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A panel of six imidazo[1,2-a]pyridine-3-carboxamides (IAPs) were shown to have low-micromolar activity against Mycobacte-
rium avium strains. Compound ND-10885 (compound 2) showed significant activity in the lung, spleen, and liver in a mouse M.
avium infection model. A combined regimen consisting of ND-10885 (compound 2) and rifampin was additive in its anti-M.
avium activity in the lung. Our data indicate that IAPs represent a new class of antibiotics that are active against M. avium and
could potentially serve as an effective addition to a combined treatment regimen.

The incidence of nontuberculous mycobacteria (NTM) infec-
tions has been increasing in the United States (1, 2). Mycobac-

terium avium complex (MAC), which consists of M. avium and M.
intracellulare, is an important cause of pulmonary disease in indi-
viduals with underlying lung diseases, such as cystic fibrosis and
chronic obstructive pulmonary disease, and is an opportunistic
pathogen in immunocompromised patients (3, 4). Among the
NTM species isolated from U.S. patients, 80% are classified as
MAC (5). MAC is ubiquitous within the environment and is
found in soil, treated or untreated water, house plumbing systems,
and animals (6). MAC infection is difficult to treat and has been
shown to be resistant to many of the clinically used antitubercu-
losis agents (7, 8). We previously disclosed a novel family of com-
pounds, imidazo[1,2-a]pyridine-3-carboxamides (IAPs), with
potent activity against Mycobacterium tuberculosis (9–12). The
mechanism of action and anti-M. tuberculosis in vivo efficacy of
this exciting new class has been documented by us and other
groups (9, 13–16). Through a hit-to-lead optimization effort
aided by the Lilly TB Drug Discovery Initiative (LTBDDI), addi-
tional IAP compounds (1 to 6) were generated and found to have
encouraging in vivo pharmacokinetics (PK). Herein, we describe
the activity of these latest analogs against M. avium both in vitro
and in vivo.

Activity of selected compounds in vitro. Six compounds
having diverse PKs were selected and synthesized according to
our published methods (9–11). Experimental data and infor-
mation on all previously uncharacterized compounds (1, 2,
and 6) can be found in the supplemental material. MIC studies
were performed using a resazurin-based colorimetric assay and
CFU quantification, as described previously (17). Screening the
IAPs against M. avium strains 101 and 2151 using standard
protocols indicated that they had moderate potency (Table 1).
The activities of these compounds against M. avium (2.6 to 27.8
�M, two strains) were limited relative to M. tuberculosis (see
Table S1 in the supplemental material) but comparable to
positive controls of clarithromycin and azithromycin (1.4 and
13.4 �M, respectively). These compounds also had a good ther-
apeutic window when screened against Vero cells (9) (Ta-
ble S1).

All six compounds were evaluated for their ability to kill or
inhibit M. avium replication in vitro. Five out of six compounds
were bactericidal or bacteriostatic (Fig. 1). Consistent with its
MIC, ND-9903 (compound 5) showed no activity against M.
avium 101 at the highest concentration tested. Separate studies
of ND-9758 (compound 3), ND-9759 (compound 4), and ND-
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TABLE 1 Screening of compounds 1 to 6 against two strains of M.
avium

Compound
Molecular
mass (kDa) cLogPa

MIC (�M)

MAC 101
(serotype 1)

MAC 2151
(serotype 2)

