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ABSTRACT Nontuberculous mycobacteria (NTM) pathogens particularly infect patients
with structural lung disorders. We previously reported novel indole-2-carboxamides (ICs)
that are active against a wide panel of NTM pathogens. This study discloses in vivo
data for two lead molecules (compounds 5 and 25) that were advanced for efficacy
studies in Mycobacterium abscessus-infected mouse models. Oral administration of
the lead molecules showed a statistically significant reduction in the bacterial loads
in lung and spleen of M. abscessus-infected mice.
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Nontuberculous mycobacteria (NTM) are environmentally prevalent opportunistic
pathogens that are increasingly infecting patients who have various chronic lung

diseases, such as those with chronic obstructive pulmonary disorder (COPD) and cystic
fibrosis (CF) (1, 2). The Mycobacterium avium complex (MAC) and the Mycobacterium
abscessus complex (MABSC) account for the vast majority of NTM infections globally (3).
For adolescent CF patients, MABSC infections accelerate inflammatory lung damage,
and treatment often fails (4, 5). Current treatment recommendations for MAC and
MABSC infections are for at least 12 months and include multidrug therapy with
combinations of intravenous and oral antibiotics accompanied, in some cases, by
surgical resection (6). Therefore, there is an unmet medical need for the development
of new anti-NTM compounds with novel mechanisms of action that can potentially
reduce treatment time, lower the incidence of adverse drug events, and provide a more
effective treatment option for CF and COPD patients.

Indole-2-carboxamides (ICs) have been identified as a novel chemical scaffold
showing promising preclinical results against Mycobacterium tuberculosis and NTM
pathogens (7–13). We recently disclosed a novel series of ICs with MIC values of 0.0039
to 8 �g/ml against various slow- and fast-growing NTM of clinical interest (7). These
compounds were also shown to be noncytotoxic and selective for mycobacteria, acting
through the essential MmpL3 transporter protein (7). In this study, we have further
characterized two of those ICs (compounds 5 and 25, shown in Fig. 1) that are orally
bioavailable and are efficacious in a M. abscessus-infected mouse model, giving this
class of compounds high potential for future translational studies.

ICs 5 and 25 target the essential mycolic acid transporter, MmpL3, in MABSC.
Previous studies have shown that ICs target the essential mycolic acid transporter
MmpL3 (7, 9, 10, 12, 14). Here, we report that compounds 5 and 25 target the inner
membrane transporter MmpL3 of M. abscessus, resulting in the abolition of the trans-
location of mycolic acids from the cytoplasm to the periplasmic space, ultimately
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causing cell death. The 16-fold to �128-fold increase in MICs of compounds 25 and 5,
respectively, against an isogenic M. abscessus mutant harboring a missense mutation
(A309P) in the MmpL3 protein of M. abscessus ATCC 19977 is further evidence that this
transporter most likely serves as the primary bactericidal target for these class of
compounds in M. abscessus, as is the case in M. tuberculosis (10, 12, 13) and Mycobac-
terium massiliense (MIC of compound 5 against the MmpL3A309P mutant, �32 �g/ml,
compared to 0.25 �g/ml against wild-type M. abscessus ATCC 19977; MIC of compound
25 against the MmpL3A309P mutant, 1 �g/ml, compared to 0.063 �g/ml against wild-
type M. abscessus ATCC 19977) (7).

In vivo acute toxicity study. As an initial in vivo study, the safety of compounds 5
and 25 was assessed in an acute toxicity mouse model (maximum tolerated dose [MTD]
assay) to evaluate any potential adverse effects and determine a safe dose for mouse
pharmacokinetic and efficacy studies. In this acute toxicity test, healthy mice (3 per
group) were given three consecutive daily doses of either compound 5 or 25 at 100,
200, and 300 mg/kg of body weight in 20% cyclodextrin and were observed at regular
times for any adverse effects. Cyclodextrin was added to improve aqueous solubility.
Doses higher than 300 mg/kg were not possible due to limited solubility. Mice were
observed at 10 min and 1, 2, 4, and 24 h after dosing on days 1, 2, and 3, followed by
twice-daily observations on days 4 and 5 and once-daily observations on days 6 to 10.
Compounds 5 and 25 were well tolerated at 100, 200, and 300 mg/kg for three
consecutive days of dosing, and there were no adverse effects, such as significant
weight loss or unresponsiveness, noted over the course of the study period.

