-NN-Cl) exhibited an MIC90 of 8
�g/ml. Potency in the range of that of azithromycin and telithro-
mycin, i.e., 2 �g/ml, is targeted. Methylation of the nitrogen atom
in the linker did not impair the potency of compounds 2 and 3, but
ethylation (compound 4) resulted in decreased activity against H.
influenzae and a slightly lower efficiency against S. aureus strains
with the iMLSb and M phenotypes. Esterification of 3-quinolone
carboxylic acid (compound 6 [azi-NMeN-Cl-QMe, where Me
represents methyl]) further diminished the potency against H.
influenzae and S. aureus, regardless of the resistance phenotype,
while the compound retained high potency against streptococci.

Introduction of one oxygen atom (derivatives 7 to 12) or two
oxygen atoms (compounds 13 to 18) into the linker enhanced the
potency against both H. influenzae and S. aureus. Compounds on
the azithromycin scaffold (compounds 7 and 13) had MIC90 val-
ues of 2 �g/ml against H. influenzae; at the same time, they main-
tained high potency against all resistant S. pneumoniae and S. pyo-
genes strains with all resistance phenotypes tested, including S.
pyogenes strains with cMLSb. Removal of the halogen atom at
position 7 of the quinolone moiety (compounds 8 and 14) did not

FIG 1 General formula for the macrolone compounds. Structures vary with respect to the macrolide scaffold (erythromycin-derived 8-a-lactame, erythromycin
oxime, clarithromycin, clarithromycin carbamate, azithromycin, and roxithromycin), linker length, the type and number of heteroatoms (O or N) in the linker,
and the position of the linker on the quinolone unit. X, O, N or OCH2CH2; Y, O or N; Z, halogen atom (Cl or F); R1, methyl ester of quinolone carboxylic acid.
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influence the potency against H. influenzae; however, activity
against S. pneumoniae erm(B) strains was somewhat decreased
(MIC90s, 0.125 �g/ml and 1 �g/ml for compound 7 and its deha-
logenated analogue 8, respectively). Derivatives on a 14-mem-
bered clarithromycin scaffold were less active against H. influenzae
(MIC90, 8 �g/ml), and removal of the halogen reduced the po-
tency against S. aureus with iMLSb. Compound 12, a clarithromy-
cin 11,12-carbamate derivative (claric-ON), had good overall po-
tency. Nevertheless, in both compound groups with NO and OO
linkers and halogenated derivatives on an azithromycin scaffold,
compounds 7 and 13, were selected as the most potent.

Activity against S. aureus improved for compounds with an
elongated OON linker (compounds 19 to 26). The MIC90 of com-
pound 19 (azi-OON-Cl) was 0.5 �g/ml against strains both with
the M phenotype and those with the iMLSb phenotype, as well as
against Erys isolates. Simultaneously, this compound maintained
excellent potency against streptococci and showed an MIC90 of 2
�g/ml against H. influenzae. In contrast to azithromycin deriva-
tives with shorter linkers, dehalogenation of compounds 19 and

20 reduced their effectiveness against H. influenzae. When the
attachment position of the linker to the quinolone subunit was
changed from position 6 to position 7, in which case there was a
fluorine atom at position 6 (compound 21, azi-OON-F), the po-
tency against H. influenzae decreased dramatically (MIC90, 32 �g/
ml). As compound 19 showed the most favorable antibacterial
profile, the influence of the macrolide core within the molecule on
antibacterial activity was investigated by the use of various scaf-
folds and retention of the same linker quinolone moiety. Among
the macrolide scaffolds profiled, there were clarithromycin, clari-
thromycin 11,12-carbamate, 8-a-aza-8a-homoerithromycin (8-a-
lactame), erythromycin oxime, and roxithromycin. The least po-
tent molecule was a clarithromycin derivative, compound 22,
while an erythromycin oxime derivative, compound 25, had po-
tency similar to that of the azithromycin analogue compound 19.

Overall, it was shown that the azithromycin core, the presence
of oxygen in the linker, and the presence of a free carboxylic acid
on the quinolone contribute positively to antibacterial activity.

The antibacterial activity of compound 19 against recent clin-

TABLE 1 Antibacterial activities of novel macrolone compounds against key respiratory pathogens, grouped by species and resistance mechanisma

Compound
(compound no.)

MIC90 (�g/ml)

S. pneumoniae S. pyogenes S. aureus

H. influenzae
(n � 12)

Erys

(n � 10) M (n � 13)
MLSb
(n � 13)

Erys

(n � 10)
M
(n � 12)

iMLSb
(n � 14)

cMLbS
(n � 13)

Erys

(n � 11) M (n � 10)
iMLSb
(n � 12)

