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Abstract

Derivatives of synthetic macrocyclic compounds, MCC, 12- and 14-membered tetraazamacrocycles withN -pendant arms, such a
N -methyl (Mepy14),N -acetate (DOTA, TETA and ac3py14) andN -methylphosphonate (DOTP) groups, were investigated in term
their in vitro activity againstMycobacterium avium and for intracellular clearance, using the murine macrophage cell line J-774. Persp
results on a laboratory strain, of opaque morphology, showed in vitro activity with varying inhibitory patterns from one compound to
The most active compounds, such as TETA, presentedN -acetate pendant arms. Inhibition levels of 90% and above were obtained at 50/l.
Inhibition was confirmed with both the free compound and its iron(III) complex for DOTP, Mepy14, ac3py14, and TETA. However, with
DOTA, no inhibitory effect was observed for the iron(III) complex, suggesting that chelation was at the origin of the inhibitory effec
the donor atoms of the ligand were strongly involved. Nevertheless, simple experiments indicated that ferric ion might not be respo
this reversed activity. Intracellular activity using 50 mg/l of TETA confirmed in vitro results with the laboratory strain. Results expresse
relative growth (%), of the drug-containing samples compared to control samples ranged from 2 to 123% (growth promotion) with n
ent relationship between inhibitory activity and the colony morphology of the strains. These studies showed that the evaluation of
macrocycles may be relevant in development of a new family of compounds for use againstM. avium infections.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Second toMycobacterium tuberculosis, the most impor-
tant group of opportunistic pathogens responsible for
monary disease of mycobacterial origin are the membe
the M. avium complex (MAC), also considered emergin
pathogens in the advent of the AIDS pandemic [1]. MA
strains are characteristically resistant to antimycobact
drugs, in part due to a highly stringent cell wall barr
[12,13,25,27], reducing the number of drugs available
treatment. MAC infections are also considered difficult
treat because they are often polyclonal [1,5,32] and sub
to variation in drug susceptibility testing due to such exter
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factors as temperature, growth phase, growth rate etc., a
factors for which regulatory mechanisms are still unkno
namely as regards colony morphology [18,31,33].

Macrocyclic compounds (MCCs) seem a promising t
in drug development due to the fact that their proper
can be considerably changed by modifying the backb
or by introducingN -substituents [9,10,15], with the la
ter characteristic also being of interest in a drug deliv
perspective. MCCs are also promising in that they alre
have medical applications as contrast-enhancing agent
magnetic resonance imaging (MRI), in nuclear medic
for radioimmunoscintigraphy or radioimmunotherapy a
in chelation therapy [3,4,8,17,19–22,24]. Moreover, exp
imental studies have recently shown that an acetate de
tive of a tetraazamacrocycle exerted in vitro activity aga
M. tuberculosis and also induced the host’s mycobacterici
activities [14].
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From these considerations, it is the purpose of this re
to study the effect of synthetic MCCs of different mac
cyclic cavity sizes and diverse types ofN -substituents, thei
in vitro antimycobacterial activity and their ability to obta
the intracellular clearance ofM. avium.

2. Materials and methods

2.1. Strains

M. avium strains, a laboratory strain of serotype 4 (p
mented opaque morphology) and four clinical isolates 1
5196, 61596, 94896 (non-pigmented transparent morph
gies), were selected for this study. Strains were characte
according to colony morphology in terms of pigmentat
(pigmented or not pigmented) and the ratio of opaque
transparent colonies from a total of 100 colonies (expres
as a percentage), as observed after 8–10 days of cultu
Middlebrook 7H11 agar plates (Table 1).

The selected strains were subcultured in Bactec 12B v
prior to the experiments involving radiometric technolo
For macrophage infection, bacterial suspensions were
pared from Lowenstein–Jensen slants. Otherwise, all st
were stored as frozen suspensions at−70◦C.

