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Abstract: The increase in drug-resistant Mycobacterium abscessus, which has become resistant to
existing standard-of-care agents, is a major concern, and new antibacterial agents are strongly needed.
In this study, we introduced etamycin that showed an excellent activity against M. abscessus. We found
that etamycin significantly inhibited the growth of M. abscessus wild-type strain, three subspecies,
and clinical isolates in vitro and inhibited the growth of M. abscessus that resides in macrophages
without cytotoxicity. Furthermore, the in vivo efficacy of etamycin in the zebrafish (Danio rerio)
infection model was greater than that of clarithromycin, which is recommended as the core agent for
treating M. abscessus infections. Thus, we concluded that etamycin is a potential anti-M. abscessus
candidate for further development as a clinical drug candidate.
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1. Introduction

Nontuberculous mycobacteria (NTM) is comprised of approximately 200 species, 95% of which are
environmental bacteria that are not pathogenic to humans and animals. They are found widely in the
human environment such as surface and tap water, soil, animals, milk, and food products [1]. However,
some pathogenic NTM such as Mycobacterium avium complex (MAC) and Mycobacterium abscessus are
of global importance in public health. Furthermore, human risk factors such as aging, pulmonary
disease including cystic fibrosis (CF), and acquired immunodeficiency syndrome (AIDS), contribute to
an increase in MAC and M. abscessus infection in many countries [2,3].

Of particular concern, M. abscessus infections are the most refractory. The clinical spectrum
of M. abscessus has been categorized as pulmonary or extrapulmonary disease. Among them,
chronic pulmonary infection with M. abscessus is seen in vulnerable hosts with CF, bronchiectasis,
and chronic obstructive pulmonary disease (COPD), this infection is often incurable and associated with
rapid lung function decline [4]. Furthermore, it requires a long-term antibiotic therapy, which often
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results in mortality [5]. In spite of its low virulence to humans compared to Mycobacterium tuberculosis,
which causes human tuberculosis (TB), the M. abscessus lung infection is the most difficult to treat due
to high levels of intrinsic drug resistance to current antibiotics, including the majority of β-lactams,
tetracyclines, aminoglycosides, and macrolides. Moreover, anti-TB drugs, including rifampicin and
isoniazid, are ineffective against M. abscessus [6]. The 2007 American Thoracic Society NTM guidelines
noted that there is currently no drug regimen with proven efficacy against the pulmonary M. abscessus
infection, but it suggested a macrolide (clarithromycin or azithromycin) combined with amikacin,
and cefoxitin or imipenem as non-curative therapy [7,8]. Recent guidelines from the Center for Disease
Control and Prevention recommended a regimen that also suggested the combination therapy with
clarithromycin, amikacin, and cefoxitin as current antimicrobial drugs of choice for the treatment
of M. abscessus infection [9]. However, these regimens are still under contention because they are
ineffective and have considerable toxic side effects during the long course of treatment [7]. Thus,
M. abscessus is an antibiotic nightmare indeed [10]. Therefore, there is an urgent need to discover new,
effective drugs that are less toxic and more effective against M. abscessus lung disease.

Here, we report that a new anti-M. abscessus agent etamycin exhibits potent activity against
M. abscessus in vitro, in infected murine macrophages, and zebrafish embryos.

2. Results

2.1. Chemical Structure of Etamycin

From the previous in-house screen, we have narrowed down one effective compound for
M. abscessus with a cut-off of 80% inhibition at 20 µM (unpublished data). Among the screening hits,
PHAR110904 (PHARMEKS LTD., code number) showed good in vitro activity. To validate the chemical
structure of PHAR110904 that was provided from PHARMEKS LTD, we re-analyzed the chemical
structure of PHAR110904 using NMR (nuclear magnetic resonance) spectroscopy. The molecular
weight was confirmed as C44H62N8O11 based on the low resolution electrospray ionization mass
spectrometric (LR-ESI-MS) data ([M + H]+ at m/z 879 and [M − H]− at m/z 877) along with 1H and
13C NMR spectra. A comprehensive analysis of 1D and 2D NMR spectroscopic data, and eight main
subunits of etamycin were established as phenylsarcosine (Phsar), alanine (Ala), dimethylleucine
(DiMeLeu), sarcosine (Sar), hydroxyproline (Hyp), leucine (Leu), Threonine (Thr), and hydroxypicolinic
acid (HyPic), identically to the planar structure of etamycin (Figure 1).
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2.2. Etamycin Exhibits Potent Activity against M. abscesuss Subspecies, Clinical Isolates,
and Drug-Resistant Strains