Azithromycin 0.03 8 	64 0.06 4 	64 	64 1 	64 	64 2
Clarithromycin 0.03 8 	64 �0.015 4 	64 	64 0.125 32 	64 16
Telithromycin �0.015 0.5 0.5 �0.015 0.5 4 32 0.06 0.25 0.06 2
Clindamycin �0.015 0.03 	64 0.03 0.03 0.3 	64 0.06 0.125 0.125 32
Ciprofloxacin 0.5 1 1 0.25 0.5 1 0.5 	64 0.5 	64 �0.015
azi-NN-Cl (1) 0.125 0.5 0.125 0.06 1 0.25 0.5 2 1 2 8
azi-NMeN-Cl (2) �0.015 �0.015 0.25 �0.015 0.25 0.125 1 1 2 2 8
azi-NmeN (3) �0.015 0.03 0.03 �0.015 0.25 0.25 2 2 2 2 8
azi-NEtN-Cl (4) 0.03 1 1 0.06 2 0.25 2 1 4 4 32
azi-NN-Cl-Qme (5) �0.015 0.06 0.06 0.03 0.5 0.25 0.25 1 	8 64 16
azi-NMeN-Cl-Qme (6) �0.015 0.06 0.06 0.06 0.03 0.25 1 4 16 32 16
azi-ON-Cl (7) �0.015 �0.015 0.125 �0.015 0.03 �0.015 0.25 0.5 0.5 0.5 2
azi-ON (8) �0.015 0.06 1 �0.015 0.06 0.03 1 0.5 1 1 2
clari-ON-Cl (9) �0.015 �0.015 0.25 �0.015 �0.015 0.03 0.5 0.5 0.5 1 4
clari-ON (10) �0.015 �0.015 4 �0.015 0.25 0.06 2 4 0.5 2 8
claric-ON-Cl (11) �0.015 �0.015 0.25 �0.015 �0.015 0.06 0.5 0.5 1 2 4
claric-ON (12) �0.015 0.03 0.125 �0.015 �0.015 0.06 0.25 0.5 1 2 2
azi-OO-Cl (13) �0.015 �0.015 0.5 �0.015 0.03 �0.015 1 0.5 1 0.5 2
azi-OO (14) �0.015 0.03 0.25 �0.015 0.06 �0.015 1 0.25 0.5 1 2
clari-OO-Cl (15) �0.015 0.06 1 �0.015 0.06 0.06 2 0.5 0.5 1 8
clari-OO (16) �0.015 �0.015 0.5 �0.015 �0.015 �0.015 1 1 0.25 4 8
claric-OO-Cl (17) �0.015 �0.015 0.25 �0.015 �0.015 0.03 0.5 1 1 1 8
claric-OO (18) �0.015 0.03 0.25 �0.015 0.125 0.125 1 0.5 1 4 4
azi-OON-Cl (19) �0.015 �0.015 0.25 �0.015 �0.015 �0.015 0.5 0.5 0.5 0.5 2
azi-OON (20) �0.015 0.03 0.5 �0.015 0.06 �0.015 0.25 0.25 0.25 0.25 8
azi-OON-F (21) �0.015 0.03 1 0.03 0.25 0.06 4 0.5 0.5 1 32
clari-OON-Cl (22) �0.015 0.06 4 0.03 0.125 2 2 1 2 8 8
claric-OON-Cl (23) �0.015 �0.015 0.125 �0.015 �0.03 �0.015 0.25 0.25 0.5 1 4
8a-OON-Cl (24) �0.015 �0.015 0.125 �0.015 0.03 0.03 0.5 0.25 0.25 0.25 4
eox-OON-Cl (25) �0.015 �0.015 0.5 �0.015 �0.015 �0.015 0.5 0.25 0.25 0.5 2
rox-OON-Cl (26) 0.06 0.125 2 0.06 0.06 0.25 2 0.5 1 4 4
a The structures of all compounds are provided in the supplemental material. n, number of isolates tested; Erys, erythromycin susceptible; iMLSb, inducible resistance to macrolide,
lincosamide, and streptogramin B antibiotics; cMLSb, constitutive resistance to macrolide, lincosamide, and streptogramin B antibiotics; M, efflux-mediated macrolide. Boldface
data represent compounds that were evaluated in vivo. The abbreviations of the compounds represent the scaffold heteroatom composition of the linker and the presence of the
halogen atom at the quinolone moiety. Macrolide scaffolds are as follows: azi, azithromycin; clari, clarithromycin; claric, clarithromycin carbamate; 8-a, 8-a-lactame; eox,
erythromycin oxime; rox, roxithromycin.
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ical isolates of RTI-related S. pneumoniae (n � 73) (Table 2) and
H. influenzae (n � 37) (Table 3) was profiled further. Among the
pneumococci, the erm(B) gene was confirmed to be present in 21
isolates, the mef gene was confirmed to be present in 11 isolates,
and 1 isolate had both the erm(B) gene and the mef gene, while 40
isolates were erythromycin susceptible. As this is an epidemiolog-
ically relevant set of isolates, cumulative results are presented in-
dependently of the macrolide resistance phenotypes or incidence.
Compound 19 was highly potent against all tested S. pneumoniae
isolates, with the MIC90 being �0.015 �g/ml, and the telithromy-
cin MIC90 was 0.125 �g/ml. Regarding H. influenzae, azithromy-
cin and telithromycin were more active against a given set of iso-
lates, with the MIC90 being 2 �g/ml, whereas the MIC90 of
compound 19 was 4 �g/ml.