2.2. Drugs

The compounds used in this study were based on
ferent MCCs: cyclen (1,4,7,10-tetraazacyclododecane)
clam (1,4,8,11-tetraazacyclotetradecane), py14 [3,7,11
tetraazabicyclo[11.3.1]heptadeca-1(17),13,15-triene] an
7-methyl derivative (Mepy14). From these MCCs we
synthesized the following derivatives: 1,4,7,10-tetraa
cyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7
tetraazacyclododecane-1,4,7,10-tetramethylenephosph

Table 1
Intracellular activity of 50 mg/l of TETA used againstM. avium growing in
J-774 macrophages

Strains Colony morphologya Relative

growth (%)bPigmentation Ratio of opaque
to transparent (%)

Laboratory strain + 100 55
Isolate 61596 – 50 24
Isolate 94896 – 50 2
Isolate 101 – <1 123
Isolate 5196 – <1 32

a Strains were characterized according to colony morphology as reg
pigmentation (pigmented or not pigmented) and the ratio of opaque to t
parent colonies from a total of 100 colonies, as observed after 8–10 da
culture on Middlebrook 7H11 agar plates.

b The results shown were obtained after two days of active growth in
macrophage. They are expressed as relative growth (%), representin
averages of three independent experiments for viable counts in the
containing samples compared to those obtained in the control sam
Standard errors for viable counts ranged from 0.3 to 5.0 for the co
samples and from 0.2 to 0.9 for the drug-containing samples.
n

-

e

.

acid (DOTP), 1,4,8,11-tetraazacyclotetradecane-1,4,8,1
traacetic acid (TETA), and 3,7,11,17-tetraazabicyclo[11.3
heptadeca-1(17),13,15-triene-3,7,11-triacetic acid (ac3p
The molecular weight of each compound is: 347.42
DOTA, 548.14 for DOTP, 432.35 for TETA, 248.33 fo
Mepy14 and 408.35 for ac3py14. Cyclam was obtained com
mercially from Strem Chemicals (Bischheim, France) a
the other parent macrocycles for synthesis were synthes
and characterized in our laboratory according to proced
previously described: cyclen [15] and py14 or Mepy14 [1
The final derivatives were also synthesized and chara
ized by us following described procedures, DOTA and TE
[15], DOTP [16] and ac3py14 [9].

Their ferric complexes K[Fe(DOTA)], K5[Fe(DOTP)],
[Fe(MePy14)](NO3)3, [Fe(ac3py14)] and K[Fe(TETA)]
were prepared by the addition of Fe(NO3)3 to the MCC in
a 1:1 ratio, followed by the increase of the pH of the m
ture with a solution of KOH until complete formation of th
complex, as indicated by the speciation diagram [2].

Ethylenediamine-di-o-hydroxyphenylacetic acid (ED
DHA), used for the verification of mycobactin produ
tion, was purchased from Sigma–Aldrich Química (Mad
Spain). EDDHA was freed from contaminating iron usi
the method suggested by Rogers [29]. The iron-free c
pound was then solubilized using the method propose
Ong [23].

To prepare the ferric complexes and to study the
fect of free iron(III) on the biological effect of DOTA
Fe(NO3)3·9H2O p.a. was used (Merck/VWR Internationa
Lisbon, Portugal).

2.3. Drug sensitivity studies

For examining the antimycobacterial activity of t
MCC, stock solutions of 5 mg/ml were prepared in ster
ile distilled water, sterilized by filtration using 0.2 µm F
tropur filters (Sarstedt, Nümbrecht, Germany) and froze
−20◦C until use. Volumes of 0.1 ml of the appropriate
lutions were injected into 12B vials to obtain concentratio
ranging from 10 to 300 mg/l.

In vitro activities were evaluated using radiometric me
odologies applied to the Bactec 460TB instrument, as pr
ously described [14,30]. Since the growth index (GI) dur
exponential growth is directly proportional to the numb
of colonies in the vials [26], it was used in this simple
lationship to express inhibition. Thus, relative growth w
calculated in relation to a control vial having received
same initial inoculum but no added compound, represen
100% growth or 0% inhibition. Bacterial inhibition was al
confirmed by bacterial counts carried out at the end of the
periment by plating serial 10-fold dilutions of the bacter
suspensions from the individual Bactec vials onto Midd
brook 7H11 agar plates; results were expressed in CFU/ml.
Viability was determined by comparison of CFU/ml from
individual Bactec vials at the beginning and end of the
periments. The experiments were completed within 6 d
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Results represent the average of three independent ex
ments.