To measure the activity of etamycin, we evaluated the minimum concentrations that caused 50%
inhibition of growth of M. abscessus (MIC50) using etamycin for three different M. abscessus subspecies
that comprise M. abscessus subsp. abscessus CIP 104536T smooth (S) and rough (R) morphotypes,
M. abscessus subsp. massiliense CIP108297T, and M. abscessus subsp. bolletii CIP108541T. Clarithromycin
was selected as the positive control. After incubating M. abscesuss strains for 5 days with the compounds,
a decrease in fluorescence was observed, indicating a dose-dependent killing effect. As shown in
Figure 2a, all the subspecies tested were susceptible to etamycin. The range of MIC50 values of etamycin
for strains was 1.8–8.2 µM (MIC90 value 4.3–28.3 µM). Moreover, M. abscessus subsp. massiliense
CIP108297T showed the lowest MIC50 value at 1.8 µM (MIC90 value 4.3 µM), and M. abscessus subsp.
abscessus CIP 104536T showed the highest MIC50 value at 8.2 µM (MIC90 value 28.3 µM); M. abscessus
subsp. bolletii CIP108541T was 5.0 µM (MIC90 value 16.0 µM). We also evaluated the etamycin activity
against M. abscesuss clinical isolates that have a smooth (S) morphotype. The grouping of clinical isolates
were previously confirmed by 16S rRNA gene sequencing, rpoB, and hsp65 [11]. As shown in Figure 2b,
a significant growth inhibition was observed when M. abscesuss clinical isolates were treated with
various concentrations of etamycin. MIC50 values ranged from 1.7–4.1 µM (MIC90 value 4.3–10.3 µM).
Clarithromycin was used as a positive control and it also inhibited the growth of M. abscessus subsp.
abscessus CIP 104536T with an MIC50 similar to etamycin for all the M. abscessus strains tested. Therefore,
etamycin can be considered an effective drug candidate for drug-resistant strains.

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 15 

 

2.2. Etamycin Exhibits Potent Activity Against M. abscesuss Subspecies, Clinical Isolates, and Drug-
Resistant Strains 

To measure the activity of etamycin, we evaluated the minimum concentrations that caused 50% 
inhibition of growth of M. abscessus (MIC50) using etamycin for three different M. abscessus subspecies that 
comprise M. abscessus subsp. abscessus CIP 104536T smooth (S) and rough (R) morphotypes, M. abscessus 
subsp. massiliense CIP108297T, and M. abscessus subsp. bolletii CIP108541T. Clarithromycin was selected as 
the positive control. After incubating M. abscesuss strains for 5 days with the compounds, a decrease in 
fluorescence was observed, indicating a dose-dependent killing effect. As shown in Figure 2a, all the 
subspecies tested were susceptible to etamycin. The range of MIC50 values of etamycin for strains was 
1.8–8.2 μM (MIC90 value 4.3–28.3 μM). Moreover, M. abscessus subsp. massiliense CIP108297T showed the 
lowest MIC50 value at 1.8 μM (MIC90 value 4.3 μM), and M. abscessus subsp. abscessus CIP 104536T 
showed the highest MIC50 value at 8.2 μM (MIC90 value 28.3 μM); M. abscessus subsp. bolletii 
CIP108541T was 5.0 μM (MIC90 value 16.0 μM). We also evaluated the etamycin activity against M. 
abscesuss clinical isolates that have a smooth (S) morphotype. The grouping of clinical isolates were 
previously confirmed by 16S rRNA gene sequencing, rpoB, and hsp65 [11]. As shown in Figure 2b, a 
significant growth inhibition was observed when M. abscesuss clinical isolates were treated with various 
concentrations of etamycin. MIC50 values ranged from 1.7–4.1 μM (MIC90 value 4.3–10.3 μM). 
Clarithromycin was used as a positive control and it also inhibited the growth of M. abscessus subsp. 
abscessus CIP 104536T with an MIC50 similar to etamycin for all the M. abscessus strains tested. 
Therefore, etamycin can be considered an effective drug candidate for drug-resistant strains. 