Among the S. aureus strains tested, two Erys and seven iMLSb
isolates were resistant to quinolone antibiotics, but representative
macrolones demonstrated very high potencies against these iso-
lates (Table 4).

As macrolone compounds possess a quinolone moiety at-
tached to a macrolide core, it was important to assess whether they
are inhibitors of protein synthesis. Therefore, their efficiency in an
E. coli in vitro transcription/translation assay was determined. Ma-
crolones acted as typical protein synthesis inhibitors, with IC50s
being in the higher nanomolar range (Table 5). Conversely, cip-
rofloxacin was inactive in this assay, with an IC50 of 	50 �M.

Induction studies. The propensity of the compounds to in-
duce methyltransferase expression in strains with inducible resis-
tance was checked by the disk diffusion method against five iso-
lates (two S. aureus and three S. pyogenes isolates) with different
resistance genes and induction profiles (Table 6). The macrolones
did not induce erm expression in any of the tested strains, whereas
erythromycin, azithromycin, and clarithromycin were the strong
inducers. Telithromycin induced erm expression only in an S. pyo-
genes erm(B) isolate.

Two strains [S. pyogenes iMLSb-A with the erm(B) gene and S.
aureus iMLSb with the erm(C) gene] were selected to determine
the impact of incubation in the presence of subinhibitory concen-
trations of the compounds on erm induction (Table 7).

Pharmacokinetics in mice. Relevant PK data for mice after
administration of the tested compounds are given in Table 8. Val-
ues are given as the total drug concentration in blood samples after
a single intravenous bolus dose (target dose, 2 mg/kg) or oral dose
(target dose, 10 mg/kg).

Selected macrolones on an azithromycin core with different

heteroatom compositions in the linker (compound 1 [azi-NN-
Cl], compound 7 [azi ON-Cl], compound 19 [azi-OON-Cl], and
compound 6 [azi-NMeN-Cl-QMe]) were characterized by low to
moderate systemic clearance (27% of liver blood flow for com-
pound 7), a large volume of distribution at steady state (from 2.5
liters/kg for compound 1 to 15 liters/kg for compound 7), and a
long half-life. Compounds 1, 7, and 19, however, had poor oral
bioavailability. On the other hand, compound 6 had a much better
profile after oral administration, resulting in an oral bioavailabil-
ity of 12% and the highest oral exposure (area under the plasma
concentration-time curve from time zero to time t, 1,767.8 �
597.7 ng · h/ml) that was more than 10-fold higher than that of the
other compounds tested.

The in vivo efficacy of the compounds was assessed in a mouse
model of pneumococcal pneumonia induced by S. pneumoniae
SP030 Erys by evaluation of bacterial eradication from the lungs of
treated animals. Due to their poor oral bioavailability, com-
pounds 1, 7, and 19 were administered i.p. in two (at a 24-h inter-
val) or three (at a 12-h interval) doses starting at 6 h postinfection.
Azithromycin was used as a comparator. Animals were sacrificed
14 h after the last dose, and bacterial counts in the lungs were
determined. All compounds fully eradicated the bacteria to the
limit of detection (�2 log10 CFU), and no viable pneumococci
were identified in lung homogenates (Fig. 2; see also Fig. S5 and S6
in the supplemental material). In addition, measurable quantities
of compounds were detected by bioassay in lung homogenates.

As the overall antibacterial profiles of compounds 7 and 19
(having one and two oxygen atoms in the linker, respectively)
were superior to those of compound 1 (azi-NN-Cl), they were
tested further in a model of pneumonia induced by resistant strain
S. pneumoniae B 1217 with a constitutively expressed erm(B) gene
(Fig. 3). In this case, the comparators were azithromycin and teli-
thromycin. The MICs of both compounds for this strain were
�0.015 �g/ml, that of azithromycin was 	64 �g/ml, and that of
telithromycin was 0.03 �g/ml. Azithromycin did not significantly
reduce the number of CFU in the lungs, while telithromycin gave
good eradication, yet the decrease in the number of CFU did not
reach statistical significance. On the contrary, the macrolones
were fully effective and compound 19 cleared the bacteria from
the lungs to the limit of detection in all animals, and compound 7
did so in 4/5 animals.

As compound 6 (azi-NMeN-Cl-QMe) had oral bioavailability
(F) of 12%, it was tested in the model of pneumonia induced by S.
pneumoniae Erys and was administered by the p.o. route (Fig. 4).

TABLE 3 Antibacterial activity of compound 19 (azi-OON-Cl) and
standard antibiotics against recent RTI-related clinical isolates of H.
influenzae collected in Croatiaa

Compound

MIC (�g/ml)

50% 90% Range Geometric mean

19 (azi-OON-Cl) 2 4 2–4 2.38
Telithromycin 2 2 1–4 1.51
Azithromycin 1 2 0.5–2 1.16
Clarithromycin 8 8 2–16 5.76
Clindamycin 8 16 2–	16 6.89
Ampicillin 0.125 1 0.125–	16
Cefotaxime �0.03 �0.03 �0.03–0.125
Moxifloxacin �0.03 �0.03 �0.03
a Data are for 37 H. influenzae isolates.