2.4. Effect of free iron on inhibition by DOTA

To determine whether free iron affected inhibition
DOTA, ferric nitrate, Fe(NO3)3·9H2O, was added at vari
ous concentrations, (0, 30, 60, 100 mg/l), as an exogenou
source of iron to Bactec vials of 12B medium contain
50 mg/l of the MCCs. These concentrations included val
high above the equimolar concentration of iron to DOT
The vials were left to stand for 24 h prior to inoculation.
an additional control, ferric nitrate at the above concen
tions was also tested in vials without the presence of MC

2.5. Mycobactin production

Bacterial growth and mycobactin production using
modified EDDHA two-step method were carried out as p
viously described [7]. For this, mycobacteria were cultu
in 10 ml of liquid 7H9 medium. After an initial growth
phase, the bacteria were transferred, following centrifu
tion, to fresh 7H9 medium complemented with 1 mg/ml of
deferrated EDDHA. The chelation of iron from the grow
medium by the EDDHA does not permit bacterial grow
but during this production phase it induces optimal p
duction of mycobactins between the 10th and 20th da
incubation.

2.6. Macrophage monolayer culture

The J-774 mouse BALB/c monocyte macrophage
line, purchased from The European Collection of C
Cultures (ECACC), was maintained in Dulbecco’s Mo
fied Eagle’s Medium (DMEM), containing 4500 mg/l of
D-glucose, 25 mM Hepes, 1 mM sodium pyruvate, a
10% (vol/vol) heat-inactivated fetal calf serum (FCS). T
culture reagents were GIBCO™ from the Invitrogene C
poration (Invitrogene/ALFAGENE, Carcavelos, Portuga
Cell stocks were prepared in 80 cm2 Nunc™ tissue culture
flasks (OXVITAL, Lisbon, Portugal). Confluent cells we
obtained after 5–7 passages from the frozen culture, or
3 days of incubation from a preculture. Cells were incuba
in 10 ml of medium at 37◦C in the presence of 5% CO2.
Cells were recovered from the flasks by scraping. Via
cells were monitored using the trypan blue dye (Gibco
Invitrogene Corporation, Barcelona, Spain).

2.7. Macrophage infection by M. avium

For studying the action of the drugs, cell cultures w
prepared in 8.8 cm2 Nunc tissue culture dishes containi
2 ml DMEM medium with 10% FCS (vol/vol). Each cu
ture dish was seeded with approximately 5× 104 cells, to
obtain, after 3 days of incubation, 106 cells. At that time
the medium was replaced by DMEM medium containing
i-FCS (vol/vol) and the appropriate concentration of bacte
cells, approximately 10 times more than macrophage c
For infection, bacterial cell suspensions were obtained f
fresh Lowenstein–Jensen culture. The FCS concentratio
1% (vol/vol) was adequate to stop macrophage division
maintain cellular viability. Phagocytosis was allowed to p
ceed for 4 h at 37◦C. Then the cells were washed twi
with phosphate buffer saline pH 7, 0.01 M, in order to eli
inate any extracellular bacteria. Ziehl–Neelsen staining
the mycobacteria confirmed that extracellular bacteria
been eliminated and revealed that about two thirds of
macrophages were infected with 1–20 bacteria per cell.

2.8. Drug action against intracellularly
growing mycobacteria

The procedure used to assess drug action against
cellularly growing mycobacteria was adapted from [28]. F
this, infected macrophages were incubated for 48 h in o
to allow for intracellular growth of phagocytized mycobac
ria. After this time the desired concentrations of the drug
be tested were added to the cultured macrophages. Myco
terial cell counts were then measured at two and 5 days
the addition of the drugs. For this the macrophages w
lysed by the removal of the growth medium followed by t
addition of 0.5 ml of 1% (vol/vol) Igepal (Sigma–Aldric
Química, Madrid, Spain). At that concentration Igepal
not affect mycobacterial viability. A total of 0.5 ml of th
lysate was diluted in 4.5 ml of sterile distilled water to o
tain a 10−1 dilution, followed by subsequent tenfold dilu
tions which were appropriately plated on 7H11 agar med
and incubated at 37◦C the amount of time required fo
colony formation and counting of CFU. The results w
expressed in relative growth (%), corresponding to the a
ages of three independent experiments, for viable coun
the drug-containing samples compared to those obtaine
the control samples. The drugs were used at concentra
non-toxic to the macrophages as assessed by the trypan
method.

3. Results

3.1. Inhibition of M. avium

These studies on theM. avium laboratory strain reveale
in vitro activity by tetraaza-MCCs with methyl, acetate a
methylphosphonate pendant arms (Fig. 1).