 
Figure 2. In vitro activity of etamycin for M. abscessus subspecies and clinical isolates. (a) Activity of 
etamycin against M. abscessus subsp. abscessus CIP 104536T (S) and (R) morphotypes, M. abscessus 
subsp. massiliense CIP108297T, and M. abscessus subsp. bolletii CIP108541T was evaluated in 7H9 
medium by the resazurin microtiter assay (REMA). (b) Activity of etamycin against M. abscessus 
clinical isolates. Clarithromycin was used as a positive control for M. abscessus subsp. abscessus CIP 
104536T S morphotype. Dose-response curves were plotted using the GraphPad Prism software 

Figure 2. In vitro activity of etamycin for M. abscessus subspecies and clinical isolates. (a) Activity
of etamycin against M. abscessus subsp. abscessus CIP 104536T (S) and (R) morphotypes, M. abscessus
subsp. massiliense CIP108297T, and M. abscessus subsp. bolletii CIP108541T was evaluated in 7H9
medium by the resazurin microtiter assay (REMA). (b) Activity of etamycin against M. abscessus clinical
isolates. Clarithromycin was used as a positive control for M. abscessus subsp. abscessus CIP 104536T S
morphotype. Dose-response curves were plotted using the GraphPad Prism software (version 6.05).
Data are expressed as the mean ± standard deviation (SD) of triplicates for each concentration. CLA:
Clarithromycin; KMRC: Korean Mycobacterial Resource Center.
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2.3. Etamycin Inhibits the Growth of Intracellular M. abscessus without Significant Cytotoxicity

To determine whether etamycin influences the cell number, the cell viability at different
concentrations of etamcyin was assessed 3 days after the treatment using the Cellrix® Viability
assay kit. The results of the effect of etamycin on the viability of murine bone marrow-derived
macrophages (mBMDMs), human colon cancer cells (HCT116), and human embryonic kidney cells
(HEK293) are presented in Figure 3a. No difference could be seen at any concentration for mBMDM and
HEK293, whereas for HCT116 cells, the 50 µM (p < 0.05) groups had reduced cell viability compared
with the DMSO control. Furthermore, to determine whether etamycin can enhance cell death in
various cell types, we also examined the cytotoxicity of etamycin in mBMDM, HCT116, and HEK293
cells using the lactate dehydrogenase (LDH) assay after 3 days of treatment. As shown in Figure 3b,
no significant cytotoxicity was observed in any of the cells tested. However, 1% Triton-X control
showed approximately 100% cytotoxicity. These results suggest that etamycin does not affect the
cell number and has no toxic effect on different cell types except for the highest concentration on the
HCT116 cell line.
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Figure 3. Etamycin effect on cell viability and cytotoxicity. Effect of etamycin on viability (a) and
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In order to further validate the activity of etamycin, we tested the potency of etamycin using a
macrophage-based phenotypic assay with an automated cell imaging system to monitor the intracellular
growth of mWasabi protein-expressing M. abscessus subsp. abscessus CIP104536T (S) in mBMDMs.
mBMDM cells were seeded at 6 × 105 per well and infected with mWasabi protein-expressing
M. abscessus that were mixed at a multiplicity of infection (MOI) of 10:1. Around 100% of the cells
were infected by mWasabi protein-expressing M. abscessus subspecies abscessus CIP 104536T (S)
(Figure S1). Clarithromycin and DMSO were used as positive and negative controls, respectively.
After adding each compound to the mWasabi protein-expressing M. abscessus-infected mBMDMs cells
in a dose-dependent manner, the culture plates were incubated for 3 days at 37 ◦C, after which images
were acquired and analyzed. The CellReporterXpress® Image Acquisition and Analysis Software was
used to quantify several different parameters such as the number of host macrophages, percentage
of infected cells, and total fluorescent intensity. As shown in Figure 4a, etamycin showed significant
activity against M. abscessus replication in macrophages. More precisely, host cells treated with 10,
20, and 40 µM of etamycin harbored significantly fewer bacteria than those treated with the DMSO
control. Furthermore, no reduction in cell number was observed after etamycin treatment at any
tested concentration (Figure 4b). Finally, the percentage of pixel intensity of intracellular mWasabi
protein-expressing M. abscessus at different concentrations of etamycin was compared with that of
the positive and negative controls. As shown in Figure 4c, etamycin-treated mBMDMs showed a
significantly reduced mWasabi pixel intensity in a concentration-dependent manner compared to the
DMSO control-treated cells. Clarithromycin also demonstrated good activity against M. abscessus
at 20 µM. However, many intracellular mWasabi protein-expressing M. abscessus were quantified in
DMSO control-treated cells. This demonstrates that etamycin can enter the host cell membrane and
inhibit bacterial growth inside the cell.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 15 
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Figure 4. Etamycin intracellular activity in mWasabi protein-expressing M. abscessus-infected mBMDMs.
(a) Images of mWasabi protein-expressing M. abscessus subsp. abscessus CIP104536T (S) infected
mBMDMs cells on day 3 after treatment with different concentrations of etamycin (10, 20, and 40 µM).
DMSO and clarithromycin at 20 µM were used as negative and positive controls, respectively.
After 3 days, cells were stained with syto60 (red), and the cells were analyzed using the automated
cell imaging system. The yellow colors indicated mWasabi protein-expressing M. abscessus that were
phagocytized by red-stained mBMDMs. (b) The cell number of M. abscessus-infected mBMDMs
was enumerated after treatment with each compound. (c) Pixel intensities of mWasabi-expressing
M. abscessus in mBMDMs were quantified after treatment of cells with different concentrations of
etamycin and were compared with those of negative (DMSO) and positive (clarithromycin; 20 µM)
controls. The relative difference (** p < 0.01; *** p < 0.001) was compared with the DMSO control.
Data are expressed as the mean ± SD of duplicates for each concentration. CLA: Clarithromycin and
ETM: Etamycin. Scale bar: 55.2 µm.