TABLE 2 Antibacterial activity of compound 19 (azi-OON-Cl) and
standard antibiotics against recent RTI-related clinical isolates of S.
pneumoniae collected in Croatiaa

Compound

MIC (�g/ml)

50% 90% Range

19 (azi-OON-Cl) �0.015 �0.015 �0.015–0.125
Telithromycin �0.015 0.125 �0.015–0.5
Azithromycin �0.125 	64 �0.125–	64
Clindamycin �0.125 	64 �0.125–	64
Tetracycline �0.125 32 �0.125–	64
Penicillin G �0.015 2 �0.015–8
Cefotaxime �0.015 1 �0.015–8
Moxifloxacin 0.125 0.125 0.06–0.25
a Data are for 73 S. pneumoniae isolates.
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Two dosing regimens were applied. Namely, doses of 10, 20, and
50 mg/kg each were administered twice (at 6 and 30 h postinfec-
tion, corresponding to once-daily dosing) or three times (at 6, 18, and
30 h postinfection, equaling a twice-daily regimen). When applied
three times, bacteria could not be recovered from the lungs of treated
animals independently of the dose given, while with twice-daily ad-
ministration, full efficiency was observed after the highest dose (50
mg/kg) and the reduction in CFU counts was comparable to that
achieved with azithromycin at a 20-mg/kg dose.

DISCUSSION

The results of in vitro and in vivo evaluations of the investigated
macrolones clearly point to the potential of this class of com-
pounds as novel antibacterial agents. The structure-activity rela-
tionships of compounds within a specific class of macrolones and
among a group of compounds including a broader set of chemi-
cally more diverse analogues were discussed elsewhere (28–34).
The study described here focused on fine-tuning the biological
properties of the compounds by linker modification.

The antibacterial potencies of macrolones against key bacterial
pathogens that are involved in RTI and that have different mac-
rolide resistance phenotypes were superior to those of currently
marketed macrolide antibiotics (Table 1). The introduction of
oxygen into the linker improved the activity against H. influenzae
compared to the activities of analogues with two nitrogen atoms,
while their excellent activity against streptococci was retained.

Elongation of the linker by addition of an oxygen atom (OON in
compounds 19 to 26) was also favorable for overall potency. It is
important to note the excellent activity of macrolones against
erythromycin-resistant S. pyogenes strains with inducible or con-
stitutive erm gene expression. This provides a clear advantage over
the ketolide telithromycin, as it is not sufficiently active against S.
pyogenes erm(B) strains (42, 43). More recently, solithromycin, a
fluoroketolide antibiotic with an improved antimicrobial profile
covering macrolide-resistant respiratory pathogens, including S.
pyogenes erm(B) strains, has been developed and is in phase III
clinical development for the treatment of moderate to moderately
severe community-acquired bacterial pneumonia (CABP) (44–
46). However, due to safety issues, the use of telithromycin has
been restricted, while a new drug application (NDA) for another
ketolide derivative, cethromycin, was denied by FDA in 2009. The
most critical issue is rare but potentially fatal hepatotoxicity that
has been extensively documented for telithromycin (this led to the
addition of a “black box warning,” the strictest warning by the U.S.
Food and Drug Administration [FDA] that appears on a prescrip-
tion drug’s label and is designed to call attention to serious or
life-threatening risks) (47–49). It has not been reported for ce-
thromycin or solithromycin, but safety data for these drugs are
limited, so it is not yet clear if hepatotoxicity is a ketolide class
effect. This issue heavily impedes prospects for ketolide use for the
treatment of mild to moderate pneumonia (47). Selection of the
azithromycin core as the major scaffold for macrolone com-
pounds can potentially circumvent safety issues that might arise
from the selection of the cores of other macrolide compounds. In
addition, azithromycin is well-known for its accumulation in neu-
trophils and in tissues as well as sustained activity in targeted or-
gans (i.e., lungs) (50, 51). The overall favorable PK and safety
properties of azithromycin made it a major scaffold of choice for
the development of macrolones.

The MICs obtained for streptococci with cMLSb, although
low, were higher than those obtained for sensitive isolates. As ma-
crolones exhibit a macrolide mode of action (by selective inhibi-
tion of bacterial protein synthesis through interactions with the
ribosome), it is most likely that both parts of molecule (the scaf-
fold and the linker quinolone) bind to the bacterial ribosome and
that additional interactions not seen with the standard macrolide
antibiotics are formed by the quinolone moiety. It is possible that
additional interactions lead to the improved activity against
strains with cMLSb compared to the activities of related antibiot-
ics. Nonetheless, it is also reasonable to assume that the changed

TABLE 4 Activity of macrolones against quinolone-resistant S. aureus isolatesa

Phenotype Isolate Genotype

MIC (�g/ml)

Compound 1 Compound 7 Compound 13 Compound 19 CIP AZM TEL

Erys B 0935 2 0.25 0.25 0.125 	64 0.5 0.06
Erys B 0936 2 0.25 0.125 0.25 	64 0.5 0.06
iMLSb B 0940 erm(C) 1 0.25 0.25 0.5 	64 	64 �0.015
iMLSb B 0941 erm(A) 2 0.25 0.25 0.5 	64 	64 0.06
iMLSb B 0942 erm(C) 2 0.125 0.25 0.5 32 	64 0.06
iMLSb B 0943 erm(A) 2 0.25 0.25 0.5 8 	64 0.03
iMLSb B 0944 erm(A) 2 0.5 0.5 0.5 32 	64 0.03
iMLSb B 0950 erm(A) 2 0.25 0.5 0.5 16 	64 0.03
iMLSb B 0538 erm(C) 2 0.25 0.25 0.5 32 	64 0.03
a The majority of isolates showed inducible resistance to macrolides as well. Erys, erythromycin susceptible; iMLSb, inducible resistance to macrolide, lincosamide and
streptogramin B antibiotics; CIP, ciprofloxacin; AZM, azithromycin; TEL, telithromycin.