ND-9873 (1) 363.34 4.6 2.8 27.5
ND-10885 (2) 321.38 3.6 1.6 15.6
ND-9758 (3) 389.43 5.8 1.28 2.57
ND-9759 (4) 405.88 6.4 0.31 1.2
ND-9903 (5) 425.41 6.4 �23.5 �23.5
ND-10890 (6) 382.44 3.4 2.6 13.1
Rifampin 822.95 6.04 0.077 0.158
Ethambutol 204.31 0.12 48.9 �48.9
Clarithromycin 747.95 2.82 1.4 1.4
Azithromycin 748.88 2.28 13.4 �13.4
a cLogP, log of partition coefficient of a compound, was calculated by using
ChemBioDraw Ultra 14 (PerkinElmer).
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10890 (compound 6) at 1.0 �g/ml each indicated that they were
bacteriostatic, as the bacterial counts were maintained near
those of the original inoculum. ND-10885 (compound 2) and
ND-9873 (compound 1) had bactericidal activity against M.
avium 101 at 1.0 �g/ml, as bacterial numbers decreased by 1
log10 and 0.5 log10, respectively, compared to the original in-
oculum. Rifampin was the positive control and showed the best
bactericidal activity against M. avium 101. Except for ND-9903
(compound 9), all compounds showed dose-dependent activ-
ity against M. avium. ND-10885 (compound 2) also showed
activity against various other M. avium clinical isolates of differ-
ent serotypes, although again, it varied 10-fold or more between
strains.

Pharmacokinetics. Single-dose pharmacokinetics of com-
pounds 1 to 6 were determined in uninfected 8-week-old male
BALB/c mice. Mice received by oral gavage a single dose of
compound 1 (at 10 and 100 mg/kg), compound 2 (at 100 mg/
kg), compound 3 (at 10 mg/kg), compound 4 (at 30 mg/kg),
compound 5 (at 100 mg/kg), and compound 6 (at 10 and 100
mg/kg). Compounds were analyzed as previously described
(10). Calculated parameters include clearance (CL), area under
the concentration-time curve (AUC), half-life (t1/2), maximum
serum concentration (Cmax), time to Cmax (Tmax), bioavailabil-
ity (%F), and percent drug fraction unbound in plasma
(%fplasma).

As shown in Table 2, all of these compounds had high plasma
exposure at their respective doses, but there was a large range in
half-lives observed (from 2.3 to �24 h). In our drug development
paradigm, we selected the maximum free drug concentration
per dose (fCmax) as the most meaningful pharmacokinetic
property to use for compound advancement, and ND-10885
(compound 2) and ND-10890 (compound 6) had the highest
values (2,795 and 4,232 nM, respectively). The free drug con-
centrations for those two compounds were high enough above
their MICs that they were anticipated to be effective against
MAC 101 in vivo. The PK parameters for compounds 1, 2, and
6 by intravenous (i.v.) dose can be found in Table S3 in the
supplemental material.

Maximum tolerated dose. Five compounds were evaluated
in mice to determine their maximum tolerated dose, as previ-
ously described (13). Compounds ND-9873 (compound 1) and
ND-10885 (compound 2) were tolerated at the highest concen-
tration of 250 mg/kg for 1 week, ND-10890 (compound 6) was
well-tolerated at 100 mg/kg for 1 week, and as previously re-
ported, ND-9759 (compound 5) was tolerated at 30 mg/kg for
28 days (13). Mice treated with ND-9758 (compound 3) did
not tolerate the drug even at the lowest concentration (30
mg/kg).

Efficacy of ND-10885 in MAC-infected mice. We chose com-
pound ND-10885 (compound 2) for the in vivo studies in wild-
type BALB/c mice based on its relatively good in vitro bactericidal
activity against M. avium, its PK profile, and its low toxicity in
mice. Wild-type BALB/c mice (n � 3) were retro-orbitally in-
fected with M. avium MAC 101 at a dose of 107 CFU in 50 �l of
phosphate-buffered saline (PBS) (18). One week after the infec-
tion, mice were treated by oral gavage with ND-10885 (compound
2) dissolved in 80% (vol/vol) propylene glycol once daily 6 days a
week for 2 weeks. After the final dosing, each mouse was sacrificed,
and the mycobacterial burden was determined as described pre-
viously (13). The bacterial numbers were quantified by visually
counting bacterial colonies. At the beginning of treatment, a
group of mice (n � 3) were sacrificed to measure the mycobacte-
rial input in the lung, spleen, and liver. As a negative control, a
group of mice (n � 3) were treated with the vehicle, 80% propyl-
ene glycol, only.