Fig. 2 shows results of radiometric growth in the prese
of 50 mg/l of different derivatives of the three MCC fam
lies cyclen, cyclam and py14, respectively, DOTA, DOT
TETA, Mepy14, and ac3py14. These were used in the for
of the free ligand and as the iron(III) complex. Inhibitio
patterns varied significantly from one compound to anot
While Mepy14 and DOTP molecules were poor inhibito
the N -tris-acetate derivative of py14, ac3py14, resulted in
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up to 90% inhibition both with the free ligand and wi
the iron(III) complex. Likewise, TETA, theN -tetraacetate
derivative of the 14-membered macrocycle cyclam, pro
to be one of the most active compounds, showing up to 9
inhibition with both the free ligand and the iron(III) com

Fig. 1. Macrocyclic compounds used in this study.
plex. On the other hand, DOTA, the tetraacetate deriva
of cyclen, the 12-membered tetraazamacrocycle, show
high degree of inhibition with the free ligand, over 99%, b
contrary to what was observed with theN -acetate deriva
tives of both the other 14-membered macrocycles ac3py14
and TETA, lost this effect with the iron(III) complex.

These results suggest that the chelating propertie
DOTA may be at the origin of the antimycobacterial
fect or that the donor atoms of the macrocyclic ligand
strongly involved in this mechanism. However, in expe
ments in which free iron(III) was added as an exogen
source in the form of Fe(NO3)3, growth was not restored i
Bactec vials of 12B medium containing 50 mg/l of DOTA;
relative growth remained <0.2% compared to the con
vial with no added compound. Free iron(III) did not in itse
inhibit growth, showing 100% growth for all the concentr
tions tested (0, 30, 60, 100 mg/l) (data not shown).

Likewise, at a concentration of 200 µg/ml, which is suf-
ficient to stop mycobacterial growth, DOTA failed to indu
mycobactin production, as would be expected if iron w
being removed from the growth medium by DOTA. In th
experiment, mycobactin production was confirmed with
EDDHA control (data not shown).

A slight degree of growth promotion was observed ea
in growth with the iron complexes of TETA, DOTA an
DOTP.

As shown in Fig. 3, radiometric bacterial inhibition w
also confirmed at the end of the experiment by plating ba
rial suspensions from the individual BACTEC vials on Mi
dlebrook 7H11 agar plates, followed by counts of CFU/ml.
Conformity of radiometric data with bacterial counts in
cated reductions in growth inhibition (GI) were not det
nd.
Fig. 2. Growth ofM. avium laboratory strain in the presence of 50 mg/l of various MCCs, in the form of their iron(III) complex and as the free compou
Radiometric data, expressed as the percentage of growth in relation to the control vial, with no added compound, is plotted as a function of time.
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d
B) bact
Fig. 3. Growth inhibition of theM. avium laboratory strain in the presence of increasing concentrations of compounds ac3py14, TETA, and DOTA evaluate
from (A) radiometric data and expressed as the percentage of growth in relation to the control vial, with no added compound, and corresponding (erial
counts on 7H11 medium expressed as CFU/ml of culture in BACTEC vials. Viability (C) was expressed as log[(CFU/ml)t6] − log[(CFU/ml)t0] and was
determined by plating the bacterial suspensions from individual Bactec vials at the beginning (t0) and at the end of the experiments (t6).
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mined by direct inhibition of respiratory activity by the
chelating compounds. Also in Fig. 3, viability results i
dicated bacteriostatic activity, as seen when comparing
bacterial population by plating suspensions from individ
Bactec vials at the beginning and end of the experiment

3.2. Intracellular clearance of M. avium infections

TETA, one of the most active compounds, as asse
by the in vitro methods used, was selected for intracell
studies. The intracellular activity of 50 mg/l of TETA was
carried out using a J-774 murine macrophage cell line
laboratory strains (opaque morphology) and clinical stra
(transparent morphologies). Results in Table 1 express
tive growth (%) of the drug-containing samples compare
control samples. Values ranged from 2 to 123% (growth p
motion), with no apparent relationship between inhibit
activity and colony morphology of the strain. Results w
the laboratory strain, 55% relative growth, confirmed the
hibition shown by in vitro methods. There was no signific
toxicity toward macrophages in the presence of any of
MCCs tested up to 100 mg/l, as assessed by the trypan bl
method (data not shown).

4. Discussion

This study reports in vitro activity and effective intr
cellular clearance ofM. avium infections by derivatives
of the synthetic macrocyclic compounds MCC, 12- a
14-membered tetraazamacrocycles withN -pendant arms
such asN -methyl (Mepy14),N -acetate (DOTA, TETA and
ac3py14) andN -methylphosphonate (DOTP) groups.