TABLE 5 Inhibition of prokaryotic protein synthesis, determined by E.
coli transcription/translation assay

Compound (compound no.) IC50 (�M)

azi-NN-Cl (1) 0.28
azi-ON-Cl (7) 0.31
azi-ON (8) 0.49
clari-ON-Cl (9) 0.86
claric-NO-Cl (11) 0.73
claric-NO (12) 0.68
azi-OO-Cl (13) 0.58
azi-OO (14) 0.47
claric-OO-Cl (17) 0.87
azi-OON-Cl (19) 0.19
Telithromycin 0.31
Azithromycin 0.32
Erythtomycin 0.45
Ciprofloxacin 	50
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interaction of the macrolide core with the methylated ribosome
influences to a certain degree the overall activity of compounds,
thus resulting in MIC values severalfold higher than those for
other resistant strains.

Inducible macrolide resistance is of strong clinical significance.
Depending on the study and the geographical region concerned,
macrolide resistance has been detected in 30 to 90% of S. pyogenes
isolates (40, 52). The geographic variability of macrolide resis-
tance in S. aureus isolates was even greater and depended on
whether the strains studied were methicillin sensitive or resistant,
as well as the region, and the rates of macrolide resistance in S.
aureus isolates has been found to vary from 10 to 90% (53, 54).
The propensity of macrolones to induce erm gene expression was
measured by two methods: the disk diffusion method and prein-
cubation of resistant strains with a potential inducer and subse-
quent MIC determination. The lowest concentration of inducer
needed to promote erm gene expression by disk diffusion was
found for each strain tested and was as low as 0.001 �g of eryth-
romycin per disk against the most sensitive, erm(A)-harboring S.
aureus strain. This indicates the importance of maintaining high
purity requirements for the tested compounds, as even traces of
some impurities (starting macrolides, for example) can impact the
result and lead to the induction of resistance genes. Our lead com-
pounds at a concentration of 0.5 �g/disk did not induce resistance
genes in any of the strains by disk diffusion, while telithromycin
induced gene expression in an S. pyogenes erm(B) strain with an
iMLS-A phenotype. When the above-mentioned strains were pre-

incubated in the presence of subinhibitory concentrations of
inducers, compound 19 did not induce erm gene expression,
additionally demonstrating the lack of its macrolide resistance
induction potential.

The ribosomal exit tunnel plays an important role in the mod-
ulation of the translation process through specific interactions
with the leading peptides of nascent proteins that regulate ribo-
some stalling, initial secondary structure formation of synthesized
proteins, and, as a consequence, gene expression at the translation
level (55–60). It has been shown that macrolide antibiotics do not
inhibit the synthesis of all peptides equally but, rather, show spe-
cific inhibitory effects depending on the peptide (61). As it is
known that the induction profiles of genes belonging to the erm
family depend primarily on the attenuator sequence, i.e., the lead-
ing peptide (62), it is plausible to assume that the lack of induction
in the presence of macrolones arises from their ability to establish
unique interactions with the ribosomal exit tunnel and/or differ-
ent leading peptides of proteins. Nevertheless, to ascertain the
definite absence of induction, it is necessary to test the interaction
of macrolones with a wider panel of bacterial stains. Ketolides
were considered noninducing antibiotics, but focused in vitro
studies have shown their potential to induce the erm(C) gene (63).
Although the S. aureus strain with inducible expression of the
erm(C) gene used in this study did not exhibit reduced suscepti-
bility after incubation in the presence of subinhibitory concentra-
tions of telithromycin, induction was detected for S. pyogenes iso-
lates with the erm(B) gene. It is worth noting that induction of

TABLE 6 Induction potential of azithromycin, telithromycin, and compounds 13 and 19 by triple-disk diffusion method

Strain Phenotype Genotype

Induction potentiala

AZM TEL Compound 13 Compound 19

S. pyogenes iMLSb-C erm(A) ** ° ° °
S. pyogenes iMLSb-B erm(A) ** ° ° °
S. pyogenes iMLSb-A erm(B) ** ** ° °
S. aureus iMLSb erm(C) ** ° ° °
S. aureus iMLSb erm(A) ** ° ° °
a All compounds were tested by use of a 0.5-�g/disk. AZM, azithromycin; TEL, telithromycin; **, induction toward erm expression for clindamycin and rokitamycin resistance; °,
no induction.