Detailed methods for in vivo acute toxicity study. The in vivo acute toxicity profile
was established for compounds 2 and 25 after oral (p.o.) doses of 100, 200, and
300 mg/kg administered to 6- to 8-week-old female BALB/c mice (n � 3). The com-
pounds were given twice per day for three consecutive days by gavage, at 100
�l/mouse. Observations were recorded immediately after each dose at 10 min and 1, 2,
4, and 24 h. Beginning on the fourth day, mice were observed twice daily for 2 days and
then once daily for 5 days. During the observations, humane handling practices and
animal welfare regulations were strictly followed.

Pharmacokinetics for compounds 5 and 25. The pharmacokinetic (PK) profile
for compound 5 was established after a single oral (p.o.) dose of 300 mg/kg
administered to BALB/c mice (n � 3/time point) and analyzed using an AB Sciex
5500 liquid chromatography-tandem mass spectrometer (LC-MS/MS) (Fig. 2). The
plasma concentration-time curve was described using the WinNonLin software. The
maximum drug level was 6.5 �g/ml at 50 min after oral dosing. The elimination half-life
averaged 2.5 h, and the area under the plasma-concentration-time curve (AUC) aver-
aged 29.6 �g · h/ml in this animal model. Compound 5 plasma clearance (CL/F) aver-
aged 10.1 liters/h/kg, and the volume of distribution (V) averaged 36.6 liters/kg. Similar
studies have been performed with compound 25, demonstrating similar results (10).
Thus, further in vivo efficacy testing against M. abscessus-infected mice was warranted
for these compounds.

Detailed methods for pharmacokinetics study. BALB/c mice (20 g each; Charles
River Laboratories) were given a single dose of compound 5 at 300 mg/kg by oral
gavage. Mice were dosed with a volume not greater than 10% of its body weight. At
0.25, 0.67, 0.83, 2, 4, 8, and 23 h after dose administration, mice (n � 3 per time point)
were euthanized, and blood was collected by cardiac puncture. Plasma was separated
using centrifugation at 2,000 rpm for 10 min at 4°C and stored at 80°C until analysis.

FIG 1 Structures of our previously reported ICs (7).
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Plasma concentrations of compound 5 were analyzed using LC-MS/MS (AB Sciex QTrap
5500 system). The mass transitions 295.2/135.2 and 309.1/163.0 were used for com-
pound 5 and internal standard (warfarin), respectively, for quantification. A Kinetex EVO
C18 column (50 by 3.0 mm, 5 �m) with isocratic mobile phase consisting of 0.1% formic
acid in water (A) and acetonitrile (B) (30:70 [vol/vol]) at a flow rate of 0.50 ml/min was
used for chromatographic separation. The LC-MS/MS was controlled by the Analyst
1.6.3 software. Chromatography integration and data analysis were performed using
the MultiQuant 3.0.2 software. Noncompartmental pharmacokinetic analysis for com-
pound 2 was performed using Phoenix WinNonlin 8.0 (Certara USA, Inc., NJ, USA).

ICs are efficacious in an M. abscessus-infected mouse model. The M. abscessus
efficacy study was performed similarly to previously published methods (15). The in vivo
efficacy study was divided into five treatment groups. Treatment group 1 (3 mice) was
an untreated control group sacrificed 1 day postinfection to determine bacterial
uptake. The other four treatment groups (6 mice per group) comprised an untreated
control and animals treated with either compound 5 plus 20% cyclodextrin (300 mg/kg
p.o.), compound 25 plus 20% cyclodextrin (300 mg/kg p.o.), or positive control
(150 mg/kg amikacin, subcutaneous [SQ]). Treatment began 2 days postinfection for
nine consecutive days, and mice were sacrificed 2 days later. Mice treated with daily
doses of 300 mg/kg compound 5 and 300 mg/kg compound 25 did not demonstrate
any significant weight loss, and all animals survived until the day 12 endpoint of the
assay.