In M. avium, the inhibitory concentrations of the MCC
were higher than those previously observed inM. tuber-
culosis (strain 38396), with inhibition levels of 90% an
above obtained with 50 mg/l of the compounds ac3py14 and
[Fe(ac3py14)] in the former, compared to 7.5 mg/l in the
latter [14]. Nevertheless, observations were similar to th
previously obtained withM. tuberculosis, namely in show-
ing that reductions in the Bactec GI were not determined
-

direct inhibition of respiratory activity and that MCCs ha
an apparent bacteriostatic effect on mycobacterial growt

While ac3py14 and TETA appear to exert intrinsic acti
ity toward M. avium, this did not seem to be the case w
DOTA. With this MCC, the inhibitory effect observed wit
the free compound was reversed with the iron(III)-satura
complex, suggesting that chelation equilibrium was at
origin of the inhibitory effect or that the donor atoms of t
macrocyclic ligand were needed in this process and c
not be previously blocked by coordination with a me
Nevertheless, preliminary investigations do not point to
loss of iron(III) as the source of inhibition, as experiments
which free iron(III) was added to the growth medium co
taining DOTA failed to restore growth. Also, at a concent
tion of 200 µg/ml, which is sufficient to stop mycobacteri
growth, DOTA failed to induce mycobactin production,
would be expected if this GI were related to iron-defici
conditions created by DOTA (data not shown).

In these studies, the greater activity of the MCCs see
less related to the size of the macrocyclic cavity than to
type ofN -substituents. Indeed, acetate pendant arms see
related to activity, since DOTA, ac3py14 and TETA with ac-
etate pendant arms, although derived from three diffe
kinds of macrocycles (presenting different macrocyclic c
ity sizes), showed in vitro activity, whereas other derivati
of the same macrocycles showed little activity. In fact, DO
and Mepy14 exhibit slight activity; however, the former li
and is the phosphonate analogous of DOTA, and Mep
is the methyl derivative of py14, such that ac314py is the
acetate derivative of the same macrocycle. Several ch
cal reasons can be advanced, emphasizing the differe
in the ligands, especially the type of pendant arms of
macrocycles, but the real role of these ligands in in vitro
hibition is unknown for the moment, as we cannot pred
the mechanism of action or the type of interaction. In fa
DOTP and Mepy14 are, in general, poorer ligands for m
chelation when compared with the related DOTA or ac314py,
respectively [9,11,15,16], but it is also known that DOTP
powerful chelator, on the order of, or stronger than, ac3py14
and TETA. The basicity of the ligands and the structural
havior of the ligands in chelation may also contribute to d
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ferences observed in in vitro activity. On another hand, e
phosphonate group of DOTP exhibits, at physiological
two negative charges and therefore the electrostatic ef
are much stronger when compared with the mononega
charge of each carboxylate group of DOTA, with this h
ing strong repercussion on all interactions of these gro
including metal coordination.

Intracellular clearance by 50 mg/l of TETA using a J-774
murine macrophage cell line revealed marked activity i
number of infections by clinical strains ofM. avium. How-
ever, variability was considerable, with values for relat
growth (%) of the drug-containing samples compared
the control samples ranging from 2 to 123% (growth p
motion). These observations showed no apparent rela
ship between the inhibitory activity and colony morph
ogy. Clinical strains on primary culture are predominantly
transparent morphology with the opaque population incr
ing with subsequent cultures. Colony phenotype is kno
to strongly influence susceptibility to antibiotics and oth
chemical agents, with the transparent type being more r
tant [6,12,18,31]. However, in this study, the selected str
presented both transparent and opaque variants. The
of opaque to transparent colonies varied from 100 to<1%
(Table 1), with only one of the opaque strains also being
mented. Another possible clue to explaining observed dif
ences between the strains may be related to their serot
corresponding to variations in the cell wall’s peptidoglyc
ipids. However, this aspect was not explored.

These studies show that the evaluation of synth
macrocycles may be relevant in the development of a
family of compounds active againstM. avium infections. Re-
sults suggest that the preparation of derivatives with gre
in vitro activity againstM. avium may further contribute
to the evaluation of MCCs in a chemotherapeutic persp
tive. Further studies should also include the evaluation
improvement of their intracellular uptake. Testing a la
number of strains of clinical origin and studies in an anim
model are needed to determine whether in vivo antim
cobacterial activity exists, and whether these compound
indeed stimulatory to the immune response, as had been
viously suggested.
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