TABLE 7 Induction of inducibly expressed erm genes after incubation with subinhibitory concentrations of erythromycin, telithromycin, and
compound 19a

Strain Inducer
Inducer concn
(�g/ml)

Inoculum size
(no. of CFU/ml)

MIC (�g/ml)

AZM ERY CLI CIP TEL Compound 19

S. aureus B 0949 erm(C) iMLSb 1.3E
06 	256 	256 0.06 0.25 0.25 0.5
ERY 1 1.4E
05 	256 	256 	8 0.25 	8 8
ERY 0.1 1.0E
06 	256 	256 	8 0.25 	8 4
ERY 0.01 1.4E
06 	256 	256 	8 0.25 	8 4
TEL 0.01 9.0E
05 	256 	256 0.125 0.25 0.125 0.25
19 0.1 1.4E
05 	256 	256 0.06 0.25 0.25 0.25

5.0E
05 	256 	256 0.25 1 8 0.03

S. pyogenes B 0895 erm(B) iMLSb-A ERY 0.1 1.0E
05 	256 	256 	8 1 	32 1
ERY 0.01 8.0E
05 	256 	256 	8 1 	32 1
ERY 0.001 8.0E
05 	256 	256 	8 1 	32 1
TEL 0.1 8.0E
04 	256 	256 	8 1 	32 0.5
TEL 0.01 2.0E
05 	256 	256 	8 1 4 0.03
19 0.001 1.5E
06 	256 	256 0.125 1 8 �0.015

a AZM, azithromycin; ERY, erythromycin; CLI, clindamycin; CIP, ciprofloxacin; TEL, telithromycin.
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erm(B) gene expression in this strain by erythromycin and higher
concentration of telithromycin (0.1 �g/ml) resulted in a significant
increase in the MIC values for clindamycin (	8 �g/ml) and telithro-
mycin (	32 �g/ml), while compound 19, despite substantial in-
crease, retained activity with an MIC value of 1 �g/ml. Preincubation
with compound 19 did not induce erm gene expression.

As macrolones possess a quinolone moiety attached to the
macrolide core, it was important to determine whether they are
protein synthesis inhibitors. Since these compounds achieved
IC50s in the higher nanomolar range in in vitro transcription/
translation studies, a result comparable to that for macrolide an-
tibiotics, protein synthesis inhibition can be claimed to be their
basic mechanism of action. However, the possibility of additional
activity that would be specific for quinolones cannot be definitely
excluded by application of only this method. Assays for assess-
ment of the inhibition of DNA gyrase and topoisomerase IV have
been performed for a number of macrolone class representatives,
and none of them have been shown to have inhibitory properties
(data not shown), which clearly indicates that macrolones do not
exhibit their antibacterial activity through the quinolone mode of
action. The lack of a quinolone mode of action is further corrob-
orated by the full potency of macrolones against quinolone-resis-
tant S. aureus strains.

Since the unique pharmacological properties of azithromycin
(long half-life, good tissue penetration, cellular accumulation,
side effects fewer and milder than those of other antibiotics) and
its favorable safety profile are well recognized and macrolones

T
A

B
LE

8
M

ajor
ph

arm
acokin

etic
param

eters
of

selected
m

acrolon
es

in
m

ice
after

in
traven

ou
s

an
d

oraladm
in

istration
a

C
om

pou
n

d

In
traven

ou
s

bolu
s

b
O

raladm
in

istration
c

C
m

ax
(n

g/m
l)

A
U

C
0

–
t

(n
g

·h
/m

l)
A

U
C

0
–
�

(n
g

·h
/m

l)
C

L
(m

l/m
in

/kg) V
ss

(liters/kg)
M

R
T

(h
)

t1
/2

(h
)

C
m

ax

(n
g/m

l)
T

m
ax

d
(h

)
A

U
C

0
–

t

(n
g

·h
/m

l)
A

U
C

0
–
�

(n
g

·h
/m

l)
D

N
A

U
C

0
-�

(n
g

·h
/m

l/m
g/kg)

t1
/2

(h
)

F
(%

)