2.4. Etamycin Shows Antimicrobial Activity against Rough Morphotype of M. abscessus in Zebrafish

In order to determine the highest dose at which etamycin can be administered without lethality,
we evaluated the maximum tolerated dose (MTD) of etamycin to zebrafish (ZF). Fifteen ZF were
used in each treatment group. A broad range of etamycin (ranging from 12.5 to 100 µM) was added
to zebrafish-containing fish water, without bacterial infection. As shown in Figure 5a, 76% of fish
died after 12 days of exposure to 100 µM etamycin, while above 87% of zebrafish survived at lower
concentrations (12.5, 25, and 50 µM). Thus, less than 50 µM etamycin, which does not show significant
lethality, were used for in vivo efficacy tests.

To determine the therapeutic potential of etamycin, the drug in vivo efficacy was evaluated in
zebrafish after infection with mWasabi protein-expressing M. abscessus, as described previously [11].
As M. abscessus CIP 104536T (R) is hypervirulent in animal models, we evaluated the activity of etamycin
against M. abscessus CIP 104536T (R) at concentrations of 10, 25, and 50 µM [12]. As the first approach,
we investigated whether increasing the etamycin dose would consequentially expand the lifespan
of M. abscessus CIP 104536T(R)-infected ZF. For this, the percentage survival of ZF was monitored
using the Kaplan–Meier method for 13 dpi. The etamycin contained fish water that was replaced daily.
As shown in Figure 5b, approximately 90% of fish in the untreated group died at 13 dpi. However,
the etamycin treated group resulted in significantly increased ZF lifespan in a dose-dependent manner
when M. abscessus CIP 104536T(R)-infected ZF was exposed to 10, 25, and 50 µM for 13 days. Survival of
the ZF was 30% and 45% at 10 and 25 µM of etamycin, respectively, but it increased exponentially to
85% at 50 µM of etamycin, greater than that of clarithromycin observed at 50 µM (Figure 5c).

Second, the mWasabi protein-expressing M. abscessus CIP 104536T(R) dissemination in ZF was
observed under a fluorescence microscope. After the bacterial infection, etamycin was administered
at three different concentrations (10, 25, and 50 µM) up to 5 dpi (days post-infection). As shown in
Figure 5d, mWasabi protein-expressing M. abscessus CIP 104536T(R) showed a substantial increase,
mainly within the developing ZF brain and yolk sac extension areas, in the DMSO control. However,
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surprisingly, the etamycin treatment in ZF during mWasabi protein-expressing M. abscessus CIP 104536T

(R) infection significantly reduced the degree of green fluorescence. A significant mWasabi protein
reduction was observed within the ZF brain and yolk sac extension when the infected ZF embryos were
treated with 10 µM etamycin, and only a small mWasabi protein signal could be detected in the ZF
brain when ZF were treated with 50 µM etamycin. Treatment with the positive control, clarithromycin,
also showed a significant reduction at 5 dpi in ZF (Figure 5d).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 15 
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Figure 5. In vivo efficacy of etamycin in the zebrafish (ZF) model of infection. (a) Various concentrations
of the etamycin (12.5, 25, 50, and 100 µM) were treated to the zebrafish without M. abscessus infection
and the maximum tolerated dose of etamycin was measured. (b) The survival curve was plotted from
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M. abscessus CIP 104536T (R)-infected embryos treated at 10, 25, and 50 µM of etamycin. (c) The survival
curve was generated from M. abscessus CIP 104536T (R)-infected embryos treated at 10, 25, and 50 µM
of clarithromycin (n = 20, representative of three independent experiments). Survival curves were
compared with the log-rank (Mantel-Cox) test (* p < 0.05, ** p < 0.01; *** p < 0.001; ns: Not significant).
(d) Evaluation of the in vivo etamycin activity on mWasabi protein-expressing M. abscessus CIP 104536T