The mean � standard error of the mean (SEM) for lung, spleen, and liver log10 CFU
for all treatment groups are summarized in Fig. 3. Lung, spleen, and liver log10 CFU for
the untreated control at day 12 were 5.41 � 0.24, 5.41 � 0.15, and 6.17 � 0.33, respec-
tively. Mice treated with compound 5 resulted in lung, spleen, and liver log10 CFU
counts of 3.96 � 0.23, 3.79 � 0.40, and 5.30 � 0.23, respectively. Bacterial load was
significantly reduced in the lung and spleen (lung, P � 0.0016; spleen, P � 0.0035; liver,
P � 0.0558) compared to the untreated control group. Mice treated with compound 25
resulted in lung, spleen, and liver log10 CFU counts of 3.58 � 0.50, 2.91 � 0.45, and
4.90 � 0.49, also showing a significant reduction in bacterial load in the lung and spleen

FIG 2 Pharmacokinetics for compound 5. In vivo plasma PK of compound 5 administered as 300 mg/kg
p.o. to BALB/c mice (n � 3/time point). Plasma concentrations were taken over 24 h and analyzed using
LC-MS/MS. Cmax, maximum concentration of drug in serum; Tmax, time to Cmax; AUClast, AUC calculation
from time 0 to last measurable concentration; t1/2, half-life.
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(lung, P � 0.0084; spleen, P � 0.0004; liver, P � 0.0571) compared to the untreated
control group. The mean � SEM for lung, spleen, and liver log10 CFU for the positive
control (amikacin) at day 12 were 3.52 � 0.22, 3.12 � 0.30, and 4.03 � 0.62, respectively.
Compound 5 was not significantly different (lung, P � 0.1969; spleen, P � 0.2099; liver,
P � 0.0837) from the mice receiving amikacin alone. Similarly, compound 25 did not
have statistically higher CFU counts than those in the positive control (lung, P � 0.9147;
spleen, P � 0.7059; liver, P � 0.2967). These data demonstrate that both compounds 5
and 25 show no relevant difference in bacterial activity with the amikacin study
treatment.

Detailed methods for IC efficacy study in M. abscessus-infected mouse model.
Six- to 8-week-old SCID female mice were ordered from Charles River. Mice were rested
1 week before infection. The acute SCID mouse model received an intravenous infec-
tion via the tail vein with 1 � 106 CFU/mouse (M. abscessus strain 103). Three mice were
sacrificed 1 day postinfection to determine bacterial uptake. Whole lungs, spleens, and
livers were extracted, homogenized in 4.5 ml of 1� phosphate-buffered saline (PBS),
diluted, and plated on 7H11 agar plates. The plates were placed in a 37°C dry-air
incubator for �7 days. Compounds 5 and 25 were dosed at 300 mg/kg p.o. by gavage
in a volume of 100 �l per mouse, which began day 2 postinfection and continued for
8 consecutive days for a total 9-day treatment ending on day 10 postinfection.
Amikacin was dosed at 150 mg/kg via s.q. injection in a volume of 100 �l per mouse per
day. Six mice were used for each group (untreated, control amikacin, and compound 5-
and 25-treated mice) and sacrificed 2 days after administering the last dose. Bacterial
loads were determined by plating diluted lung, spleen, and liver homogenates, which
were homogenized in 4.5 ml sterile PBS. Statistical analysis was performed by first
converting CFU to logarithms, which were then evaluated by a one-way analysis of
variance (ANOVA) followed by a multiple-comparison analysis of variance by a one-way
Tukey test (GraphPad software program). Differences were considered significant at the
95% level of confidence. All procedures involving animals were approved by the
Colorado State University Animal Care and Use Committee.

We and other groups have shown that ICs are active against whole-cell M. tuber-
culosis and NTM pathogens (7–13). In addition, IC analogs have been shown to be
efficacious in M. tuberculosis-infected mouse models (10, 12). Herein, we have demon-
strated further utility of the IC chemotype as an effective treatment option for M.

FIG 3 Acute SCID treatment mouse model. Log10 CFU in the lungs (A), spleen (B), and liver (C) of M.
abscessus-infected SCID mice. The SCID mice began the 9-day treatment on day 2 with saline (Œ),
compound 5 plus 20% 300 mg/kg cyclodextrin (red �), compound 25 plus 20% 300 mg/kg cyclodextrin
(green �), and 150 mg/kg amikacin (blue �). Results represent the average of the results from one
experiment (n � 6 mice per experiment), with the bacterial load in each group expressed as average �
SEM log10 CFU. P values are shown to denote significance of differences from untreated control.
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abscessus infections. ICs were shown to be orally bioavailable and efficacious in in vivo
mouse models, making them excellent candidates for future NTM preclinical transla-
tional drug development.
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