ND-10885 (compound 2) significantly inhibited M. avium
growth in the lungs, spleens, and livers compared to the vehicle-
treated M. avium-infected mice (Fig. 2). The inhibitory activity of
ND-10885 (compound 2) was comparable to that of rifampin in
all three organs. In addition, compared to single-compound/drug
regimens, mycobacterial counts were lower in all three organs
when M. avium-infected mice were treated with a combined reg-
imen of ND-10885 (compound 2) and rifampin, although this was
statistically significant in the lung only. Compared with baseline
mycobacterial counts at the initiation of treatment, the combined

FIG 1 Anti-M. avium activities of imidazo[1,2-a]pyridine-3-carboxyamides in vitro, as measured by CFU counts. M. avium was treated with compounds at
various concentrations as shown, and then bacterial CFU were determined on Middlebrook 7H10 agar plates. Baseline, M. avium CFU at the beginning of
treatment. The results are representative of the results from three independent experiments. *, P � 0.05 compared to the baseline (one-way analysis of variance
[ANOVA] with Tukey posttest). Error bars indicate standard deviations from duplicate infections with or without drug treatment from a single experiment.
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regimen showed bactericidal activity, with the CFU(log10) count
decreasing 1.5-fold in the lung.

In conclusion, we show that IAPs are active against M. avium
clinical isolates. One compound, ND-10885 (compound 2), has
significant activity against M. avium in mice, reducing bacterial
burden in the lung, spleen, and liver compared to the untreated

group. Most interestingly, ND-10885 (compound 2) has activ-
ity comparable to that of rifampin, a critical component in the
combined regimen used to treat MAC infections (8), and a
combined regimen consisting of ND-10885 (compound 2) and
rifampin showed enhanced bactericidal activity in the lung.
Our data suggest that IAPs should be pursued as a new class of

TABLE 2 Pharmacokinetic parameters of compounds 1 to 6a

Compound Structure Parameter In vivo PK PK calculation

ND-9873 AUC (ng · h/ml) 27,768 -fCmax (100 mg/kg, p.o.) � 652 nM
p.o. dose (mg/kg of body wt) 10
t1/2 (h) 2.91
F% 51
Cmax (ng/ml) 10,294
Tmax (h) 1.0
CL (ml/min/kg) 20
fplasma 0.023

ND-10885 AUC (ng · h/ml) 51,249.7 -fCmax (100 mg/kg, p.o.) � 2,795 nM
p.o. dose (mg/kg of body wt) 100
t1/2 (h) 2.35
F% 44.3
Cmax (ng/ml) 19,530
Tmax (h) 0.333
CL (ml/min/kg) 4.25
fplasma 0.046

ND-9758 AUC (ng · h/ml) 11,000 ND
p.o. dose (mg/kg of body wt) 13.2
t1/2 (h) 10
F% ND
Cmax (ng/ml) 1,160
Tmax (h) 0.50
CL (ml/min/kg) ND
fplasma 0.003

ND-9759 AUC (ng · h/ml) 22,200 -fCmax (30 mg/kg, p.o.) � 7 nM
p.o. dose (mg/kg of body wt) 30
t1/2 (h) 20.2
Cmax (ng/ml) 2,900
F% ND
Tmax (h) 1.00
CL (ml/min/kg) ND
fplasma 0.001

ND-9903 AUC (ng · h/ml) 594,000 -fCmax (100 mg/kg, p.o.) � 133 nM
p.o. dose (mg/kg of body wt) 100
t1/2 (h) �24
F% ND
Cmax (ng/ml) 34,900
Tmax (h) 12
CL (ml/min/kg) ND
fplasma 0.0016

ND-10890 AUC (ng · h/ml) 32,800 -fCmax (10 mg/kg, p.o.) � 1,232 nM;
-fCmax (100 mg/kg, p.o.) � 4,232 nMp.o. dose (mg/kg of body wt) 10

t1/2 (h) 3.96
F% 46.3
Cmax (ng/ml) 11,500
Tmax (h) 0.250
CL (ml/min/kg) 2.32
fplasma 0.039

a p.o., per os; ND, not determined.
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compounds to treat infections caused by M. avium and perhaps
other NTM.
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