(R) infection. 400 colony-forming units (CFU) was infected via the caudal vein infection and visualized
in untreated or etamycin-treated embryos under the fluorescent microscope. Bacterial burden of
untreated etamycin and clarithromycin treated embryos was enumerated and expressed as the mean
log10 CFU per embryo (n = 5 of each condition) from three independent experiments. (e) Comparison
of bacterial quantification by the fluorescent pixel count (FPC) in etamycin (ETM) and clarithromycin
treated zebrafish at 5 dpi. Results are expressed as the mean log10 FPC (n = 5 of each condition).
The relative difference (*** p < 0.001) was compared with the DMSO control. CLA: Clarithromycin;
ETM: Etamycin; and UNT: Untreated control.

Next, the growth of M. abscessus CIP 104536T (R) in the etamycin-treated ZF was enumerated
through quantification of colony-forming units (CFU) per embryo. After 5 days of treatment,
a statistically significant reduction was observed in the number of CFU/embryo at 10, 25, and 50 µM
of etamycin, demonstrating that etamycin inhibits M. abscessus CIP 104536T (R) replication in ZF.
The CFU/embryo of etamycin observed at 50 µM was comparable to that of clarithromycin (50 µM
concentration) (Figure 5d).

In parallel, images of the mWasabi-expressing M. abscessus-infected ZF were captured for
determining the bacterial dissemination in ZF after treatment with etamycin; the bacterial dissemination
was analyzed by quantification of fluorescent pixel count (FPC), which reflects the bacterial burden inside
the ZF, using ImageJ software. As shown in Figure 5e, a significant decrease in the bacterial burden was
observed in etamycin- and clarithromycin-treated cells, suggesting that these two compounds showed
a similar in vivo efficacy as shown in CFU enumeration (Figure 5d). Taken together, these results
suggest that etamycin exhibits a therapeutic effect against M. abscessus in vivo.

3. Discussion

M. abscessus is a notorious drug-resistant mycobacterial species, and there is a lack of new
active molecules. The current clarithromycin-based treatment regimens are only moderately effective,
and clarithromycin resistance in some isolates consequently causes treatment failure [13,14]. Thus,
finding new chemical entities that have potent activity against M. abscessus is of vital importance.
Consequently, several different drug discovery approaches have been recently conducted, such as
whole-cell screening, new combination studies that cause synergistic effects with already existing
drugs or drug re-positioning studies with old drugs [15]. However, there is still a poor promising new
chemical lead that is waiting for clinical phase III and market release [16]. Currently, only three clinical
phase II studies have been completed to determine safety, tolerance, and efficacy. First, tigecycline
was also completed in a Phase II clinical trial in 2010. Second, an inhaled formulation of nitric oxide
(NO) has been performed in phase II of clinical development for the treatment of M. abscessus and
other non-tuberculous mycobacteria in 2019. Lastly, the novel formulation of liposomal amikacin for
inhalation (LAI) that reduced toxicity and improved effectiveness for M. abscessus also completed
clinical phase II in 2019. However, as yet, no study results have been posted on ClinicalTrials.gov
(https://clinicaltrials.gov/) for all these clinical trials [16,17]. To make matters worse, there are not
many active new drug candidates in clinical phase I studies, even at the discovery level. This may be
due to the extremely low hit rate in a chemical drug screen targeting M. abscessus [18–22]. Therefore,
identification of any active agent for M. abscessus is urgently required, although the minimum inhibitory
concentration (MIC) value is in the micromole range.