1
e

2,453
�

788
3,307

�
821

N
D

5.3
�

1.5
2.5

�
0.4

8.0
�

0.8
15.9

�
4.3

49.0
�

16.0
0.5

�
0.1

124.7
�

12.5
N

D
12.5

�
1.3

N
D

�
1

7
781

�
630

1,109
�

242
1,349

�
306

26.7
�

4.5
15.0

�
8.3

9.0
�

3.6
8.2

�
2.0

10.0
�

8.0
2.0

�
0.6

58.0
�

73.9
98.4

�
141.2

10.5
�

15.0
8.5

�
12

2
�

2
19

1,887
�

1,797
1,650

�
227

1,794
�

248
17.9

�
2.7

8.2
�

1.7
7.6

�
0.9

7.9
�

0.7
8.0

�
3.0

2.0
�

0.0
42.3

�
7.1

47.3
�

5.4
4.9

�
0.6

2.5
�

0.2
�

1
6

487
�

173
2,998

�
1,288

N
D

12.9
�

6.3
6.8

�
2.9

9.0
�

0.5
12.8

�
2.3

140
�

44
4.0

�
0.0

1,767.8
�

597.7
N

D
176.8

�
59.8

15.0
�

3.0
12

�
4

a
T

h
ree

an
im

als
per

grou
p

w
ere

tested.A
bbreviation

s:C
m

a
x ,m

axim
u

m
con

cen
tration

in
plasm

a;A
U

C
0

–
t ,area

u
n

der
th

e
plasm

a
con

cen
tration

-tim
e

cu
rve

from
tim

e
zero

to
tim

e
t;A

U
C

0
–
� ,area

u
n

der
th

e
plasm

a
con

cen
tration

-tim
e

cu
rve

from
tim

e
zero

to
in

fi
n

ity;C
L,clearan

ce;V
ss ,volu

m
e

ofdistribu
tion

at
steady

state;M
R

T
,m

ean
residen

ce
tim

e;t1
/2 ,h

alf-life;T
m

a
x ,tim

e
to

C
m

a
x ;D

N
A

U
C

0
–
� ,dose-n

orm
alized

area
u

n
der

th
e

plasm
a

con
cen

tration
-tim

e
cu

rve
from

tim
e

zero
to

in
fi

n
ity;F,bioavailability;N

D
,n

ot
determ

in
ed.

b
T

arget
dose,2

m
g/kg.

cT
arget

dose,10
m

g/kg.
d

T
m

a
x

is
expressed

as
th

e
m

edian
.

e
C

om
pou

n
d

1
adm

in
istered

at
a

dose
of1

m
g/kg.

FIG 2 Efficacy of compound 19 (azi-OON-Cl) in a mouse model of pneumonia
induced by S. pneumoniae SP030 Erys. Compound and azithromycin were ad-
ministered i.p. The MIC values of compound 19 and azithromycin were �0.015
and 0.03 �g/ml, respectively. (A) Number of CFU per gram of lung tissue. A
statistically significant reduction in the number of CFU is designated by asterisks
(***, P � 0.0001). (B) Concentration of compound in lung tissue 14 h after the last
dose, given as mean values � SEMs. AZM, azithromycin; cpd 19, compound 19.
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with an azithromycin core have excellent in vitro profiles superior
to those of other macrolones, these analogues, which have varying
linker lengths and heteroatom compositions different from those
of azithromycin, were selected for in vivo evaluation. Macrolones
are molecules with low to moderate systemic clearance, a long
half-life, a large volume of distribution (indicating good tissue
penetration), and very poor oral bioavailability. As these rather
high-molecular-weight compounds show good stability in liver
microsomes (data not shown) and have good solubility, the lim-
ited oral bioavailability is likely due to poor permeation. In an
attempt to improve the gastrointestinal absorption of compound
1, compound 6 was designed to be more lipophilic by methylation
of the central nitrogen atom in the linker and esterification of
3-quinolone carboxylic acid, as it is known that decreased hydro-
philicity improves the transfer of molecules through biological
membranes (64). These modifications resulted in an enhanced
oral bioavailability of 12% (compound 1 had an F of �1%) and a
substantial increase in oral exposure (compound 6 had an AUC
more than 10 times higher than that of compound 1 [AUC,
1,767.8 � 597.7 ng · h/ml and 124.7 � 12.5 ng · h/ml, respec-
tively]) and better tissue penetration (volume of distribution at
steady state, 6.8 � 2.9 and 2.5 � 0.4 liters/kg for compounds 6 and
1, respectively). In addition, this modification led to a more than
7-fold increase in the accumulation of compound 6 in human
polymorphonuclear leukocytes (65) (compounds 1 and 6 are des-

ignated compounds 27 and 31, respectively, in reference 65).
Compound 6 has a low systemic clearance and a long half-life of
12.8 � 2.3 h, comparable to that of other macrolones. The changes
introduced were, however, detrimental for potency against S. au-
reus and H. influenzae.

Due to the low oral bioavailability of the macrolone molecules
in mice, the in vivo efficacy of compounds 1, 7, and 19 was assessed
after i.p. application in the mouse pneumococcal pneumonia
model. In a model of pneumonia induced by S. pneumoniae SP030
Erys, administration of two or three doses resulted in full bacterial
eradication, and no viable colonies could be recovered from the
lungs of treated animals, regardless of the compound or dosing
regimen. Although a dose-response is not clearly visible at the level
of CFU counts (due to the high efficacy of the tested analogues),
compounds accumulated in lung tissue in a dose-dependent man-
ner in measurable microgram quantities. When tested in a model
of pneumonia induced by S. pneumoniae B 1217 with cMLSb,
compounds 7 and 19 proved to be fully efficacious as well. In the
model of pneumonia induced by S. pneumoniae SP030 Erys, com-
pound 6, which had an F of 12%, achieved a level of exposure by
oral administration sufficient for successful bacterial clearance.
Pharmacokinetic studies in rat (29) revealed that compound 19
exhibited improved exposure and oral bioavailability in compar-
ison to the data for mice reported here, while compound 7 did not.

In a preliminary in vitro toxicity assessment (e.g., cytotoxicity
for HepG2 and THP-1 cell lines), macrolones displayed accept-
able safety profiles (33).