Etamycin has been shown to have potent activity against several different pathogens, such as
methicillin-resistant Staphylococcus aureus (MRSA), Streptococcus pyogenes, and Streptococcus agalactiae.
Etamycin was also active against the Gram-negative respiratory tract pathogens Moraxella catarrhalis

ClinicalTrials.gov
https://clinicaltrials.gov/
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and Haemophilus influenzae [23]. Recently, Hosoda et al. demonstrated the anti-mycobacterial activity of
etamycin against Mycobacterium avium and Mycobacterium intracellulare at a very low MIC concentration
range (0.024–1.56 µg/mL). Furthermore, it showed enhanced anti-mycobacterial activity through
combination with griseoviridin in a silkworm infection assay against Mycobacterium smegmatis [24].
The mechanism of action of etamycin hypothesized that it may inhibit MRSA via inhibition of the
protein synthesis [25].

In this study, we evaluated the activity of etamycin in three different ways and showed a similar
anti-M. abscessus activity in all three models. First, we tested the in vitro susceptibility of M. abscessus
to etamycin. As shown in Figure 2a,b, the survival of all three M. abscessus subspecies was greatly
decreased in the presence of etamycin and in vitro activity comparable to that of clarithromycin.
Furthermore, we evaluated the antibacterial activity of etamycin against clinical strains of M. abscessus
and found that etamycin was equally effective against M. abscessus clinical isolates from different
sources, selected from the Korean Mycobacterial Resource Center (KMRC).

Second, the intracellular antimicrobial activity of etamycin against M. abscessus, which is replicated
inside murine bone marrow-derived macrophages (mBMDMs) was assessed. During infection,
M. abscessus is phagocytized by macrophages and replicates inside immune cells via overcoming
host defenses [26]. Therefore, the identification of compounds that can kill intracellular M. abscessus
through penetration of the cell membrane is crucial. For this reason, we developed a method to observe
live fluorescent M. abscessus dissemination and inhibition inside mBMDMs using an automated cell
imaging system. For evaluation, mBMDMs were stained with syto60 after infection with mWasabi
protein-expressing M. abscessus, and bacterial growth was observed and statistically quantified based
on the emission of mWasabi from M. abscessus and signal of syto60 from mBMDMs. Using this
system, we evaluated the intracellular activity and cytotoxicity of etamycin in mBMDMs at the same
time. As shown in Figure 4a, etamycin showed good inhibitory effects at 10µM, without cytotoxicity.
Moreover, etamycin did not show a significant reduction of cell viability and cytotoxicity to various
cell lines up to 50µM (Figure 3). Thus, we demonstrate that etamycin can be delivered into host cells
without cytotoxicity and is an effective agent for inhibiting the growth of intracellular M. abscessus.

Lastly, this therapeutic activity was also confirmed in vivo using zebrafish (ZF). ZF is a popular
animal model for in vivo antitubercular drug discovery [11,15,22,26]. In particular, this model is a
very good tractable model for M. abscessus and M. marinum that can survive and replicate at cold
environments (~30 ◦C). Furthermore, a larval zebrafish-mycobacterial infection platform for drug
candidates has been validated as an anti-bacterial activity in ZF, showing preliminary in vivo efficacy
before proceeding to a mouse model. In a similar manner, we also evaluated the in vivo efficacy of
etamycin by injecting M. abscessus subsp. abscessus CIP 104536T (R) into ZF using the survival curve
and CFU enumeration. In this in vivo efficacy test, ~400 CFU M. abscessus resulted in 90% of ZF death
infected at 13 dpi, while microinjection of equal numbers of M. abscessus with the etamycin treatment
resulted in a significantly enhanced lifespan. For example, 85% of M. abscessus infected ZF that were treated
with 50 µM etamycin survived until 13 dpi. This result showed greater in vivo efficacy compared to
clarithromycin, which is recommended as the core agent for treating M. abscessus infections at the same
concentration (~80% survival at 13 dpi).

In this study, we report the anti-M. abscessus activity of etamycin. We concluded that etamycin
was highly effective against wild-type and clinical isolates of M. abscessus in vitro, and it is also effective
for replicating M. abscessus in mBMDMs. Furthermore, etamycin also showed its anti-M. abscessus
activity for M. abscessus CIP 104536T (R), which tends to be more virulent in ZF in vivo efficacy
tests. Thus, etamycin is a promising new inhibitor that can be further developed for the treatment of
M. abscessus infections.
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4. Materials and Methods

4.1. Chemical Analysis Using Nuclear Magnetic Resonance Spectroscopy

All NMR spectra (1H, 13C, HSQC, HMBC, and COSY) were acquired using a Bruker Avance
spectrometer (Bruker, Billerica, MA, USA) (Research Institute of Pharmaceutical Sciences in Seoul
National University) at 800 and 200 MHz for 1H and 13C NMR, respectively. 1H and 13C chemical
shifts were referenced with the DMSO-d6 solvent peaks at δH 2.50 and 39.5, respectively. A low
resolution electrospray ionization mass spectrometric (LR-ESI-MS) analysis was performed with an
Agilent Technologies 1200 series HPLC connected with an Agilent Technologies 6140 quadrupole
mass spectrometer.