In conclusion, the results of an in vitro and in vivo evaluation of
macrolones clearly differentiate them from currently available

FIG 3 Efficacy of compounds 19 (azi-OON-Cl) and 7 (azi-ON-Cl) in a model
of mouse pneumonia induced by S. pneumoniae B 1217 with MLSb. All com-
pounds were administered i.p. The MICs of the tested compounds were as
follows: �0.015 �g/ml for compounds 7 and 19, 0.06 �g/ml for telithromycin,
and 	64 �g/ml for azithromycin. (A) Number of CFU per gram of lung tissue.
A statistically significant reduction in the number of CFU is designated by
asterisks (**, P � 0.001). (B) Concentration of compound in lung tissue 14 h
after the last dose, given as mean values � SEMs. AZM, azithromycin; TEL,
telithromycin; cpd 19, compound 19; cpd 7, compound 7.

FIG 4 Efficacy of compound 6 (azi-NMeN-Cl-QMe) in a mouse model of
pneumonia induced by S. pneumoniae SP030 Erys. Compound 6 and azithro-
mycin were administered per os. The MIC values of compound 6 and azithro-
mycin were �0.015 and 0.03 �g/ml, respectively. (A) Number of CFU per
gram of lung tissue. A statistically significant reduction in the number of CFU
is designated by asterisks (**, P � 0.001). (B) Concentration of compound in
lung tissue 14 h after the last dose, given as mean values � SEMs.
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macrolide antibiotics. The in vitro antibacterial profiles of the ma-
crolones against key respiratory tract pathogens are superior to
those of marketed macrolide drugs, including the ketolide teli-
thromycin.
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Čipčić Paljetak et al.

5348 aac.asm.org September 2016 Volume 60 Number 9Antimicrobial Agents and Chemotherapy

 on A
ugust 23, 2016 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1016/j.bmcl.2010.04.062
http://dx.doi.org/10.1016/j.bmc.2011.07.010
http://dx.doi.org/10.1016/j.bmc.2011.07.010
http://dx.doi.org/10.1016/j.bmc.2010.06.050
http://dx.doi.org/10.1016/j.bmc.2010.07.007
http://dx.doi.org/10.1016/j.bmc.2010.07.007
http://dx.doi.org/10.1016/j.bmc.2010.06.048
http://dx.doi.org/10.1016/j.bmc.2010.06.048
http://dx.doi.org/10.1038/ja.2009.1
http://dx.doi.org/10.1038/ja.2009.1
http://dx.doi.org/10.1093/jac/dki286
http://dx.doi.org/10.1111/j.1472-765X.2008.02423.x
http://dx.doi.org/10.1111/j.1472-765X.2008.02423.x
http://dx.doi.org/10.1016/j.jinf.2010.08.010
http://dx.doi.org/10.1016/j.jinf.2010.08.010
http://dx.doi.org/10.1016/j.ijantimicag.2010.01.026
http://dx.doi.org/10.1128/AAC.00197-13
http://dx.doi.org/10.1517/13543784.2014.954036
http://dx.doi.org/10.1517/13543784.2014.954036
http://dx.doi.org/10.1002/hep.22620
http://dx.doi.org/10.1002/hep.22620
http://dx.doi.org/10.1056/NEJMp078032
http://dx.doi.org/10.1128/AAC.49.6.2372-2377.2005
http://dx.doi.org/10.1128/AAC.46.9.2963-2968.2002
http://dx.doi.org/10.1586/14787210.4.1.91
http://dx.doi.org/10.1586/14787210.4.1.91
http://dx.doi.org/10.1016/j.ijantimicag.2007.11.014
http://dx.doi.org/10.1016/j.ijantimicag.2007.11.014
http://dx.doi.org/10.1016/j.jmb.2011.05.038
http://dx.doi.org/10.1016/j.jmb.2014.10.006
http://dx.doi.org/10.1038/nsmb1021
http://dx.doi.org/10.1016/j.jmb.2008.08.089
http://dx.doi.org/10.1016/j.jmb.2008.08.089
http://dx.doi.org/10.1126/science.1177662
http://dx.doi.org/10.1126/science.1177662
http://dx.doi.org/10.1016/S0022-2836(03)00662-4
http://dx.doi.org/10.1016/S0022-2836(03)00662-4
http://dx.doi.org/10.1016/j.chembiol.2010.04.008
http://dx.doi.org/10.1016/j.chembiol.2010.04.008
http://dx.doi.org/10.1128/AAC.01266-07
http://dx.doi.org/10.1016/j.ejps.2013.02.019
http://aac.asm.org
http://aac.asm.org/

	MATERIALS AND METHODS
	Compounds.
	In vitro antibacterial activity.
	Induction studies.
	In vitro E. coli TnT assay.
	In vivo studies. (i) Animals.
	(ii) Sample preparation and bioanalysis.
	(iii) Pharmacokinetic analysis.
	(iv) In vivo pneumococcal pneumonia model in mice.
	(v) Induction of pneumonia and bacterial counting.
	(vi) Determination of compound concentration in lung.
	(vii) Data analysis.

	RESULTS
	Antibacterial activity.
	Induction studies.
	Pharmacokinetics in mice.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