4.2. Bacterial Strains and Culture Conditions

M. abscessus subsp. abscessus CIP 104536T S- and R-morphotypes were kindly provided by
Dr. Laurent Kremer (CNRS, IRIM, Universite’ de Montpellier, Montpellier, France). M. abscessus
subsp. bolletii CIP108541T and M. abscessus subsp. massiliense CIP108297T were obtained from the
Collection de l’Institut Pasteur (CIP, Paris, France). Clinical isolates were purchased from the Korea
Mycobacterium Resource Center (KMRC, Osong, Korea). M. abscessus strains were grown as described
previously without modification [22]. Clarithromycin was purchased from Sigma-Aldrich (St. Louis,
MO, USA), and etamycin (code number, PHAR110904) was purchased from PHARMEKS (Moscow,
Russia). For the murine macrophage and zebrafish embryo infection, recombinant M. abscessus CIP
104536T carrying a pMV262-mWasabi plasmid expressing mWasabi protein was prepared as previously
described [11].

4.3. Resazurin Microtiter Assay (REMA)

For drug susceptibility testing, REMA was performed under aerobic conditions. The resazurin
solution was prepared as a 0.025% (wt/vol) solution in sterile distilled water using resazurin sodium
salt powder (Sigma, St. Louis, MO, USA), filter sterilized. Bacteria from exponential-phase cultures
were harvested and adjusted to an OD590 of 0.05 (approximately 5 × 104 CFU/mL) in wells of a
96-well microtiter plate. Two-fold serial dilutions of compounds were prepared from 200 µM to 97 nM
etamycin and from 50 µM to 24 nM clarithromycin. Plates were then incubated at 37 ◦C. After 3 days
of incubation, 40 µL of the resazurin solution was added to the wells. Fluorescence was measured
using a SpectraMax® M3 Multi-Mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA).
Concentrations required to inhibit bacterial growth by 50% (IC50) were determined by fitting the
curves with a sigmoidal dose-response using the GraphPad Prism software (version 6.05; San Diego,
CA, USA).

4.4. Intracellular Bacterial Replication Assays

Cells were grown at 37 ◦C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM)
high-glucose medium (LM001-05; Welgene, Gyeongsan-si, Gyeongsangbuk-do, Korea) supplemented
with 10% heat-inactivated fetal bovine serum (S001-01; Welgene, Gyeongsan-si, Gyeongsangbuk-do,
Korea). Murine monocytes were obtained by flushing femurs of six week-old female C57BL/six mice
(Orient Bio, Seongnam-si, Gyeonggi-do, Korea) with DMEM-FBS. Monocytes were differentiated
into mBMDM by exposure to a 40 ng/mL recombinant mouse macrophage colony-stimulating factor
(M-CSF, JW-M003-0025; JW CreaGene, Seongnam-si, Gyeonggi-do, Korea) for 7 days. Ten thousand
U/mL penicillin/streptomycin (15140-122; Gibco, Life Technologies Corporation, Grand Island, NY,
USA) mixture was used for contamination. For the assessment of the activity of the etamycin
against intracellular M. abscessus, mBMDMs (6 × 105 cells/well) cells were infected with mWasabi
protein-expressing M. abscessus subspecies abscessus CIP 104536T (S) at a multiplicity of infection (MOI)
of 10:1. After 3 h of infection, the cells were washed with PBS (phosphate-buffered saline) to remove
the uninfected bacteria and incubated with DMEM (Dulbecco’s Modified Eagle’s medium) containing
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250 µg/mL amikacin for 1 h to kill the remaining extracellular M. abscessus. The cells were washed with
PBS and then dispensed into 96-well plates (Corning, New York, NY, USA). The broth medium, with a
2-fold serial dilution of etamycin, was subjected to a 96-well plate. For all experiments, the amount of
DMSO was maintained at a 1% final concentration per well. After three days of incubation at 37 ◦C
and 5% CO2, macrophages were stained for 1 h with 5 µM Syto 60 dye (Thermo Fisher Scientific,
Waltham, MA, USA), and images were acquired using the ImageXpress Pico Automated Cell Imaging
System (Molecular Devices, Sunnyvale, CA, USA). The bacterial load and macrophage number were
quantified using the CellReporterXpress® Image Acquisition and Analysis Software (Molecular Devices,
Sunnyvale, CA, USA).

4.5. Cell Viability Assay and Lactate Dehydrogenase (LDH) Cytotoxicity Assay

The cell viability and cytotoxicity of etamycin were evaluated in mBMDM, HCT116, and HEK293
cells using the Cellrix® Viability assay kit (Medifab, Seoul, Korea) and CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega, Madison, WI, USA), respectively. HCT116 and HEK293 cells were
grown at 37 ◦C and 5% CO2 in DMEM medium (Welgene) supplemented with a 5% heat-inactivated
fetal bovine serum (FBS; Gibco, Life Technologies Corporation, Grand Island, NY, USA) for 2 days.
The mBMDMs were placed into a 96-well plate (6.0 × 105 cells/well) and incubated at 37 ◦C for 72 h.
HCT116 and HEK293 cells were placed into a 96-well plate (1.0 × 104 cells/well) and incubated at 37 ◦C
for 72 h. Etamycin was added to the cells at various concentrations. For the cell viability assay, 10 µL
of reagent (10% media volume) was added to each well after an additional 72 h of incubation, and the
incubation was continued for 4 h. The resulting color was assayed at 450 nm. For the LDH cytotoxicity
assay, 100 µL of reagent (10% media volume) was added to each well, and the incubation was continued
for 30 min. The resulting color was assayed at 490 nm. Cells treated with 1% Triton-X-100 were used
as a positive control, while 1% of the DMSO-treated cells were used as a negative control in both
experiments. SpectraMax® M3 Multi-Mode Microplate Reader (Molecular Devices, Sunnyvale, CA,
USA) was used for each assay.

4.6. Ethics

All ZF experiments were approved by the Animal Research Ethics Committee of Gyeongsang
National University (Project identification code: GNU-190325-E0014, Approval date: 25 Mar 2019).

4.7. Drug Efficacy Assessment in mWasabi Protein-Expressing M. abscessus-Infected Zebrafish

Zebrafish larvae at 30–48 h post-fertilization were dechorionated and anesthetized with 270 mg/L
tricaine, and then infected with 3 nL containing approximately 400 CFU of mWasabi protein-expressing
M. abscessus subspecies abscessus CIP 104536T (R) via the caudal vein using a Nanoject III microinjector
(Drummond Scientific, Broomall, PA, USA). The infected larvae were transferred into 96-well plates
(two fishes/well) and incubated at 28.5 ◦C. Etamycin and clarithromycin at the final concentrations of
10, 25, and 50 µM were applied directly into the fish water (methylene blue 300 µL/L). The fish water
and compound were renewed once daily. The infected untreated embryos served as a negative control.
The in vivo assessment efficacy of drugs was determined by following the bacterial burden, mWasabi
protein quantification, and the kinetics of embryo survival. For the bacterial load quantification, groups
of three infected embryos (5 dpi) were collected and individually homogenized in PBS with 2% Triton-X
100 using a handheld homogenizer (D1000; Benchmark Scientific, Sayreville, NJ, USA). Serial 10-fold
dilutions of the suspension were plated on the Middlebrook 7H10 agar medium supplemented with 10%
oleic acid-albumin-dextrose-catalase (OADC; Difco, Detroit, MI, USA) containing 50 µg/mL kanamycin
and BBL mycobacteria growth indicator tubes MGIT PANTA (polmyxin B, amphotericin B, nalidixic
acid, trimethoprim, and azlocillin; Becton Dickinson, Franklin Lakes, NJ, USA) and then incubated for
5 days at 37 ◦C to enumerate the CFU. The mWasabi protein quantification was assessed by observing
the mWasabi evolution using a SteREO Lumar V12 stereomicroscope with fluorescence optics (Zeiss,
Jena, Germany). Dead embryos (no heartbeat) were recorded daily for 13 days to determine the
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survival curve. The survival curve was plotted by Prism using the Kaplan–Meier method and log-rank
(Mantel–Cox) test to compare the difference between untreated, control, and treated embryos. The drug
efficacy was evaluated via the measurement of fluorescent pixel count (FPC) using the “Analyse
particles” function in ImageJ, as described previously [26].

Supplementary Materials: It is available online at http://www.mdpi.com/1422-0067/21/18/6908/s1.
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